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INTRODUCTION 

Chandrasekhara Venkata Raman—familiarly known to most as Sir C V 
Raman—was born on the 7th of November 1888 and died on the 21st of 
November 1970. During his scientific career which extended over 66 years he 
published more than 450 original research papers and monographs. Almost three 
times that number of scientific papers was published by his students, based on the 
work done under his direction. This volume presents 94 of the papers published 
by C V Raman either by himself or along with his students, on the general subject 
of the scattering of light. In it there are papers on colloid scattering, molecular 
scattering, surface scattering, Raman scattering and Brillouin scattering, as also 
his pioneering publications on molecular anisotropy. The celebrated monograph 
he wrote in 1922 on the Molecular Diffraction of Light as also his investigations 
on X-ray scattering and Compton scattering have been included as these played a 
significant role in his discovery of the Raman effect in 1928. The classical papers 
he wrote on magnetic, electric and flow birefringence along with his gifted student 
K S Krishnan also find a place in this volume. The titles of papers published by 
his students and collaborators from his laboratory on light scattering have been 
given at the end of this volume. 

In early 1904 at the age of 16, C V Raman as an undergraduate at the 
Presidency College, Madras, commenced his experimental researches on sound 
and light. Lord Rayleigh’s Scientific Papers, his Treatise on Sound and the works 
of Helmholtz were familiar to him. At eighteen he became an officer in the 
Finance Department of the Government of India. He did his scientific researches 
after hours at home or mostly in the Indian Association for the Cultivation of 
Science in Calcutta. His investigations were largely in the fields of acoustics, 
musical instruments and wave optics. The exquisite sensations of tone and the 
beauty of the colours arising from interference and diffraction of light fascinated 

him. 
His first paper on the scattering of light appeared only in 1919. It was on the 

Doppler effect in molecular scattering. At that time he had also begun to take 
interest in the phenomenon of the scattering of light by sulphur suspensions. The 
paper on this subject makes interesting reading now, as one can see many 
elements in it that were to be introduced later into the Raman-Nath theory 
(Vols II and III) of the diffraction of light by ultrasonic waves. 

It is definite that the intense interest he developed in the scattering of light was 
due to the visual impact that the blue of the Mediterranean sea made on him 
during his first voyage to Europe in 1921. It was not, however, the first time he saw 
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X INTRODUCTION 

the blue of the waters. Almost every day he must have seen the panoramic view of 
the famous Madras beach from his college—the Bay of Bengal in all its glory with 

colours ranging from a greenish yellow near the shore to an intense blue in the 
distance. 

That he was puzzled by the problem of the colour of the sea is clear from the 
fact that even on his onward journey he had prepared himself well for 
experimental observations; for he carried in his pocket nicol prisms, a small 
telescope to which polarisers and analysers could be attached, a slit and even a 
diffraction grating. 

He wrote two papers on board the ship (s.s. Narkunda) on which he returned to 
India. The one entitled The Colour of the Sea’ questioned the validity of the view 
expressed by Lord Rayleigh that the much admired dark blue of the deep sea 
was—simply the blue of the sky seen by reflection. While on the Mediterranean 
and the Red seas Raman quenched the surface reflection by a nicol prism and 
noticed that the colour of the sea was by no means impoverished by this, but 
actually improved wonderfully. Using the diffraction grating he showed that the 
maximum spectral intensity differed in the case of the blue sky and that of the blue 
sea. He suggested that the local fluctuations in density postulated by Einstein and 
Smoluchowski should not only explain the scattering of light in liquids but also in 
solids. He proceeded to make measurements on water and crystalline quartz and 
showed that this was indeed true. He also examined amorphous substances and 
proposed that the intense scattering of light by these was due to the permanent 

local fluctuations in density similar to those that arise transitorily in liquids. He 
climbed the summit of Mount Doddabetta in the Nilgiris (to avoid the dust haze), 
measured the depolarization of light scattered by the sky and ascribed the 
residual depolarization to molecular anisotropy. 

To clarify his own views he wrote a monograph on the Molecular Diffraction of 

Light. He dedicated it to the enlightened Vice-Chancellor of the Calcutta 
University Sir Asutosh Mukherjee who had made Raman a full-time scientist by 
offering him the Palit Chair of Physics. The monograph bristles with ideas, but it 
is obviously hastily written. It is said that it was written, printed and published 
during the course of seven weeks. In this volume Raman examines the molecular 
scattering of light by gases, by the atmosphere, and by liquids. The colour of the 
sea, the albedo of the earth, scattering of light in crystals and in amorphous solids 
occupy his attention. He deals with the problem of the Doppler effect in 
molecular scattering—a topic to which he was to come back to in later years. 

In the concluding chapter of this essay entitled The Scattering of Light and the 
Quantum Theory’ he tries to understand the mechanism of light scattering. By 
imagining molecular scattering to take place in a black body enclosure Raman 
convinced himself that Rayleigh scattering must also occur in a discontinuous 
manner. 

He then points out that if the process of scattering could be regarded as a 
collision between a light quantum localized in space and an individual molecule, 
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the observed laws of light scattering would be different from that anticipated on 
the classical principles of an electromagnetic theory of light. He makes reference 
to cases in which the classical wave theory seems to fail to explain the facts 
relating to molecular scattering in a satisfactory manner. In fact Raman was 
convinced that accurate measurements on the scattered light would bring out 
these contradictions. The review of the monograph in Nature (1922) 110 505 
mentions: “Prof. Raman makes the interesting suggestion that the failure may 
mean that the continuous wave theory of light does not strictly represent the facts 
and that we may perhaps find experimental support for the Einstein conception 
that light itself consists of quantum units”. 

To the historian of science, there is one paragraph in this monograph which is 
of interest 

“The belief in the validity of Newtonian dynamics applied to the ultimate particles of 
matter has, however, received a rude shock from the success of the quantum theory as 
applied to the theory of specific heats, and there seems no particular reason why we 
should necessarily cling to Newtonian dynamics, in constructing the mathematical 
framework of field-equations which form the kernel of Maxwell’s theory. Rather, to be 
consistent, it is necessary that the field-equations should be modified so as to introduce 
the concept of the quantum of action. In other words, the electrical and magnetic circuits 
should be conceived not as continuously distributed in the field but as discrete units 
each representing a quantum of action, and possessing an independent existence.” 

These words were written in early 1922. The programme suggested here of 
quantizing the electromagnetic field was commenced by Dirac in 1928. 

Students, many of whom were university teachers (who came as vacation 
workers) were put on problems connected with the scattering of light. In 1923 the 
study of the scattering of light in water was taken up by K R Ramanathan. 
Sunlight was focussed on the liquid contained in a flask and the scattered light 
was seen as a track in the transverse direction. Even from the beginning, Raman’s 
intuition seems to have told him to look for a change in colour in scattering. By 
the proper use of a system of complementary filters a ‘weak fluorescence’ was 
detected in the scattered track. This was attributed to impurities in the liquid. 
Ramanathan wrote much later: “Raman was not satisfied with the explanation 
that it was due to fluorescence. He felt that it was characteristic of the substance 
and wondered whether it might not be akin to the Compton effect in X-ray 
scattering” (which had just been discovered that year). At the insistence of 
Raman, the liquid was purified again and again but the effect persisted. The 
“weak fluorescence” also showed polarization effects but Raman did not, for 
some strange reason, follow up this important clue as he did later in 1928. In 1924 
the “weak fluorescence” was again observed by K S Krishnan and in 1925 Raman 
asked S Venkateswaran to try to obtain a spectrum of this “weak fluorescence” 
but no spectrum could be recorded. Raman saw this “feeble fluorescence” as a 
disturbing effect superposed on the classical scattering of light. It is interesting 
that Compton too attributed the softening of X-rays by scattering to what he 
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called a “general fluorescent radiation” almost in the manner Raman labelled the 
phenomenon he observed as “a special type of feeble fluorescence”. Because of the 
close analogy with the Compton effect Raman became interested in X-ray 

scattering again. 
Raman (along with Ramanathan) had broken new ground in the field of X-ray 

scattering in liquids in 1923. He showed that scattering at very low angles was 
governed by the Einstein-Smoluchowski fluctuations. For explaining the 
scattering at larger angles the discrete structure of the medium must be taken into 
account. For this the distribution of matter in the fluid must be analysed into a 
continuous “structural spectrum” which has its peak of intensity at a wavelength 
equal to the mean distance between the neighbouring molecules. Raman once 
said, “We were so preoccupied with light scattering that we did not apply the idea 
of Fourier transforms to X-ray scattering of liquids although we were so close to 
it”. This was done later in 1927 by Zernicke and Prins. 

Raman attempted to understand the Compton effect from the point of view of 
the classical wave theory. In this process he derived what is now known as the 
Raman-Compton formula. It was then that the true nature of the “feeble 
fluorescence” phenomenon became evident to him. The Compton effect could be 
considered as due to a kind of “fluctuation” in the state of the scattering atom in 
the field of the radiation. If much milder fluctuations were possible they should 
give rise to a change in wavelength in the light scattered by the molecule. He was 
more convinced than ever that the “weak fluorescence” phenomenon was the 
optical analogue of the Compton effect. 

So he pressed on with the experimental study of this phenomenon. 
S Venkateswaran, a part time worker in his laboratory succeeded in purifying 
many organic liquids by slow distillation in vacuo and observed a greenish blue 
track in pure glycerine and the fluorescence was strongly polarized. This clearly 
indicated to Raman that the phenomenon could not be the conventional 
fluorescence—a point of view he had always taken and for which he was seeking 
proof. Venkateswaran was a part-time worker who could only work after 
working hours and on holidays. Raman wanted some one to use the sunlight 
available all through the day, particularly as he himself had lecturing commit¬ 
ments at the University. And so he pursuaded K S Krishnan, the best student he 
had at that time, to get on to these experiments. With K S Krishnan, Raman 
observed that all the pure organic liquids available in the laboratory showed this 
“feeble fluorescence” and he was convinced that this was the modified scattering 
of altered wavelength corresponding to his “milder fluctuations” in the state of 
the scattering molecule and in fact due to the Kramers-Heisenberg process. The 
real discovery of the Raman Effect took place on the 28th of February 1928 when 
Raman pointed a direct vision spectroscope on to the scattered track and saw 
that the scattered light contained not only the incident colour but at least one 
another, separated by a dark space. 

Filtered sunlight, which till then had been used as the incident light, was 
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replaced by a quartz mercury arc and sharp modified Raman lines were recorded. 
The shift in the frequencies were identified with some of the characteristic infra¬ 
red frequencies of the molecule. Not only the degradation but the enhancement of 
the frequency of the scattered radiations was also observed. Scores of papers were 
published by his students on Raman scattering. Before long many laboratories 
round the world also took up the study of the Raman effect particularly in simpler 
molecules. But in Raman’s laboratory the accent was on the study of more 
fundamental problems connected with the physics of the solid and liquid states. 

This volume also includes the texts of (a) the lecture entitled “The New 
Radiation” delivered by Raman to the South Indian Science Association at 
Bangalore on the 16th of March 1928, where he first announced the discovery to a 
scientific audience, (b) the lecture at the Bristol meeting of the Faraday Society in 
the fall of 1929 and (c) the Nobel lecture, “The Molecular Scattering of Light”, 
delivered by him at Stockholm on the 11th of December 1930. 

Even in their earliest photographs, Raman and Krishnan noticed an asym¬ 
metric nebulosity accompanying the spectral line of the incident radiation 
when scattered by liquids. This they suggested was the effect of those collisions of 
the incident light quanta with molecules which result in a change of their 
rotational state. We include in this volume four later papers by Raman and 
Bhagavantam, on the experimental and theoretical investigations of the wings of 
the Rayleigh line. They found that, even on increasing the spectral resolution as 
far as possible, the depolarisation ratio of the central line to the entire Rayleigh line 
did not fall to the value of one fourth predicted by the Kramers-Heisenberg 
formula. The authors were of course aware that stray light, instrumental 
polarization, imperfect spectral resolution would all tend to increase the 
measured depolarization of the central component. Nevertheless, Raman and 
Bhagavantam attributed the discrepancy to a new effect arising from the spin of 
the photon which (they felt) was not included in the semi-classical radiation 
theory. 

However, we now know that the search for an effect lying entirely outside the 
province of the semi-classical theory did not end till the late 1940’s when the 
Lamb shift and the deviation of the electron g-factor from 2 were discovered. 

Raman’s interest in optical anisotropy led him on to study magnetic 
anisotropy, and then to the magnetic properties of molecules. He was amongst 
the earliest to explain the anomalous diamagnetic susceptibility in graphite and 
the high diamagnetic anisotropy of aromatic organic compounds as due to 
electron orbits of large area including several atoms within their radius. The 
lecture at the Physical Society, London summarises much of the work done in 
Calcutta by Raman’s school on magnetism and magnetic properties. 

The Doppler effect in molecular scattering intrigued Raman even in 1919. He 
was attracted by the theory of Brillouin that the medium wliich scatters radiation 
can be treated as a continuum filled with moving high frequency sound waves of 
various wavelengths which reflect the light rays in the same manner a moving 
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crystal would give Bragg reflections of X-rays. Raman showed that (as in 
Compton scattering) Brillouin scattering can only take place when both the 
energy and the momentum equations are satisfied. Even in the monograph of 
1922 Raman had suggested an experimental technique for studying the Doppler 
effect in light scattering. Using a similar set-up with a Fabry-Perot etalon, the 
Brillouin scattering was observed in many liquids, and Raman discussed the 
paradox of the appearance of the central component. The velocities of the 
“hypersonic” waves in these liquids were determined. Perhaps the most exciting 
result obtained by Raman and his collaborators in the field is that viscous liquids 
at these high frequencies behave like amorphous solids capable of sustaining both 
longitudinal and transverse waves. 

His studies in Brillouin scattering made Raman reconsider the thermodynamic 
theory of light scattering. Einstein considered the density fluctuations to be static 
and isothermal while in the theory of Brillouin they are considered to be dynamic 
stratification of sound waves and therefore presumably adiabatic in character. To 
test this, the adiabatic piezo-optic coefficients of some common liquids were 
measured. Using these experimental values and assuming the density fluctuations 
to be adiabatic in character, the intensity of scattering was calculated. The 
observed intensities were found to support the adiabatic hypothesis. 

Raman (together with Nedungadi) published a beautiful paper on 11 
December 1939 on the alpha-beta transformation of quartz. As the temperature is 
raised it was noticed that 220cm-1 line in the Raman spectrum behaves in an 
exceptional way, spreading out greatly towards the exciting line and becoming a 
weak diffuse band as the transition temperature is approached. On the other 
hand the other intense lines having both larger and smaller frequency shifts 
continue to be easily visible, though appreciably broadened and displaced. 
Raman conjectured that “the binding-forces which determine the frequency of 
the corresponding mode of vibration of the crystal lattices diminish rapidly with 
rising temperature”. He inferred that “the increasing excitation of this particular 
mode of vibration with rising temperature and the deformations of the atomic 
arrangement resulting therefrom are in a special measure responsible for the 
remarkable changes in the properties of the crystals already mentioned, as well as 
for inducing the transformation from the alpha to the beta form”. Almost twenty 
years later this effect was rediscovered and is now known as the “soft mode”. 

We have contented ourselves, in this introduction, with making a few historical 
comments, and now leave the vigour and lucidity of Raman’s papers to speak for 
themselves. 

S RAMASESHAN 
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The Doppler effect in the molecular 
scattering of radiation 

In connection with the recent work of Prof. Strutt and of Lord Rayleigh on the 
molecular scattering of light, Sir Joseph Larmor has put forward the interesting 
suggestion (Philos. Mag., January 1919, p. 162) that the additive property of the 
energy elements scattered by the individual molecules is secured by the irregular 
alterations in the wavelength of the scattered radiation produced (in accordance 
with Doppler’s principle) by the thermal movements of the molecules. There is 
one interesting feature of the Doppler effect in the scattered radiation to which 
Sir Joseph Larmor does not specifically direct attention in his paper, and which 
it seems important to emphasise, namely, that the magnitude of the Doppler 
effect would depend on the angle between the primary and the scattered 
radiation, and would, in fact, practically vanish in directions nearly the same 
as that of the primary waves. This follows from the fact that the movement of 
an individual molecule would alter the effective frequency of the radiation 
received by it, and this has to be taken into account in calculating the effective 
frequency of the emitted radiation as received by the observer. In directions 
nearly the same as that of the primary radiation there would be practically a 
complete compensation, and the Doppler effect would vanish. 

The importance of the considerations set out above becomes evident when we 
attempt to explain refractivity on the basis of molecular scattering. This appears 
possible only if the energy effects due to the individual molecules are not additive 
in directions nearly the same as that of the primary wave, and the vanishing of 
the Doppler effect in the scattered radiation would seem to be a necessary 
condition for mutual interference of the radiations from individual molecules to 
be possible. 

C V RAMAN 

210 Bowbazaar Street, Calcutta 
19 March 

1 



Proc. R. Soc. London A 100 102-109 (1921) 

On the transmission colours of sulphur suspensions 

C V RAMAN, M.A. 
(Palit Professor of Physics, Calcutta University) 

and 
BIDHUBHUSAN RAY, M.Sc. 

(Lecturer in Optics, Calcutta University) 

(Communicated by Dr G C Simpson, F.R.S.) 
(Received 8 June, 1921) 

1. Introduction 

In the Proceedings of the Royal Society * Keen and Porter described some 
interesting optimal effects exhibited by suspensions of finely-divided sulphur, 
obtained by adding dilute sulphuric acid to a weak solution of sodium 
thiosulphate. As is well known, the solution (which is at first perfectly 
transparent) becomes turbid when the particles form in it, and the transmission 
of light by the suspension gradually diminishes in intensity. The colour of the 
transmitted light, which is at first white, also changes, becoming yellow, orange, 
red, and then deep crimson red. Finally, the solution (if in a sufficiently thick 
layer) becomes almost completely opaque. This had been previously supposed 
to terminate the sequence of phenomena. Keen and Porter observed, however, 
that after further lapse of time, light begins again to be transmitted by the 
suspension, the colour of the light which passes through being at first indigo, 
then blue, blue-green, greenish-yellow, and finally again white. This remarkable 
reappearance of the transmitted light was quantitatively studied by them, 
measurements being made of the intensity of the transmitted light in the various 
stages of the experiment, red and blue glass plates being used to approximately 
monochromatise the light of the source. Keen and Porter published curves 
showing the fraction of the incident light which is transmitted as a function of 
the time, and found that the shape of the curve is different for different parts 
of the spectrum, which is of course to be expected, in view of the colours exhibited 
by the solution when the incident light is white. The diameter of the sulphur 

* Proc. R. Soc. London A 89, p. 370 (1914). 
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particles was also found to increase with time. No attempt was, however, made 

to explain the observed phenomena on theoretical principles. 

The problem was then taken up by the late Lord Rayleigh,* who attempted 

to investigate the effects on the basis of the mathematical theory of the scattering 

of light by small transparent spheres. The explanation of the phenomena 

observed in the earlier stages of the experiment presented no difficulty. As the 

particles grow in size, the suspension refuses to transmit, first the shorter waves, 

and then, finally, the whole visible spectrum. This is precisely what is to be 

expected, in view of the fact that the scattering power of the particles grows 

rapidly as their size in relation to their wavelength increases and the transmitting 

power of the suspension decreases pari passu with the increase in the proportion 

of the energy scattered. Lord Rayleigh did not, however, find it possible to 

explain the reappearance of the transmitted light in the later stages studied by 

Keen and Porter, and he went so far as to suggest that there might be some 

doubt whether the effect was really due to transmitted light in the technical 

sense of the term. 

The present authors have thought it worthwhile, in view of Rayleigh’s 

remarks, to repeat the experiments, and have obtained results confirming those 

of Keen and Porter. It is found that the suspension does, indeed, after a certain 

stage in the growth of the particles, begin again to transmitdight regularly, in 

the strictest optical sense of the term. This is shown by the observation that 

the coloured light passing through is capable of forming sharply defined optical 

images. Further, as has already been remarked by Keen and Porter, the effects 

are not peculiar to sulphur suspensions, but have also been observed in other 

cases.1 The phenomena are thus undoubtedly genuine, and demand an 

explanation. 

It should be remarked, however, that there is a discrepancy between the 

dimensions oLthe particles as given by Keen and Porter, and as observed by 

us at the different stages of the experiment. We find that at the stage of minimum 

transparency, the diameters of the particles range from 0-7 p to 0-9 ju, and, later, 

increase in the stage of reappearance of the transmitted light from 1-0/i to 1-3 p} 

It is proposed in the present paper to show how the phenomena described 

by Keen and Porter may be very simply and quantitatively explained on 

theoretical principles. 

* Proc. R. Soc. London A 90, p. 219 (1914). 

+ Abney, Philos. Trans., Part II, p.653 (1880); W. Ritz, Comptes Rendus, 143, p. 167 (1906). 

+ The figures given by Keen and Porter are much larger and appear to be incorrect. The figures 

noted above represent the average size of the bulk of the particles, but there are many both smaller 

and larger. 
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2. The theory of the colours 

The vanishing and subsequent reappearance of the transmitted light (shorter 

wavelengths first, longer wavelengths afterwards), with the increase in the size 

of the suspended particles, is seen to follow as a natural consequence of theory 

when we consider the manner in which the attenuation of the light in passing 

through a turbid medium occurs. 

Consider the passage of a plane wavefront through a thin layer of the medium 

containing n scattering particles per unit volume. We may, following Rayleigh,* 

divide the wavefront into elementary areas, in accordance with the Fresnel- 

Huyghens principle, the effect of the secondary waves diverging from these 

elements at an external point, P, being integrated to find the amplitude and 

phase of the transmitted wave. In the present case an appreciable part of the 

area of the wavefront is occupied by the scattering particles, which are supposed 

to be sufficiently numerous and irregularly arranged. We have to consider this 

part separately from the rest of the wavefront. The attenuation of the light in 

passing through the medium is, according to this procedure, seen to be due to 

two causes: (1) the decrease in the area, and consequently also of the resultant 

effect of the undisturbed portion of the wavefront; and (2) the interference with 

this of the light scattered in the direction of the primary wave by the particles 

lying in the wavefront.1 

In the case of the very finest particles, the effect contemplated in (1) is very 

small, and the phase of the scattered waves in relation to that of the primary 

waves in such that the interference effect referred to in (2) does not (to a first 

approximation) alter the amplitude of the resulting effect, but only affects its 

phase.1 With increasing size of the particles, however, the case is altered. The 

effect (1) becomes considerable, and results in a continuous decrease in the 

transparency of the medium with increasing size of the particles, the number 

being assumed to be the same. The amplitude of the light scattered by individual 

particles also increases rapidly at the same time, and the importance of the effect 

(2) is therefore enhanced; but whether this results in an increase or decrease of 

the amplitude of the transmitted wave obviously depends on the phase 

* Scientific Papers, vol. 4, p. 399. 

' A question may be raised whether multiply-scattered light should not also be taken into account 

in this connection. In reference to this, it may be pointed out that the investigation given below 

does take this into account in so far as the effect of light reaching the given stratum in the direction 

of propagation after scattering by the layers preceding it is concerned, and this is the only portion 

of the multiply-scattered light which is in permanent phase-relation with the primary wave and 

need be taken into account for our present purpose. 

+ In this case, the attenuation has been calculated by Rayleigh by an indirect method, depending 

on the determination of the energy of the waves scattered by individual particles. As to the validity 

of this process when the particles are larger in size, we shall have some remarks to offer later in 

the course of the paper. 
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relationship between the primary and scattered waves in the direction of regular 

propagation. If the phase of the scattered waves lags sufficiently behind that of 

the primary waves, we may have actually an increase in the resulting transmission 

of the light by the suspension with increased size of the particles. As we shall 

see presently, this is what actually happens. 

In order to calculate the amplitude and phase of the secondary waves scattered 

in the direction of the primary wave, by the dielectric particles, we utilize the 

formulae given by Prof. Love as corrected by Rayleigh.* For the case in which 

the refractive index of the particles is 1*5, the numerical values have been 

computed by Rayleigh, the ratio of the circumference of the particles to the 

wavelength having the series of values 1,1-5,1-75,2, and 2-25. The relative 

refractive index of sulphur particles in water being 1-95/1-33 is sufficiently near 

to 1-5 for us to accept Rayleigh’s numerical values as approximately applicable 

in the present case. From the table given by Rayleigh it is seen that the amplitude 

of the scattered wave in the direction of the primary is independent of the plane 

of polarisation (as is of course to be expected a priori), and increases continually 

and rapidly with the size of the particles. For our purpose, we require also the 

numerical values for the case of much larger particles than those used in Lord 

Rayleigh’s calculations. The numerical calculations are extremely tedious but 

have fortunately been already carried out by one of us (Bidhubhusan Ray) for 

a ratio circumference/wavelength = 5 in connection with an investigation (which 

is being separately published) “On the colour and polarisation of the light 

scattered by sulphur suspensions.” Utilising the result in conjunction with the 

calculations of Rayleigh, the graphs in figures 1 and 2 have been drawn showing 

CO 

\ 
t 

r\l 

Figure 1. Amplitude of scattered wave as 

a function of ka. 

Figure 2. Phase of scattered wave 

as a function of ka. 

* Proc. R. Soc. London A 84, p. 30 (1910). 
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the amplitude and phase of the scattered waves as a function of the ratio 
circumference/wavelength for sulphur particles in water. 

We are now in a position to write down the expression for the coefficient of 
transmission of light through the suspension. Assuming the amplitude of the 
primary vibration to be unity, the expression for the scattered disturbance due 
to a single particle in a direction nearly coinciding with 6= 180° is 

AX/2nr-cos 2n/A-(ct — r — 3) 

where A and 3 determine respectively the amplitude and phase. 
The particles in the stratum are irregularly arranged, but in the direction of 

the primary wave propagation, the secondary waves diverging from the particles 
are in agreement of phase and can accordingly combine to build up a plane 
wavefront. The amplitude and phase of this plane wave may be found by 
integration of the effects of the particles in the stratum in the manner adopted 
by Rayleigh in his papers on the theory of the light of the sky. The resultant 
at P of the scattered vibrations which issue from the stratum dr is 

rx 

nclx X/2n' A/r- cos 2n/A-(ct — r — 3)-2nzdz 

m 00 

= mix A/2n A/r cos 2n/A-(ct — r — 3)2nrdr. (1) 
J X 

In accordance with the usual procedure, the integral is assumed to vanish at 
the upper limit and reduces to ndxX2 A/2tt sin 2n/A-(ct — r — <S).. A is the 
amplitude of the scattered wave due to a particle in the direction of propagation. 

The expression for the primary wave is 

cos 2n/A-(ct — x). (2) 

Adding (1) and (2) we find that the coefficient of cos 2n/A-(ct — x) is thus altered 
by the particles in the layer dx from 1 to (1 — Andx X2/2n-sin 2n/X-3) and the 
coefficient of sin2n/A-(ct — x) from 0 to Andx X2/2n-cos2n/X-3. 

The diminution dE1 of energy of the primary wave due to the interference 
with the scattered waves is therefore 

d E1 

~E 

= — Andx X2/n-sin2n/X-3. 

The diminution dE2 due to reduction in the effective area of the undisturbed 
wavefront is given by dE2/E — — 2na2ndx, where a is the radius of a particle. 
The total diminution 

d E/E = (dEl + dE2)/E — — (2nna2 + An X2/n-s\n2n/X-3)dx. 

The effect of passage of the wave through the successive strata of the turbid 
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medium may be found by integration. We have thus 

E = E0 exp — (2na2 + A 22/n-s\n 2n/X-3)nx, (3) 

where x is the total thickness. Since the process of integration considers the 
effect on the transmitted wave arriving at any given stratum of its passage 
through all preceding strata, the investigation takes into account the influence 
of multiply-scattered light so far as is relevant to our present purpose, as 
remarked previously in a footnote. In arriving at the foregoing result, we have 
tacitly assumed that all the particles are of the same size. In the actual experiment, 
the size of the particles is variable to some extent, but by taking the effective 
average size we may obtain a sufficient approximation to the truth; if desired, 
there would be no difficulty in modifying the formula to obtain a more accurate 
result by considering separately the effects of particles of different sizes in groups 
and superposing them to find the resultant. 

In applying the formula (3) to the actual conditions of the experiment, it must 
be remembered that, as the precipitate of sulphur gradually forms, both the 
average size of the particles and their number per unit volume may vary. A 
change in the number n would increase or decrease the transmission-coefficient 
for all wavelengths simultaneously, whereas the characteristic feature observed 
in the experiment is the reappearance of the shorter wavelengths first and of 
the longer wavelengths afterwards. The increase in the effective average size of 
the particles is thus the more important factor in the observed results. 

By actually counting, n is found to be of the order 1-5 x 108 per cubic cm. 
Taking the value of A and S from the graphs in figures 1 and 2, and the thickness 
x of the liquid to be 1 cm, the graph in figure 3 has been drawn, showing the 
fraction E/E0 of the light transmitted as a function of the radius a of the particles. 
It is seen from the graph that there is an augmentation of transparency when 
the circumference of the particle is about 6A. With a greater thickness of the 

Figure 3 
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liquid, the failure of transmission and its reappearance at a later stage is even 

more clearly noticeable. These results are in agreement with observation. 

3. Concluding remarks 

Reference should be made here to the apparent paradox that, though the energy 

of the waves scattered by an individual particle increases continually with its 

size, nevertheless, the proportion of the energy of the incident light, regularly 

transmitted by a medium containing a large number of such particles in 

suspension, may also increase at the same time. This seems at first sight repugnant 

to the principle of conservation of energy. The paradox is, however, real only 

if we assume that the energy of the light scattered by n such particles in a unit 

volume increases pari passu with the increase of the energy scattered by an 

individual particle present in an otherwise homogeneous medium. Such an 

assumption is not justified, at least in the present case, as it ignores the permanent 

phase-relationship and consequent capacity for interference of the scattered and 

prirhary waves in the original direction of propagation. The difficulty felt by 

Rayleigh in explaining the phenomenon studied by Keen and Porter really arose 

from the tacit assumption made by him at an increase in the energy scattered 

by an individual particle necessarily connotes an increase in the energy scattered 

by a medium containing a large number of such particles. 

Further, the observed increase in the power of transmission of light by the 

turbid medium at a certain stage necessarily involves on the principle of 

conservation of energy, a decrease in the proportion of energy scattered by it 

at the same stage. In other words, when a steady parallel beam of light passing 

through a cell containing the sulphur suspension is focused on a screen, at the 

stage at which the transmitted light reappears, there should be a distinct 

diminution in the intensity of the scattered light also falling upon the screen. 

The effect to be expected is, however, rather small, and may easily escape 

observation. 



Nature (London) 108 242 (1921) 

A method of improving visibility of distant objects 

The idea may have been suggested before, but I believe it is not generally known 

and appreciated how very much the power of distinguishing detail in a distant 

object, and especially of perceiving it in its natural colours, may be improved 

by the simple device of fitting a small Nicol’s prism in the eye-piece end of the 

observing telescope. The Nicol serves to cut off a great deal of the blue 

atmospheric “haze” which usually envelops a distant view, and mostly consists 

of polarised light. Details which are usually lost in the haze, such as the colour 

of distant rocks or of the vegetation growing upon them, then stands out in a 

very striking way. 

It may also be worth mentioning that the visibility of the horizon at sea, 

especially in a haze, may often be wonderfully improved by a similar device. In 

this case the result is due in part to a suppression of the reflection from the 

surface of the water as seen through the Nicol’s prism. 

It is hoped that these observations will not be merely a scientific curiosity, 

but may find a practical application. 

C V RAMAN 

S. S. Narkunda, near Aden 

18 September 
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The colour of the sea 

The view has been expressed that “the much-admired dark blue of the deep sea 

has nothing to do with the colour of water, but is simply the blue of the sky 

seen by reflection” (Rayleigh’s Scientific Papers, 5, p, 540, and Nature (London), 

83, p. 48, 1910). Whether this is really true is shown to be questionable by a 

simple mode of observation used by the present writer, in which surface-reflection 

is eliminated, and the other factors remain the same. The method is to view the 

surface of the water through a NicoFs prism, which may for convenience be 

mounted at one end of a tube so that it can be turned about its axis and pointed 

in any direction. Observing a tolerably smooth patch of water with this held 

in front of the eye at approximately the polarising angle with the surface of the 

sea, the reflection of the sky may be quenched by a suitable orientation of the 

Nicol. Then again, the skylight on a clear day in certain directions is itself 

strongly polarised, and an observer standing with his back to the sun when it 

is fairly high up and viewing the sea will find the light reflected at all incidences 

sufficiently well polarised to enable it to be weakened or nearly suppressed by 

the aid of a Nicol. 

Observations made in this way in the deeper waters of the Mediterranean 

and Red Seas showed that the colour, so far from being impoverished by 

suppression of sky-reflection, was wonderfully improved thereby. A similar effect 

was noticed, though somewhat less conspicuously, in the Arabian Sea. It was 

abundantly clear from the observations that the blue colour of the deep sea is 

a distinct phenomenon in itself, and not merely an effect due to reflected skylight. 

When the surface-reflections are suppressed the hue of the water is of such 

fullness and saturation that the bluest sky in comparison with it seems a dull grey. 

By putting a slit at one end of the tube and a grating over the Nicol in front 

of the eye, the spectrum of the light from the water can be examined. It was 

found to exhibit a concentration of energy in the region of shorter wavelengths 

far more marked than with the bluest skylight. 

Even when the sky was completely overcast the blue of the water could be 

observed with the aid of a Nicol. It was then a deeper and fuller blue than ever, 

but of greatly enfeebled intensity. The altered appearance of the sea under a 

leaden sky must thus be attributed to the fact that the clouds screen the water 

from the sun’s rays rather than to the incidental circumstance that they obscure 

the blue light of the sky. 

Perhaps the most interesting effect observed was that the colour of the water 

(as seen with the Nicol held at the polarising angle to the surface of the water 

10 
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and quenching the surface-reflection) varied with the azimuth of observation 

relatively to the plane of incidence of the sun’s rays on the water. When the 

plane of observation and the plane of incidence were the same, and the observer 

had his back to the sun and looked down into the water, the colour was a 

brilliant, but comparatively lighter, blue. As the plane of observation is swung 

round the colour becomes a deeper and darker blue, and at the same time 

decreases in intensity, until finally when the plane of observation has swung 

through nearly 180° the water appears very dark and of a colour approaching 

indigo. Both the colour and the intensity also varied with the altitude of the sun. 

The dependence of the colour on the azimuth of observation cannot be 

explained on a simple absorption theory, and must evidently be regarded as a 

diffraction effect arising from the passage of the light through the water. Looking 

down into the water with a Nicol in front of the eye to cut off the surface- 

reflections, the track of the sun’s rays could be seen entering the water and 

appearing by virtue of perspective to converge to a point at a considerable 

depth inside it. The question is: What is it that diffracts the light and makes its 

passage visible? An interesting possibility that should be considered in this 

connection is that the diffracting particles may, at least in part, be the molecules 

of the water themselves. As a rough estimate, it was thought that the tracks 

could be seen to a depth of 100 meters, and that the intensity of the light was 

about one-sixth of that of the light of the sky from the zenith. If we assume 

that clear water, owing to its molecular structure, is capable of scattering light 

eight times as strongly as dust-free air at atmospheric pressure, it is clear that 

the major part of the observed effect may arise in this way. 

It is useful to remember that the reflecting power of water at normal incidence 

is quite small (only 2 per cent), and becomes large only for very oblique reflection. 

It is only when the water is quite smooth and is viewed in a direction nearly 

parallel to the surface that the reflected skylight overpowers the light emerging 

from within the water. In other cases the latter has a chance of asserting itself. 

C V RAMAN 

i 

S. S. Narkunda, Bombay Harbour 

26 September 
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The molecular scattering of light in liquids and solids 

As was pointed out by the late Lord Rayleigh, the basis of his theory of the 

blue sky, namely, that the molecules scatter the incident energy independently 

of each other’s presence, is only true for gases in consequence of the freedom 

of movement the molecules possess in this state of matter. In connection with 

the problem of the colour of the sea and of deep waters generally it is necessary 

to know the scattering power of ordinary liquids, such as water, and I find this 

can be very simply accomplished by application of the theory of local fluctuations 

of density arising from molecular movement, originated by Einstein and 

Smoluchowski and utilised by the latter to elucidate the phenomena occurring 

near the critical state. The general formula for the scattering power of a fluid is 

n^RTl 

18NA4 ' 
W + 2)2, 

where ft is the compressibility of the substance, /a its refractive index, R, T, N 

being the usual constants of the kinetic theory. The scattering power of water 

comes out from this formula is about 160 times that of air. Not only is this in 

agreement with observation, but I find the coefficient of extinction of light due 

to scattering 

8n3RTIJ 

27N24 
(„2 - 1)V + 2)2 

closely represents the observed transparency of pure water in the region of the 

spectrum where there is no selective absorption. Work is now in progress testing 

the formula in the case of other liquids. 

It is clear that an application of the same idea of local fluctuations of optical 

density and of Debye’s theory of the thermal movements in solids would give 

the theoretical scattering power of transparent crystals for ordinary light. This 

is also being tested. 

C V RAMAN 

210 Bowbazaar Street, Calcutta 

15 October 
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On the molecular scattering of light in water 
and the colour of the sea 

C V RAMAN, M.A., Hon. D.Sc. 

(Palit Professor of Physics in the Calcutta University) 

(Communicated by Dr G T Walker, C.S.I., F.R.S.) 

(Received 23 November, 1921) 

1. Introduction 

The theory that the light of the sky owes its origin and colour to diffraction by 

the molecules of the atmosphere is now established on a firm experimental basis 

by the brilliant work of Cabannes and of Lord Rayleigh on the scattering of 

light by dust-free gases, and by the measurements of the transparency of the 

higher levels of the atmosphere in the visual region of the spectrum, which have 

yielded results in close agreement with the calculated values. It is the purpose 

of the present paper to point out the part played by molecular diffraction in 

another of the great natural optical phenomena, that is, the colour exhibited 

by large masses of clear water when illumined by sunshine and viewed from 

above, the depth being so great as to provide a perfectly black background for 

observation. The subject ^at present is in a somewhat peculiar position, as even 

on the question of the reality of the phenomenon there appears to be a divergence 

of opinion. On the one hand, we have the following view expressed by so eminent 

an authority as the late Lord Rayleigh:* “We must bear in mind that the 

absorption, or proper, colour of water cannot manifest itself unless the light 

traverses a sufficient depth before reaching the eye. In the ocean the depth is, 

of course, adequate to develop the colour, but if the water is clear, there is often 

nothing to send the light back to the observer. Under these circumstances, the 

proper colour cannot be seen. The much-admired dark blue of the deep sea has 

nothing to do with the colour of water, but is simply the blue of the sky seen 

by reflection.” On the other hand, observers familiar with the sea, such as 

J Y Buchanan, of the “Challenger” expedition, who have had very wide opportuni¬ 

ties for study, have published detailed descriptions which support an entirely 

* Scientific Papers, 5, p. 540. 
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contrary view.* * An admirable precis of the literature on the whole subject has 
been recently published by Prof. W D Bancroft/ From a perusal of this very 
convenient summary, and from the account given in Kayser and Runge’s 
‘Handbuch’, it would appear that the general trend of opinion is that, so far as 
there is any real effect to be explained at all (that is, apart from reflected skylight) 
the colour of water is due to absorption, the return of the light from the depths 
of the liquid being due to suspended matter in it. During a recent ocean voyage, 
the present author has had an opportunity of making some observations which 
show that the view indicated above is entirely inadequate. It is proposed in this 
paper to urge an entirely different view, that in this phenomenon, as in the 
parallel case of the colour of the sky, molecular diffraction determines the 
observed luminosity and in great measure also its colour. As a necessary 
preliminary to the discussion, a theoretical calculation and experimental 
observations of the intensity of molecular scattering in water will be presented. 

2. Theory of molecular diffraction of light in liquids 

In the theory of the molecular scattering of light by gases developed by the late 
Lord Rayleigh, a very simple relation is established between the refractivity of 
the medium and the energy scattered laterally by it. These quantities are 
calculated on the assumption that the scattered waves originating from the 
individual molecules are, except in the direction of the propagation of primary 
waves, in entirely arbitrary phase-relationships and that their energy-effects may 
therefore be treated statistically as additive. The justification for this view, 
namely, that the molecules are in irregular order and possess large thermal 
movements, has been further discussed by Sir Joseph Larmor and the present 
writer/ Experiment shows that the Rayleigh law of scattering is in good 
agreement with observation, even when the gas is very dense or highly 
compressed. On the other hand, in the case of liquids, the spacing of the molecules 
is far closer and their freedom of movement much less, and we should no longer 
be justified in making the same assumptions. A gramme-molecule of steam 
occupies at 100° over 1600 times the volume which an equal mass of water 
would occupy, and it is clear, prima facie, that volume for volume, water would 
not scatter light 1600 times as strongly as pure steam, but only in a lesser degree. 
The question is, by how much less? 

* Nature (London), July, 1910, p. 87. 

+ Franklin Inst. Journal, 1919, and also reprinted in Chemical News, 1919. 

* Philos. Mag., January, 1919. 
§Nature (London), May 1, 1919. 
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A method of approach to the problem of molecular scattering, which is 
somewhat different from Rayleigh’s and which enables the case of liquids to be 
included, is the “theory of fluctuations” developed by Einstein and Smoluchowski, 
and used by the latter especially to elucidate the optical phenomena observed 
in the vicinity of the critical state.* In this theory, the medium is regarded as 
undergoing small local variations of density owing to the irregular movements 
of the molecules, and the result of these fluctuations of density is that a certain 
proportion of the incident light is scattered. The formula developed is quite 
general and it is shown that the intensity of the light diffused by a cubic centimetre 
of the fluid at right angles to the direction of the incident rays is 

n2 p RT 

18’K'aT 
(p2 - 1) V + 2)2 

X is the wavelength, ft the compressibility of the substance, /z its refractive index 

and R, 7, N, have the usual significance attached to them in the kinetic theory.* 
In the case of gases, p is simply the reciprocal of the pressure, and /z being nearly 
unity, the expression reduces identically to Rayleigh’s formula. The result may 
be applied equally well to find the intensity of the light scattered in liquids. For 
air under standard conditions, 

/? = 0*987 x 10-6 cm2 dyne-1, 7 = 273° and /z = 1*000293. 

For water at 30°, p = 48*9 x 10"12cm2 dyne-1, 7 = 303° and p = 1*337. From 
these data, it is readily found on calculation that, volume for volume, water at 
30° should scatter light 159 times as strongly as dust-free air under standard 
conditions. 

It should be remembered that in the theory on which the foregoing result is 
based, the scattering considered is merely that associated with the ordinary 
refractivity of the medium, considered along with the non-uniformity of optical 
density resulting from molecular movement. The light scattered in a direction 
perpendicular to the incident rays should be completely polarised. This result 
holds even when the regions in which the small density fluctuations occur are 
not of dimensions small compared with the wavelength/ It is a point worthy 
of notice that according to the formula, the scattering power of liquids is 
proportional to the absolute temperature, apart from the changes which would 
result also from the variation of compressibility and refractive index with 
temperature. 

* For references, see Perrin’s Atoms, Chapter V, authorised translation. Also Einstein, Encycl. Math. 

tFf'ss., vol. 3. p. 520 (“Spezielle Beugungsprobleme”). 
+ R and N refer to a gramme-molecule and not to unit volume. 

+ Rayleigh, Scientific Papers, 5, p. 547. 
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3. Experimental study of molecular diffraction by water 

To determine whether the intensity of light molecularly scattered in water, as 
indicated by the theory, is at least of the same order of quantities as in experiment, 
some observations have been made by the writer. On examination, the ordinary 
town supply water as taken from the pipes showed a very strong scattering 
when a beam of light was sent through it. The track was practically white and 
showed innumerable motes floating about in the water. Repeated filtration 
through several thicknesses of Swedish filter paper made an improvement, the 
track of the beam being now of a bluish colour, and a still better result was 
obtained when an earthenware filter was used. Suspended matter was, however, 
still in evidence and the track was also much brighter when viewed nearly in 
the direction of the source than when seen transversely or in the opposite 
direction. A somewhat casual attempt was then made to clear the water by 
adding alkali and alum and thus throwing out a gelatinous precipitate of 
hydroxide. This made a further improvement, but small particles of the 
precipitate remained floating about, apparently because the depth of the water 
was insufficient, and the appearance of the track of the beam was not very 
prepossessing. The next attempt was made with ordinary distilled water which 
had been prepared without any special precautions and stored in the chemical 
laboratory. This gave immediately a much smaller intensity of light scattering 
than the tap water had done after several attempts at filtration. For purposes 
of observation, the distilled water was put into a stoppered glass bottle with 
square sides and allowed to stand. Test-observations from day-to-day of the 
scattered beam with a double-image prism and a set of Wratten colour filters 
showed a progressive improvement. After about a fortnight’s standing, the track 
of the light was hardly conspicuous unless a dark background was provided 
for it to be viewed against, and the defect of polarisation at the violet end of 
the spectrum was much less striking than it was when the observations were 
begun. Small motes were still to be seen glistening in the liquid, particularly 
when it was viewed nearly in the direction of the source, but the track of the 
beam viewed transversely was of a blue colour and it was judged that the greater 
part of the observed luminosity was probably due to the water itself. 

For a quantitative estimate, the brightness of the beam in the water was 
compared directly with that of its track in saturated ether vapour. The latter 
was contained in a pear-shaped bulb with a long neck which was covered over 
with black paint and formed the ‘black cave’ against which the light scattered 
by the vapour was observed. The bottle and the bulb were set side by side and 
a parallel beam of light passed through both. An Abney rotating sector was 
placed in front of the water bottle and the opening of the sector varied till the 
tracks appeared to be of equal intensity in both vessels as judged visually. The 
opening of the sector gave the ratio of intensities, a correction being made for 
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the loss of light by reflection in the passage of the direct and scattered pencils 
through the glass walls. It is not pretended that the determinations made in 
this way were anything more than approximate estimates; it was thought that 
more elaborate measures could well be reserved till thoroughly satisfactory 
samples of ‘mote-free’ water could be obtained. The scattering of light in 
saturated ether-vapour has been measured by comparison with air by Rayleigh, 
and shown to be strictly in proportion to the square of its refractivity. Using 
this result, the observations showed that the scattering power of the sample of 
water used was 175 times that of dust-free air under standard conditions. This, 
though not agreeing exactly with the theoretical value is only slightly in excess, 
and the difference is not more than can reasonably be explained as due to 
residual suspended matter present in the sample of water used. 

The light scattered by water in a direction transverse to the incident beam 
was found to be strongly, but not quite completely, polarised. It seems quite 
likely that the imperfect polarisation is really a characteristic of water, and not 
merely due to presence of residual suspended matter. More complete measure¬ 
ments of the defect of polarisation have, however, been held up till a thoroughly 
pure sample of water is obtained. 

4. Molecular scattering and transparency of water 

Since the energy of the light laterally scattered is derived from the primary 
beam, there must result a certain attenuation in the intensity of the latter in its 
passage through the liquid, the magnitude of which may be readily calculated 
from the coefficient of scattering. The expression for the intensity of the 
transmitted beam is I = /0 exp (— ax), where x is the length of path traversed 
through the liquid and 

a = 
87c3 RTfi 

~2f NF" 
(M2 - 1) V + 2)2. 

As in the case of atmospheric scattering, we may expect that the coefficient 
of attenuation a will exactly indicate the observable transparency of the medium 
in those parts of the spectrum for which it does not exercise any selective absorption. 

From the data already given and the known values of R, T and N,ol may readily 
be determined for any value of the wavelength. 

From the observations of various experimenters, it is known that water 
exercises a selective absorption on the longer wavelength side in the visible 
spectrum. The most reliable measurements of any hitherto made appear to be 
those of Count Aufsess, quoted in Kayser’s Handbuch. This experimenter used 
double-distilled water, and convinced himself that it was free from suspended 
matter: it was found by him that the selective absorption in the visual region 
practically ceased for wavelengths less than 558 pp. For the two wavelengths 
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522 fifi and 494 /r/r, Aufsess gives us the coefficient of absorption 0*00002. For 
these two wavelengths, the coefficient of attenuation a, calculated from the 
formula given above, is respectively 0*000022 and 0*000029. The agreement of 
observation and theory is significant, and it would be interesting if further 
accurate measurements for different wavelengths up to the extreme violet end 
of the spectrum were available, so that the increase of the coefficient of 
attenuation inversely as the fourth-power of the wavelength could be tested. It 
would also be interesting to determine by careful experiment whether the 
intensity of the light scattered by water exactly follows the fourth-power law; 
if the selective absorption in the longer wavelengths is accompanied by any 
selective scattering, deviations from the A~4 law may be expected to appear in 
that region of the spectrum. 

5. Luminosity of deep water due to molecular scattering 

Since, in round numbers, water diffuses light 160 times as strongly as an equal 
volume of air, a layer of the liquid 50 metres deep would scatter approximately 
as much light as 8 km of homogeneous atmosphere, in other words, it should 
appear nearly as bright as the zenith sky. This rough calculation, however, omits 
to take into account two important factors, the diminution in the intensity of 
sunlight before it reaches the level of the water, and its further attenuation in 
the passage through the liquid, and also the loss in intensity of the scattered 
light before it re-emerges from the depths. It is the two last factors just mentioned 
which, together with the magnitude of the scattering itself, ultimately determine 
the total observed luminosity of an ocean of liquid of very great depth. Neglecting 
the effect of self-illumination within the liquid, and also the contribution which 
is made by diffuse skylight, which enters the water and is then subsequently re¬ 
scattered within the liquid—both of which may, in certain circumstances, rise 
to importance—the observable luminosity of a very deep layer of liquid may 
be readily calculated. For simplicity, we shall consider a case in which the 
altitude of the sun is sufficiently great to enable its rays within the water to be 
treated as approximately vertical in direction, and the intensity of the light 
scattered will also be assumed to be observed in an approximately vertical 
direction, e.g., by an observer in an aeroplane flying at some height above the 
water. The coefficient of scattering in such a case will be twice as great as when 
the scattering is observed laterally. Denoting it by 2B/X4, and the coefficient of 
absorption of light in water by y, the total observed luminosity is given by the 
integral 

2 B 

Y exp( — 2yx)dx, 
%/ 
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Table 1. Luminosity of deep water 

X in nn 658 622 602 590 579 558 522 494 450 410 

Equivalent kilometres 

of dust-free air 0-4 05 07 1-4 2-5 30 50 40 24 15 

x being the depth of any layer. For a sufficiently great depth, this reduces to 
BfyX4. For the case of pure water, the values of y are taken from the deter¬ 
minations of Count Aufsess for wavelengths up to 522 mi, and, for shorter 
wavelengths, we may take them to be the same as the value of coefficient of 
attenuation a given by theory. The value of B is in round numbers 160 times 
the coefficient of lateral scattering by dust-free air. From these data, and making 
an allowance for the diminution of the solar intensity in transmission through 
the atmosphere as on an average day, the total luminosity of deep water for 
different wavelengths is expressed in table 1 in terms of the kilometres of dust-free 
air at atmospheric pressure, which would, by lateral scattering of full sunlight, 
give an equal effect. 

If we take the scattering by 8 km of dust-free air as the standard and compare 
with it the figures shown in table 1, it is seen that in the light returned by the 
water practically all the red is cut out, the orange and yellow are quite feeble, 
but the green is greatly enhanced, and also the blue, indigo, and violet, but to 
a considerably less extent. The standard of comparison (scattering by dust-free 
air) being itself of a blue colour, it is clear that the cutting out of the red and 
the enfeeblement of the orange and yellow would result in the colour of the 
light scattered by the water being a highly saturated blue. The enfeeblement of 
the orange and yellow would, however, considerably diminish the visual 
intensity, which, at a rough estimate, would probably not exceed two or three 
times that of the zenith sky. 

It will be understood from the figures given in table 1 that the blue colour 
of the light scattered by the water arises primarily from the operation of the 
Rayleigh )~4 law, the absorption of the red and yellow regions of the spectrum 
in the water resulting merely in the colour being more saturated than it would 
otherwise be. If the figures entered in the columns of table 1 had represented 
ratios of comparison with white light, the presence and predominance of the 
green would result in the perceived colour being a greenish blue, and not a deep 
blue colour. In other words, the blue colour of the scattered light is really due 
to diffraction, the selective absorption of the water only helping to make it a 

fuller hue. 
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6. Colour of the sea not due to reflected skylight 

There does not appear to be any way of escape from the consequences of the 
Einstein-Smoluchowski theory of molecular scattering worked out in the 
foregoing pages. Postulating an ocean of clear water, and of great depth, we 
have necessarily to accept the consequence that under the illumination of the 
sun’s rays it would scatter light of a colour greatly transcending the light of the 
sky in the saturation of its blueness, and, also, unless the transparency of the 
water is much inferior to that of the pure liquid as observed in the laboratory, 
comparable with the light of the sky in its brightness. There is ample evidence 
regarding the great transparency of oceanic waters, at least under normal 
conditions, in calm weather. Writing of the mid-Pacific, J Y Buchanan states* 
that a metal plate only 4 inches by 4 inches, painted white and suspended at a 
depth of 25 fathoms (45 metres), was distinctly seen with sharply defined edges. 
The plate became indistinct at greater depths, but this was only on account of 
its smallness and want of steadiness, owing to the movement of the boat from 
which the observations were made. The plate was seen through the glass bottom 
of a floating tub, in order to eliminate the effect of ripples on the surface of the 
water. Buchanan adds that the colour of the column of the liquid, 25 fathoms 
in lengths, resting on the plate was a pale but pure ultramarine; that of the 
external and uninterrupted column surrounding it was of the same tone, but of 
many times greater intensity. He infers that the length of the uninterrupted 
column, which contributed to the luminous effect by diffusing sunlight upwards, 
must have been much greater than 25 fathoms. Buchanan’s observations clearly 
indicate a high degree of transparency, and show that the colour of the sea 
really arises from a scattering of light upwards from within the water. 

The statement by the late Lord Rayleigh, that the deep blue colour of the 
sea is merely due to reflected skylight, has already been quoted in the intro¬ 
duction. We shall now proceed to examine the grounds urged in support of this 
view: “When the heavens are overcast the water looks grey and leaden, and 
even when the clouding is partial, the sea appears grey under the clouds, though 
elsewhere it may show colour.... One circumstance that may raise doubts is 
that the blue of the deep sea often looks purer and fuller than that of the sky. 
I think the explanation is that we are apt to make comparison with that part 
of the sky which lies near the horizon, whereas the best blue comes from near 
the zenith. In fact, when the water is smooth and the angle of observation such 
as to reflect the low sky, the apparent blue of the water is much deteriorated. 
Under these circumstances a rippling due to wind greatly enhances the colour 
by reflecting light from higher up. Seen from the deck of a steamer, those parts 
of the waves which slope towards the observer show the best colour for a like 

* Nature (London) loc. cit. 
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reason.” The facts indicated in this quotation are, of course, quite correct; but 
the explanations given may well be questioned, and a closer examination shows 
that they require to be modified considerably. 

Considering first the effect of clouds in the sky, careful observation shows 
that the presence of a cloud alters the appearance of the sea in two entirely 
distinct ways. In the first place, the water under the shadow of the cloud is 
screened from the direct rays of the sun, and the amount of light that can be 
diffused upwards from within the liquid is greatly diminished, and it must 
therefore necessarily appear darker. This feature is admirably shown in aeroplane 
photographs of water when the sky is clouded. In the second place, the presence 
of a cloud greatly increases the brightness of the part of the sky against which 
it is seen, and therefore also the brightness of its reflection in the surface of the 
water. In the case of an individual cloud, the apparent position of its reflected 
image on the surface of the water (which depends on the position of the observer) 
and the position of the shadow (which is independent of it) may be entirely 
different. When the clouds are more numerous and the sky gets more or less 
completely overcast, the two effects occur together over practically the whole 
area of the water, and the result is that the brightness of the surface-reflection 
is considerably enhanced, and the brightness of the light diffused out from within 
the water made quite small. The appearance of the sea is therefore naturally 
completely altered, but this is no way indicates that the blue colour of the sea, 
an ordinarily seen when the sun shines full into it, is merely reflected skylight. 

The difference in the colour of the sea, when it is entirely smooth and when 
its surface is slightly ruffled, or even merely rippled, is, indeed, remarkable; 
closely connected with this effect is the difference in colour between the fore 
and back parts of an undulation on the surface of the water. Careful observation 
shows that the explanation for this suggested by Rayleigh is not adequate, and 
that the effect, or at least the greater part of it, really arises in another way. It 
is obvious that the light molecularly diffused within the water before it can 
emerge into the air must in part be reflected internally at the surface of the 
liquid. If the surface of the liquid be viewed very obliquely, that is in a direction 
nearly parallel to it, the only part of the diffused light which can reach the 
observer’s eye is that which is incident at nearly the critical angle on the boundary 
between the two media, and of this a considerable part would be reflected 
internally, and the portion that emerges would also be greatly attenuated by 
the increased angular divergence of the scattered pencils. In the same circum¬ 
stances, the external surface would reflect the low-lying parts of the sky almost 
completely, the incidence being nearly grazing. The diffused light from inside 
the water would thus be overpowered by the sky reflection. When, however, 
the surface of the water is even slightly disturbed, the conditions are completely 
altered. The scattered light can emerge freely into the air through the parts of 
the surface that slope towards the observer, and to a lesser extent through the 
parts that slope away from him, so far as they are visible at all, the latter portions 
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showing the reflections of the sky more conspicuously. The differences in colour 
that arise in this way, and are actually observed, are much greater than can be 
explained merely by reference to the difference between the different parts of 

the sky. 
Again, as has been pointed out by Tyndall and Buchanan, the colour of the 

sea is best seen when looking almost vertically down on its surface. The effects 
seen in this way can hardly be influenced by sky-reflection, as the brightness of 
the zenith sky is relatively small, and the reflecting power of water for normal 
incidence is only 2 per cent. Further, both of these writers describe observations 
made in circumstances in which the sky-reflection is eliminated altogether. One 
view that might perhaps be taken is that, while the colour of the sea is a real 
phenomenon which may be observed under suitable conditions, the appearance 
of the sea as a whole, as seen from the deck of a steamer, is largely determined 
by reflected skylight. I think even this view would be a mistake. If it were true, 
the elimination of the reflection should result in the general appearance of the 
sea becoming impoverished. It will be shown later in the paper how this test 
can be applied, and the result is exactly the opposite. As a result of the discussion, 
we are thus led to the conclusion that the colour of the sea is a real phenomenon, 
that it is not due to reflected skylight, and that the latter is merely a somewhat 
inconvenient disturbing factor in the observations. 

7. Colour of the sea not due to suspended matter 

It has been shown in the foregoing pages that pure water of the highest obtainable 
transparency is capable of exhibiting in its own body, as the result of molecular 
scattering, a blue colour of intensity amply sufficient to explain all that is 
observed in any actual case. There is a consensus of opinion among observers 
that the natural waters which show a deep blue are the most transparent of all. 
Nevertheless, in order to account for the observed return of the light from within 
the water, they have also agreed amongst themselves to supply a greater or less 
amount of suspended matter, according to the supposed requirements of theory! 
The position here is fairly analogous to that we find illustrated in regard to the 
theories of the colour of the sky. Ignoring the possibilities arising from the 
molecular structure of air itself (regarding which at least an early hint was given 
by Herschel), vesicles (!) of water were postulated. Subsequently dust particles 
took their place, and were dispensed with only after it was recognised that the 
air itself was capable of explaining all that was observed; dust is now only a 
disturbing factor, the effect of which in favourable circumstances may be quite 
negligible. In the opinion of the writer, it would make for progress to adopt at 
once the position finally reached in the parallel case, and to recognise that the 
observed colour of the sea is primarily due to the water itself, and that suspended 
matter, if present at all in appreciable quantity, is to be regarded as a disturbing 
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factor, of which the effect requires to be assessed in each individual case. As 
regards the deep blue or ultramarine colours of the oceanic waters, at any rate, 
there is good reason for believing that the observed luminous effect is not due 
to suspended matter in any appreciable degree. In order that suspended matter 
might have a noteworthy optical effect, it should be present in a highly dispersed 
or colloidal form. Not only is this unlikely, in view of the actual marked 
transparency of these waters, which has already been remarked upon, but it 
would also be inconsistent with the coagulative property of the electrolytes 
present in the sea water. As is well-known, the colloidal matter brought down 
by the great rivers is thrown down when the fresh and salt waters mix, and 
practically none of it gets far out to sea. This is very prettily shown in sailing 
out from the mouth of a river or from the coast by the rapidly decreasing 
intensity of the Tyndall phenomenon shown by the sunbeams playing in the 
water. In the deep sea the Tyndall phenomenon can only be perceived if one 
looks down into the water in nearly the same direction as that in which the 
sun’s rays enter the liquid. The tracks of the sunbeams can then be perceived 
going down into the water, and appearing by virtue of perspective to converge 
to a point at a considerable depth within it. This relative faintness of the Tyndall 
phenomenon in deep water is itself the best proof of the negligibility of any 
effect save that of molecular scattering. Reference may be made also to the 
observations of Tyndall,* who examined different specimens of sea water, and 
found that, while the green seas showed suspended matter, the deep blue waters 
were very pure, and contained very little matter. Aitken,+ speaking of the 
Mediterranean, mentions large white reflecting particles present in it; but, from 
the details mentioned in his paper, it is clear that he is referring to the greenish- 
blue regions near the coast, and not to deep sea water. 

As regards inland lakes, it is difficult to be very precise, as so much depends 
on the individual circumstances of each case, but it is more than likely that a 
detailed examination will show that, in the case of the very transparent deep 
blue waters, the influence of suspended matter is almost negligible. In this 
connection, it is useful to consider how suspended matter, if present, would 
influence the observed results. The quantity of suspended matter and the state 
of its dispersal are here both relevant. First, we shall consider the case of very 

finely dispersed matter, and note the changes that would occur as the quantity 
is increased. In Section 5, it has been shown that the total observed luminosity 
for any wavelength is proportional to the scattering coefficient, and varies 
inversely as the attenuation coefficient. In the region of the spectrum in which 
there is no selective absorption, both of these quantities would be increased in 
the same ratio, and hence the luminous effect would remain unaltered. In the 

* Quoted in extenso in Bancroft’s paper, loc. cit. 

t Bancroft’s paper, loc. cit. 



24 C V RAMAN! SCATTERING OF LIGHT 

region of selective absorption, the scattering would be increased without any 
appreciable increase in the coefficient of attenuation. Taking this into account, 
along with the figures given in table 1, we may draw the following inference: 
(a) a very small quantity of finely dispersed matter would not appreciably alter 
either the colour or intensity; (b) a larger quantity of such matter would cause 
some increase in intensity, accompanied by a decrease in the saturation of the 
hue. 

Suspended matter not very finely dispersed would operate in a different way. 
The first effect of increasing size of the particles would be the breakdown of the 
A~4 law as regards the intensity of the light scattered in any given direction. 
With a collection of particles of different sizes, the colour of the light scattered 
would be practically the same as the colour of the light incident on the particles 
in any given layer, and we should find the water exhibiting a greenish-blue or 
green colour according to the quantity of suspended matter. It must not be 
supposed that the presence of suspended matter necessarily increases the intensity 
of the light scattered upwards. This depends a good deal upon the nature and 
the size of the particles. If their diameter be not small compared with the wave¬ 
length, they would diffract light unsymmetrically, that is, scatter more strongly 
in the direction of the primary beam than in the opposite direction towards the 
source, and this would result in a diminution of the intensity of scattering in 
the latter direction. If, further, the particles are of a fairly uniform size, special 
polarisation effects would also be observed. It is, however, not necessary here 
to enter further into these details. 

Finally, it should be remarked that in regard to the total quantity of light 
scattered upwards from the water, small changes in the quantity of suspended 
matter, if any, present in the water are of much less importance than variations 
of the transparency of the water arising from other causes, e.g., the appearance 
of a very small quantity of organic matter in the water exercising a selected 
absorption in the blue region of the spectrum. This would greatly enfeeble the 
scattered light that emerges from the water, without much altering its colour. 

8. Polarisation and colour phenomena observed at sea 

According to the theory of molecular diffraction in liquids, the light scattered 
at right angles to the direction of the illuminating beam should be polarised. 
In attempting to test by observation at sea, other interesting effects are also 
noticed which will now be described. 

As already remarked above, the reflection of skylight at the surface of the 
water is an embarrassing feature in making observations of the colour of the 
sea. Its influence may, however, be eliminated in the following simple way: Light 
reflected at the polarising angle from the surface of a liquid may be quenched 
by observation through a suitably oriented nicol. Hence, by observing a tolerably 
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smooth patch of water through a nicol at the polarising angle, the surface 

reflection may be got rid of. The nicol may be mounted at the eye-end of a 

cardboard tube, so that it can be conveniently held at the proper angle with 

the surface of the water and rotated about its axis so as to get the correct 

position for extinction of the reflected light. During a recent voyage, the 

writer made some observations by this method in the deeper waters of the, 

Mediterranean and Red Seas, and found that the colour of the sea, so far from 

being extinguished when the sky reflection is cut off, is seen with wonderfully 

improved vividness and with saturated hues. Even when the water is ruffled or 

when it is viewed more obliquely than at the polarising angle, the nicol helps 

to weaken the sky reflection. Further, as is well-known, the light of the sky is 

itself strongly polarised, and this fact may in favourable circumstances be used 

to practically eliminate sky reflection from the whole surface of the sea. For 

this purpose, the time most suitable is when the sun has reached its maximum 

altitude, and the observer should stand with his back towards the sun and view 

the surface of the sea through a nicol. The part of the sky facing the observer 

has then its maximum polarisation, especially the low-lying parts, and the 

amount of polarisation is further enhanced when the light is reflected from the 

water at various angles of incidence. By turning the nicol about its axis, the 

best position for extinction should be found, and the whole surface of the sea 

will then be found to glow with a vivid blue light emerging from inside the 

water. Part of this improvement is also due to the fact that the nicol in great 

measure cuts off the atmospheric haze which covers the more distant parts of 

the sea. 

The obvious way of testing the light from the sea for polarisation, that is, 

viewing it through a nicol and turning the latter about its axis, is interfered 
with by the fact that the intensity of the reflected light also varies at the same 

time and obscures the variation in the intensity of light diffused from inside the 

water. Even thus, however, it is possible to observe the polarisation of the 

scattered light, the surface of the water appearing less blue when seen through 

the nicol in one position than when viewed directly. Much the better way of 

detecting the polarisation of the diffused light, however, is to hold the nicol at 

the proper angle for extinguishing the surface-reflection from the water, and to 

vary the azimuth of observation relatively to the direction of the sun’s rays 

entering the liquid. Striking changes in the colour and intensity of the light 

diffused by the water will then be noticed. The best time for making this 

observation is when the altitude of the sun is moderately large but not too 

great. Obviously, if the sun’s rays are too nearly vertical, varying the azimuth 

of observation can make no difference. But when the sun’s rays inside the water 

proceed at an angle to the surface, the variation of the azimuth of observation 

alters the relation between the direction of the primary beam and the scattered 

rays under test. When the observer has his back to the sun, he looks down 

practically along the track of the rays inside the water, and the scattered light 
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reaching his eye is unpolarised inside the water and is not extinguished in any 
position of the nicol. The colour of the scattered light is then seen as a vivid 
but comparatively lighter blue. As the azimuth of the plane of observation is 
swung round, the intensity of the scattered light diminishes and its colour 
changes to a deeper blue, until finally when the observer nearly faces the sun,* 
the intensity of the scattered light is very small and it appears of a dark indigo 
colour. If the polarisation of the scattered light were complete and the direction 
of observation exactly transverse to that of the primary beams inside the water, 
the nicol would have completely quenched the light. This is, however, not 
actually the case, evidently because we have to deal not only with the scattering 
of the sun’s direct rays inside the water, but also with multiply-scattered light, 
and also with the blue light of the sky which enters the water and is then 
re-scattered within it. It is evident that these contributions to the luminosity of 
the water would diminish the perfectness of the polarisation,1 and would give 
a much darker blue than the primarily scattered rays. 

The relatively deep colour of the secondarily scattered rays mentioned in the 
preceding paragraph is also prettily illustrated by observing the water on the 
shadowed side of the ship, where the sun’s rays do not strike it directly. Such 
water shows a much darker and deeper colour than the contiguous parts exposed 
directly to the sun’s rays. A similar explanation may be given of the deepening 
of the colour of the sea as the sun goes down. The lower the altitude of the sun, 
the more important is the contribution of skylight re-scattered within the water 
to the observed luminous effect. The blue colour of the sea, as observed with 
the aid of a nicol when the sky is completely overcast by clouds, also appears 
of a distinctly deeper tint than sunlit water. It is probable that this may, at least 
in part, be due to the importance of multiple scattering in such cases. 

The difference between the colour of the parts of a wave sloping towards and 
away from the observer has already been mentioned and explained. A remarkable 
feature noticed in this connection is that when the surface of the sea is viewed 
through a nicol, the degree of contrast varies enormously as the nicol is rotated 
about its axis. The precise effect, of course, depends upon the relative intensity, 
colour, and polarisation of the light reflected from the surface of the water at 

* He cannot, of course, exactly face the sun, as the reflection of the sun’s rays from the surface of 

the water would then interfere with the observations. It is advantageous to choose a time when 

the altitude of the sun is such that these reflections are also quenched by the observing nicol. It 

should also be mentioned that the partial polarisation of the sunlight, when it enters the water 

obliquely, and a similar effect which occurs when the diffused light emerges from the water, make 

it possible to detect an appreciable dependence on the azimuth of observation of the colour, even 
without the use of the observing nicol. 

+ Much in the same way as the polarisation of skylight, even at 90° from the sun, is incomplete. It 

is also possible that the imperfectness of the polarisation of the molecularly-scattered light (due to 

asymmetry of the molecules or other cause) may contribute to this result. But on this point, the 
author reserves opinion. 
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different angles and of the light emerging from inside the water. Broadly 
speaking, the phenomenon observed is that in one position of the nicol the sea 
appears almost flat and undisturbed, and in another position ruffled and full of 
ripples. The visibility of the horizon, which depends on the contrast between 
sea and sky, also varies, in some cases very greatly, as the nicol is rotated. 

9. Colours of the transmitted light 

Finally, a few remarks would not be out of place regarding the nature of the 
colours observed when an opaque body, e.g. a white plate, is immersed at some 
depth under water. It should not be assumed that the colour which it exhibits 
really corresponds to that transmitted by an equivalent column of water of 
twice the depth. The observed effect is really the resultant of two distinct factors: 
(a) the light molecularly scattered upwards towards the observer by the column 
of water between the plate and the surface; and (b) the light scattered by the 
plate and reaching the observer after attenuation in passing through the column 
of water. The effect (b) itself is composite, for the light reaching the plate and 
scattered by it consists of two parts: (c) regularly transmitted light, and (d) lateral 
illumination of the plate, due to molecular scattering in the liquid. It is clear 
from this that the colour of the plate would appear much bluer than that of 
the transmitted light really is, and that observations of the latter by this method 
are quite futile. 

10. Summary and conclusion 

The paper puts forward a new theory of the colour of the sea, namely, that it 
is due to the molecular scattering of light in water. The following are the principal 
conclusions contained in the paper: 

(a) The intensity of molecular scattering in water can be calculated from the 
“theory of fluctuations” developed by Einstein and Smoluchowski, and is found 
to be in round numbers 160 times that in dust-free air. This agrees with the 
value observed experimentally. 

(b) The coefficient of extinction of light in water calculated from theory also 
agrees with the observed value in the parts of the spectrum in which there is 
no selective absorption. 

(c) A sufficiently deep layer of pure water exhibits by molecular scattering a 
deep blue colour more saturated than skylight and of comparable intensity. The 
colour is primarily due to diffraction, the absorption only making it of a fuller hue. 

(d) The theories hitherto advanced that the dark blue of the deep sea is 
reflected skylight or that it is due to suspended matter are discussed and shown 
to be erroneous. 
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(e) A number of interesting effects, due to polarisation and multiple scattering 

observed at sea, are described and explained. 

(/) It is pointed out that the colour of a white plate as seen when immersed 

at some depth under transparent water does not really correspond to the 

character of the transmitted light. 

The author is indebted to Mr L A Ramdas, post-graduate scholar, for efficient 

assistance in the experimental work. 
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Optical observation of the thermal agitation of the 
atoms in crystals 

According to the theory of specific heats developed by Debye, Nernst, and others, 
the thermal energy of a solid is made up of the energy of elastic vibrations in its 
material, the frequencies of such vibrations ranging from very small values up to a 
maximum limit determined by the ultimate molecular or atomic structure. On 
this view it is clear that at ordinary temperatures the density of a solid, and 
therefore also its refractive index if it be of transparent material, would vary 
arbitrarily from point to point about its mean value. In other words, a 
transparent crystal cannot be regarded as optically homogeneous even with 
reference to the comparatively long waves which constitute ordinary light. It 
follows that a certain proportion of the energy of a beam of light traversing the 
medium would be deviated laterally and appear as scattered light, the intensity of 
such scattering being a measure of the thermal agitation within the crystal. That 
some such effect must occur has already been pointed out by Sir Joseph Larmor 
(Philos. Mag., 37, p. 163, 1919), but no theoretical discussion of its magnitude 
appears so far to have been put forward. It has occurred to the present writer that 
the effect to be expected may be found in the following way:—If the principles of 
statistical mechanics and the equipartition of energy were applicable in the case of 
solids, precisely the same considerations which determine the molecular scatter¬ 
ing of light in fluid media would enter here as well, and the scattering coefficient 
would be given by the Einstein-Smoluchowski formula 

n2 RTp 

18 ~n¥ 
Gu2-1)2Gu2 + 2)2, 

where /? is the compressibility of the solid, g is its refractive index, X is the 
wavelength of the light, and R, T, N are the constants of the kinetic theory. It is 
known, however, that the heat content of solids at the ordinary temperature is 
much less than that indicated by the equipartition principle, the deficiency being 
most marked for substances, such as diamond, having a high “characteristic 
temperature”. The scattering coefficient given by the preceding formula must 
therefore be diminished in the ratio which the actual heat content at the 
temperature of observation bears to the heat content indicated by the equipar¬ 
tition principle. This correction factor may be found from the experimental data 
for the specific heats at low temperatures given by Nernst, Lindemann, and 
others. 
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Calculations made in the way indicated above show that transparent quartz 
should scatter light times as strongly as dust-free air at normal temperature 
and pressure. A scattering of approximately this magnitude in clear quartz was 
detected photographically by R J Strutt (now Lord Rayleigh) (Proc. R. Soc. 

London, 95, p. 495,1919), but was ascribed by him to inclusions which he assumed 
were present in the crystal. It is clear from what has been said above that the effect 
observed by him was actually due to the thermal agitation of the atoms in the 
crystal. The present writer has succeeded in demonstrating the scattering of light 
in clear quartz by direct visual observation. For this purpose a block of the crystal 
with smooth polished faces is immersed in a tank of clean distilled water to 
minimise surface-reflections and a converging lens is used to bring a beam of 
sunlight to a focus within the crystal. The blue track of the beam within the crystal 
may then be readily observed, and its intensity can be judged by comparison with 
the scattering of the beam in saturated ether vapour. The writer has had the 
pleasure of exhibiting the phenomenon to Sir W J Pope and other distinguished 
callers at his laboratory. 

Transparent rock-salt which has a low characteristic temperature and shows a 
marked “Debye-effect” in experiments on X-ray reflection exhibits a very strong 
scattering of ordinary light. The increase of the scattering with rise of temperature 
may readily be observed with it. 

210 Bowbazaar Street, Calcutta 
19 November 

C VRAMAN 
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Anisotropy of molecules 

Direct evidence that the molecules of gases are not spherically symmetrical and 
are anisotropic in their properties is furnished by the recent experiments of Lord 
Rayleigh, who has shown that the light scattered by molecules is, in general, not 
completely polarised when observed in a direction transverse to the pencil of light 
traversing the gas. The method used by Rayleigh, and by those who have repeated 
the experiments establishing this effect is a photographic one, the track of the 
primary beam of light as viewed through a suita bly oriented prism of Iceland spar 
being recorded on a plate with long exposures. In view of the great interest of the 
phenomenon, it occurred to the present writer that it would be worthwhile to 
attempt direct visual observation and measurement of its magnitude. The chief 
obstacle is, of course, the extreme feebleness of the unpolarised part of the 
transversely scattered light. This has, however, been successfully overcome. By 
using the strongest possible illumination (sunlight), securing a perfectly black 
background, and very carefully screening the eye from extraneous light, it has 
been found possible to detect with dust-free air at atmospheric pressure the non¬ 
extinction of the track as seen through a nicol at any orientation. With carbon 
dioxide the effect is quite conspicuous, and visual determinations of its magnitude 
have been successfully made by Mr K R Ramanathan working in the present 
writer’s laboratory. 

A very interesting question arises whether it is possible to establish the same 
effect by observations on the polarisation of skylight. As is well known, there is a 
marked defect in the polarisation of skylight in a direction removed 90° from the 
sun, which is, however, in the main, due to dust and condensed water-vapour in 
the atmosphere and the diffuse lighting up of the sky by self-illumination and by 
reflection from the earth’s surface. It occurred to me that the elimination of the 
effects due to these disturbing factors does not present insuperable difficulties. 
The reflecting power of landscape (about 0-08 when covered by vegetation) is 
known, and its effect is therefore calculable. Dust and low-lying mists may be 
practically eliminated by making the observations on a bright, clear day at a high- 
level station, and the self-illumination of the sky under the same conditions is very 
small in respect of wave-lengths near the extreme red end of the spectrum. The 
residual effect of self-illumination in these circumstances may be computed with 
sufficient accuracy by the method used by L V King (Philos. Trans. R. Soc. 

London, A 212, 1913), the uncertainties due to the neglect of the curvature of the 
earth and other simplifying assumptions in the calculation being then of little 
importance. 
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In order to obtain material for testing these ideas I made observations on the 
forenoon of December 4 last from the summit of Mount Dodabetta, in the 
Nilgiris (8750 ft above sea-level), the sky at the time appearing beautifully clear, 
free from cirrus clouds, and almost completely black when seen through a deep 
red filter. The weaker component of polarisation was found to have 13% of the 
intensity of the stronger component. Diffuse illumination of the sky is capable of 
explaining only a part of this, a weaker component of about 8% intensity being 
indicated by the calculations. The residual 5% must therefore be ascribed to 
molecular anisotropy, and this is in agreement with the laboratory determin¬ 
ations of Rayleigh. 

Observations on the molecular scattering of light in liquids made by the writer 
also show an imperfect polarisation attributable to anisotropy. Experiments in 
the same direction on the atomic scattering of light in crystals are being made, 
and an attempt is also in progress to discover the existence of an effect indicated 
by Sir J J Thomson’s theory (Philos. Mag., October, 1920), namely, the 
dependence of the results on the frequency of the scattered radiation. 

C V RAMAN 

210 Bowbazaar Street, Calcutta 
19 December 
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Molecular structure of amorphous solids 

A question of fundamental importance in the theory of the solid state is the nature 
of the arrangement of the ultimate particles in amorphous or vitreous bodies, of 
which glass is the most familiar example. Is it to be supposed that the molecules 
are packed together at more or less uniform distances apart, as in crystals, the 
orientation of individual molecules or of groups of molecules being, however, 
arbitrary? Or, on the other hand, is the spacing of the molecules itself irregular, the 
solid exhibiting in a more or less permanent form local fluctuations of density 
similar to those that arise transitorily in liquids owing to the movement of the 
molecules? The physical properties of amorphous solids, notably their softening 
and viscous flow below the temperature of complete fusion, would tend to 
support the latter view, but the possibility of a closer approximation to the 
crystalline state should not entirely be ruled out, especially in view of the very 
interesting recent work of Lord Rayleigh on the feeble double refraction exhibited 
by fused silica (Proc. R. Soc. London, 1920, p. 284). A good deal might be expected 
to depend on the nature of the material, its mode of preparation, and heat 
treatment. A material formed by simple fusion and resolidification of compara¬ 
tively simple molecules, such as silicon dioxide, might stand on a different footing 
from a material such as ordinary glass built up by chemical action and formation 
of complex silicates. 

If the arrangement of molecules in a vitreous body were irregular, the local 
fluctuations of optical density would result in a strong scattering of a beam of 
light passing through it, the intensity of such scattering being comparable with 
that occurring in the liquid state at the temperature of fusion of the material (see 
note by the present writer in Nature of November 24 last, p. 402). On the other 
hand, if the arrangement of the molecules approximated to the crystalline state 
the scattering of light would be merely that due to the thermal movements of the 
molecules and would be much smaller. As a matter of fact, glasses exhibit a very 
strong scattering of light, some 300 to 500 times as strong as in dust-free air, the 
Tyndall cone being of a beautiful skyblue colour and nearly, but not quite, 
completely polarised when viewed in a transverse direction. (Some glasses exhibit 
a green, yellow, or pink fluorescence when a beam of sunlight is focussed within 
them, and cannot be used for the present purpose; the fluorescence, even when 
very feeble, can be detected by the difference in colour of the two images of the 
Tyndall cone seen through a double-image prism.) Rayleigh, who observed the 
light-scattering in glass, attributed it to inclusions, some of which he assumed 
must be comparable in size with the wavelength (Proc. R. Soc. London, 1919, 
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p. 476). The closest scrutiny through the microscope under powerful dark-ground 
illumination fails, however, to indicate the presence of any such inclusions, and it 
seems more reasonable to assume, in view of the foregoing remarks, that the 

scattering is really molecular. Its magnitude is of the order that might be expected 
on the basis of a non-uniform distribution of the molecules. 

Further observations with specially prepared glasses and with fused silica 
would be of great interest to investigate the influence of the chemical constitution 
and heat treatment on the molecular texture of the solid. 

210 Bowbazaar Street, Calcutta 
29 December 

C VRAMAN 
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Preface 

The fundamental importance of the subject of molecular diffraction came first to 
be recognized through the theoretical work of the late Lord Rayleigh on the blue 
light of the sky, which he showed to be the result of the scattering of sunlight by 
the gases of the atmosphere. It is proposed in this small volume to review the 
present position of the subject and to discuss the general theory of the molecular 
scattering of light in all refractive media, including in a comprehensive survey the 
case of gases, vapours, liquids, crystals and amorphous solids. Experimental 
observations in support of the theory are detailed, and reference is made to 
various phenomena in which molecular diffraction plays a part. The case of 
moving media is also briefly dealt with. 

In the course of the work, references are made to cases in which the classical 
wave-theory apparently fails to explain the facts relating to molecular scattering 
in a satisfactory manner, and in the final chapter an attempt is made to consider 
these cases in terms of the conception introduced by Einstein in 1905 that light is 
not continuous wave motion but consists of discrete quanta moving through 
space. 

In the writing up of this essay, I have been greatly assisted by the researchers 
working in my laboratory, references to whom will be found in the pages below. 
To these gentlemen, I wish to express my heartiest thanks. I am specially indebted 
to Mr K R Ramanathan, M.A., Madras University Research Scholar, for very 
valuable help in the preparation of the volume and in the carrying out of the 
experimental work. I am also under great obligations to Sir Asutosh Mookerjee, 
Vice-Chancellor of the University, for the co-operation which made the 
publication of the volume possible. 

I desire also to record my indebtedness to Mr A C Ghatak, B.A., Superinten¬ 
dent of the University Press and his staff for the quick and efficient manner in 
which the volume has been printed and got up. 

C V RAMAN 

Calcutta 
11th February 1922 



CONTENTS 

Chapter I 

Page 

Fundamental principles 39 

Chapter II 

Scattering of light by gases 45 

Chapter III 

Atmospheric scattering and twilight phenomena 50 

Chapter IV 

Molecular scattering in liquids 58 

Chapter V 

The colour of the sea and the albedo of the earth 70 

Chapter VI 

Scattering of light in crystals 76 

Chapter VII 

Scattering of light in amorphous solids 80 

Chapter VIII 

The Doppler effect in molecular scattering 82 

Chapter IX 

Molecular diffraction and the quantum theory of light 86 



MOLECULAR DIFFRACTION OF LIGHT 

CHAPTER I 

Fundamental principles 

1. The whole edifice of modern physics is built up on the fundamental hypothesis 
of the atomic or molecular constitution of matter. In common with other 
branches of the science, physical optics has to concern itself intimately with the 
attributes of these molecules or atoms under different conditions and in different 
states of aggregation and the manner in which they determine the observed 
properties of substances. The propagation of light through refractive media is in a 
special degree related to and determined by the molecular structure of these 
media. The question is, does any departure from perfect regularity of the light- 
propagation arise from the discontinuous structure of the medium? The answer 
to this question forms the subject of the present essay. Under the description of 
the molecular diffraction of light, we may include such deviations from simple 
wave propagation as can be attributed to the ultimate structure of matter. 

Rayleigh’s theory 

2. The principles on which the problem of molecular diffraction may be handled, 
at least in the case of gaseous media, were first indicated by the late Lord Rayleigh 
in one of his well-known papers on the origin of the blue of the sky.* Reduced to 
its essentials, as has been done by Schuster,1 the treatment is on the following 
lines. The individual molecules in a gas through which the primary waves of light 
pass are regarded as secondary sources of radiation, each molecule acting more 
or less as it would in the absence of its neighbours. There is of course a definite 
phase-relation between the primary wave when it reaches a given molecule and 
the secondary wave emitted from it. In the direction of propagation of the primary 

waves, the secondary radiations emitted by all the molecules in a given layer are in 
identical phase, for, the differences in the phase of the primary wave when it 

* Philos. Mac]. 47, 1899, pp. 375-384, Scientific Papers, Vol. IV, p.397. 

+ Theory of Optics, 2nd edition, p. 325. 
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reaches different molecules are exactly compensated by the acceleration or 
retardation due to the scattered waves having to traverse a shorter or greater 
path, as the case may be. In other directions, however, owing to the molecules 
being distributed at random within the volume of the gas, the phases of the 
scattered waves do not stand in any invariable relation to each other, and hence, 
in order to find the average expectation of intensity of the scattered light emerging 
from within the gas, the intensities, not the amplitudes, of the waves scattered by 
the individual molecules should be added up. In all ordinary cases, there is very 
little difference of phase between the primary wave reaching an individual 
molecule and the secondary wave sent out by it so far as the direction of original 
propagation of the wave is concerned. When, however, the effect of all the 
molecules contained in a stratum parallel to the plane of the primary wave is 
integrated by the usual method of sub-division of the stratum into Fresnel zones, 
and the resultant is combined with the primary wave, a change of phase appears 
which may be identified as the retardation associated with the passage of waves 
through a refractive medium. A relation is thus obtained between the scattering 
power of the molecules, their number per unit volume and the refractivity of the 
medium. Thus, taking the light vector in the primary waves to be represented by 
R0 cos (cot — lx) where x is measured from the position of the scattering molecule, 
the vector in the scattered wave arising from it may be written as 

A 1 cos (cot — Ir) ■ R0 sin Q/r 

when r is the distance from the molecule and 6 is the angle between the vibration 
at the origin and the scattered ray. On carrying out the calculations indicated, the 
relation obtained is 

4n2(/i — l)2 

NX4 

where N is the number of molecules in unit volume, X is the wavelength of the light 
and 11 is the refractive index of the gas. 

3. The energy scattered by the molecules in the interior of the gas must be 
derived from the primary beam, and hence the intensity of the latter must suffer an 
attenuation as it passes through the medium. The coefficient of attenuation may 
be readily evaluated by a simple calculation of the total energy scattered by an 
individual molecule and then multiplying this by the number N of molecules per 
unit volume. We thus obtain the intensity of the transmitted light to be 
/ = I0 exp — (kv) where k the coefficient of attenuation is given by the relation 

32tc3(/t — l)2 

~~3 NX4 

This expression for the attenuation coefficient may also be derived directly by a 
more accurate investigation which does not neglect the small difference of phase 
between the primary wave and the secondary waves originating at a molecule. It 
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is then found that on compounding the effects of the primary wave with those of 
the secondary waves arising from a stratum of molecules, there appears in 
addition to the alteration of phase of the primary wave, also a small diminution in 
its intensity which is exactly that expected in view of the lateral scattering of part 
of the energy. 

Criticism of the theory 

4. In connection with the treatment outlined above, two distinct points come up 
for remark. According to Lord Rayleigh’s treatment, (p — 1) is proportional to the 
number of particles per unit volume of the gas, in other words varies directly as 
the density when the pressure is increased. In other words, the theory leads to 
Gladstone and Dale’s law for the relation between refractive index and the 
density. It is well-known however that this law is only an approximation, a more 
accurate relation between the refractive index p and the density p being the 
Lorentz-Mossoti formula 

^2-l 

p2 + 2 
constant p. 

The derivation of this formula has been discussed by Rayleigh* and it is clear 
that to be quite strict, the treatment of the problem of molecular diffraction 
should be modified so that it leads to (4) as the relation connecting the density 
with the refractive index. It may be mentioned however that in the case of gases at 
ordinary pressures the error involved in overlooking this point would not be 
appreciable. 

5. A more important question is the justification for the view that the phases of 
the waves laterally scattered by the individual molecules are absolutely at 
random, so that their energy effects are additive. In the earlier treatment given by 
Lord Rayleigh, this was by no means made entirely clear, and on a superficial 
view of the matter it might be questioned (as indeed it has been by Sir Joseph 
Larmorf whether the phase relation of the scattered waves arising from the 
molecules in any small volume is indeed in reality subject to such large and 
arbitrary variations that the energies due to the individual molecules may be 
summed up without any sensible error from their mutual interference. Larmor 
points out that in the case of a gas at atmospheric pressure, there are 106 
molecules in a cubic wavelength so that the scattered waves arising from adjacent 

* Philos. Mag., 34, pp. 481-502, 1892, Scientific Papers, Vol. IV, p. 19. 

+Philos. Mag., Jan. 1919, p. 161. These comments of Larmor were made with reference to a paper by 

Rayleigh in the Philos. Mag. for Dec. 1918, dealing with the general problem of the light emitted from a 
random distribution of luminous sources. 
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molecules differ in phase by only 10 _ 2 of the period and asks, in view of this 
closeness of packing of the molecules whether, if they could be regarded as fixed 
while the radiation was passing, they ought not in conjunction to scatter far less 
than they would do separately? The difficulty will perhaps appear even more 
acutely if we consider a gas at fairly high pressure, say 64 atmospheres. The 
average difference of phase for adjacent molecules is in this case only 2-5 x 10 ~3 
of a period, and the mean free path of a molecule would be only about 
0-02 x 10"5 cm, that is, less than 1/250 of the wavelength of sodium light. Could 
we in the circumstances consider the phases of the scattered waves arising from 
individual molecules to be distributed entirely at random? 

6. The difficulty referred to in the preceding paragraph appears to have 
impressed Larmor so greatly that in order to find a way of escape from it, he has 
suggested a somewhat different logical basis for the empirically observed 
correctness of the result deduced from Rayleigh’s theory. It seems best to quote 
Larmor’s own words: “The molecules of the atmosphere are in thermal motion, 
with velocities in correlated directions which are at ordinary temperatures of the 
order of 10" 6 of that of the radiation. The wavelength of the radiation scattered 
from them will thus vary within a range of 10"6 of itself. If the phases of the 
scattered radiations are correlated at first, after traversing 106 wavelengths or 
50 cm they will have become fortuitous, and the energy effects thus additive. This 
consideration, if justified would find the source of Lord Rayleigh’s principle in the 
uncoordinated thermal motion of the molecules.” 

Justification of the principle of random phase 

7. With regard to the remarks by Larmor quoted above, it may be pointed out 
that the difficulty raised cannot be evaded in the manner proposed by him. The 
suggestion made is that the phases of the scattered radiations emerging from the 
column of gas may be correlated at first but after traversing 106 wavelengths or 
50 cm, they would have become fortuitous and the energy effects thus additive. If 
this were correct, we should find that the aggregate intensity of the scattered light 
should be small immediately after emergence from the column of gas, that is when 
it is observed within a distance of a centimetre or two from the track of the 
primary beam, and should increase at a greater distance from it. Such a result is 
obviously quite inadmissible, besides being contrary to experience. The fallacy 
lies in the assumption that the change of wavelength (Doppler effect) has an effect, 
on the relative phases of the scattered waves, whereas in reality it has none. To 
make this clear, we may consider two neighbouring molecules A and B. The 
scattered waves originating from them travel outwards with an identical velocity 
which is quite unaffected by any movements of these molecules. The phase- 
difference at any epoch therefore remains unaffected as the waves move out, being 
exactly the same as when the portions of the wave-train under consideration left 
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the molecules. In other words, the phase-difference at each stage is exactly the 
same as if the molecules had remained fixed from the instant of emission of the 
scattered light. The scattering from any appreciable volume of gas would thus 
remain unaffected if all the molecules were assumed suddenly to be fixed in their 
instantaneous positions, and the Doppler effect due to their movement exerts no 
influence whatever on the observed results. Larmor’s suggestion therefore clearly 
fails. 

8. What then is the justification of Rayleigh’s principle? The answer to this 
question becomes plain when we consider the implications contained in the 
propositions under discussion. In order that the phases of the scattered waves 
arising from the individual molecules should be entirely fortuitous, it is clearly 
necessary and sufficient that the distribution of the molecules in the space 
enclosed within the walls of the containing vessel should be itself entirely 
fortuitous. This again in its turn would be true, if the probability that a given 
molecule is found within a small specified volume is independent of the presence 
of any other molecules, in other words if the probability that two or more given 
molecules are found together within a specified space is the product of the 
probabilities of each of them separately being found within the space. This will be 
true provided the total volume of the molecules or rather of the spheres of 
influence within which their mutual action on each other is sensible forms a 
sufficiently small fraction of the total space occupied by the molecules. This is 
precisely the condition necessary that the relation between the pressure and 
volume of a gas should be that given by Boyle’s law. In other words, we have a 
truly random distribution of the molecules provided the compressibility of the 
gas at the pressure under consideration does not appreciably deviate from that 
derived from Boyle’s law. So long as this is the case, Rayleigh’s principle must be 
substantially valid, and neither the closeness of the packing nor the smallness of 
the free path of the molecules in relation to the wavelength of light can influence 
the result appreciably. 

9. A precisely similar result is also arrived at if we investigate the condition 
necessary that the light scattered by an appreciable proportion of the molecules 
in the given volume may be extinguished by their mutual interference. It is 
obvious immediately that if the molecules be distributed uniformly throughout 
the containing vessel, we may divide up the entire volume into a large number of 
very small equal elements each containing a few molecules, and take them off in 
pairs situated at such distances from each other that in any specified direction, the 
scattered waves from the components of each pair differ in phase by n and 
therefore cut each other out by interference. In such a case, it is clear that there 
would be no scattered light emerging from within the gas. (A few elements of 
volume might be left over surplus and uncompensated near the boundaries of the 
vessel. These would give a surface-effect with which we are not here concerned.) If 
however we attempt to apply similar reasoning in the case of an actual gas the 
argument breaks down. The distribution of the molecules is no doubt such that 
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the density of the medium does not vary by any appreciable fraction of itself when 
we consider any appreciable volume, say one cubic wavelength. But when the 
sub-division of the space is carried further, deviations from the equality of the 
number of molecules present in equal elements of volume become relatively more 
important, until finally when we consider volume elements of molecular 
dimensions the probability that a molecule will be found inside such an element 
becomes small and in the case of a gas obeying Boyle’s law with accuracy, 
vanishingly small. Thus if we take two volume elements of molecular size at a 
distance exactly X/2 apart, the expectation that they would both simultaneously 
hold molecules whose effects would mutually extinguish one another is 
vanishingly small. Thus again we see that no appreciable proportion of the energy 
scattered by the individual molecules is taken off as the result of interference. 

10. The foregoing discussion makes two points clear. The validity of the 
principle of random phase depends on the conditions being such that the 
compressibility of the medium is given with sufficient accuracy by Boyle’s law. 
Secondly, the ultimate justification of the principle rests on the complete non¬ 
uniformity in the spatial distribution of the molecules in so far as very small 
volume elements are concerned. As we shall see later on, it is precisely these 
factors, namely, the compressibility of the medium and the non-uniformity of the 
spatial distribution of molecules, which enter into the general theory of light¬ 
scattering developed according to the principles laid down by Einstein and 
Smoluchowski, and which, as has been pointed out by these writers, in the case of 
gases obeying Boyle’s law leads to results substantially identical with those 
obtained from Rayleigh’s formula. It is important therefore to notice that in 
respect of gases at any rate, the special theory developed by Rayleigh and the 
more general theory of Einstein and Smoluchowski rest on exactly the same 
logical bases and differ only in the detailed mode of calculation of the intensity of 
the light scattered. 



CHAPTER II 

Scattering of light by gases 

11. In view of the very satisfactory explanation by Lord Rayleigh and Schuster of 
the blue of the sky and the observed degree of transparency of the atmosphere on 
the basis of molecular diffraction, it became obviously a question of great 
importance to detect, and if possible, to measure, the scattering of light by dust- 
free air in the laboratory. The first successful attempt in this direction was made 
by Cabannes.* Later work on the experimental side of the subject, including 
scattering by other gases and vapours, has been done by Prof. R J Struttt (the 
present Lord Rayleigh), Cabannes* * himself, Smoluchowski§ and Gansl!. 

12. The methods adopted by these investigators are essentially similar. The gas 
is contained in a cross-tube dead-blacked inside. An intense beam of light is sent 
along one of the tubes, and the scattered light is observed in a perpendicular 
direction. Owing to the extreme faintness of the scattered light, the background 
has to be perfectly black in order that the track of the beam may be visible. The 
best arrangement to secure this is that adopted by Strutt in his later work. He 
used as a prolongation of the observation tube a curved horn blown out of green 
glass and covered outside with black paint. The object of the glass horn is to 
reflect any stray light that falls on its mouth repeatedly towards the narrow end 
and thus to absorb it. With such a background the track of a beam of sunlight 
concentrated by a lens in dust-free air is easily visible. Of course, the gas under 
observation has to be carefully freed from dust before introduction to the 
chamber by slow filtering through a tube tightly packed with cotton wool, and in 
the case of gases attacked by light, care has to be taken to exclude rays having any 
chemical action. 

Intensity and polarisation of the scattered light 

13. According to Lord Rayleigh’s calculation, the intensity of the light scattered 
by one cubic centimetre of a gas having symmetrical molecules in a direction 

*Cabannes, Comptes Rendus, 160, p. 62, 1915. 
+ R J Strutt, Proc. R. Soc. London, 94, p.453, 1918. 

:Cabannes, Ann. de Physique Tome 15, pp. 1-150. 
§Smoluchowski, Bulletin Academic Cracovie, p. 218, 1918. 

11R Gans, Ann. Physik, 10, 1921. 
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perpendicular to the incident beam should be proportional to (p — l)2.* The 
experiments of Strutt led him to the conclusion that this was so, within the limits 

of experimental error. The following table gives his results: 

Gas Scattered light Refractivity 

Air (assumed) 100 100 

Hydrogen 0-230 0-229 

Nitrous oxide 3-40 3-12 

Ether vapour 260 27-1 

The careful experiments of Cabannes,1 showed however, that although the law 
was true in its main features, there were differences in the value of the observed 
scattering from the calculated values too large to be explained as being due to 
experimental error. 

14. On the assumption of symmetrical molecules, the light scattered in a 
direction perpendicular to the incident beam should be completely polarized with 
the electric vector perpendicular to the plane containing the incident and 
scattered beams. Strutt examined the polarisation of the scattered beam and 
obtained for the first time the remarkable result that, in many gases, the scattered 
light is only partially polarised. 

The experimental method adopted by Strutt for the examination of polari¬ 
sation was to place a double image prism with its principal section perpendicular 
to the incident beam in the path of the scattered light and obtain an image of the 
luminous track on a photographic plate. Two images were in general obtained, a 
strong one with the electric vector in the direction indicated by the ordinary 
theory and a weak one with the electric vector in the perpendicular direction. The 
two images could be made of equal intensity by inserting a nicol between the 
double image prism and the camera and properly orienting the nicol, and from 
the known angle between the principal planes of the nicol and double image 
prism, the ratio of the weak component to the strong could be calculated.1 

15. The imperfect polarisation of the light scattered by gases has also been 
observed visually and measured in experiments undertaken at the author’s 

* Cabannes (loc. cit.) has calculated the scattering coefficient on the basis of the electromagnetic theory 

and obtains a value [(7r2/2n24)](/z2 — l)2. When (// — 1) is small, this reduces to [(27r2)/(n24)](/i — l)2. 

(See also Schuster Proc. R. Soc. London, 98, p. 248.) 
f Cabannes {loc. cit.) has calculated the scattering coefficient on the basis of the electromagnetic theory 

and obtains a value [(7i2/2n24)](/z2 - l)2. When (// - 1) is small this reduced to [(27i2)/(n24)](/i — l)2. 
(See also Schuster Proc. R. Soc. London, 98, p. 248.) 

:In his earlier work, Strutt used a series of graded blackened photographic plates in the path of the 

stronger component so as to get the intensities of the two components equal. 
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suggestion by Mr K R Ramanathan at Calcutta. For this purpose, an apparatus 
was used similar to that of Lord Rayleigh and the gas was illuminated by means of 
a concentrated beam of sunlight, great care being taken to shield the observer’s 
eye from extraneous light. With air at ordinary pressure, the intensity is not 
sufficient to make more than a rough photometric estimate feasible, but when we 
use carbon dioxide which scatters nearly three times as much light as air, fairly 
accurate measurements are possible by visual observation. Such a comparison 
leads to a value 10% for the ratio of the weak to the strong components as against 
9*9% obtained by Cabannes and 11*7% obtained by Strutt. More accurate 
measurements can be made visually with the gases at higher pressure and an 
apparatus is nearly ready for the purpose. 

16. I give below for comparison the values of the ratios of the weak component 
to the strong for different gases obtained by Strutt and Cabannes. 

The figures give the weak component as a percentage of the strong 
component. 

Gas Strutt Cabannes 

h5 3-83 Between 1 and 2 

n2 4-06 ” 2-5 and 2-8 
Air 50 ” 3-7 and 4-0 

o2 9-4 ” 5-1 and 5-4 

co2 11-7 ” 9-5 and 9-9 
Argon <0-5 <0-8 
He <6-5 

Strutt estimates the error of his results to be not more than 5%. In view of the 
great care that Cabannes also seems to have bestowed on his work, it is 
remarkable that Strutt’s results should be systematically higher than those of 
Cabannes.* One reason that suggests itself for this systematic difference is the 
difference in the quality of the light employed by the two experimenters. Strutt 
used a carbon arc, while Cabannes used a mercury arc, the active radiations being 
4358,4046 and 3650 A.U., the rest of the radiations being filtered out. Since both 
the experimenters used the photographic method, it is the violet and ultraviolet 
that would have been most effective. Considering the very great intensity of the 
carbon arc in the region of 3000-4000 A.U., it is possible that the effective 
wavelength in the case of Strutt’s experiments was smaller than in those of 
Cabannes. The question of the influence of wavelength on the ratio of the 
components in the imperfect polarisation of the scattered light is one of great 

*In his earlier work, Strutt got results which are in better agreement with those of Cabannes. 
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importance, and is being examined experimentally by Mr Ramanathan at the 
author’s laboratory. 

Explanation of imperfect polarisation 

17. The imperfect polarisation of the scattered light has been explained on the 
basis of a suggestion made tentatively in a much earlier paper by the late Lord 
Rayleigh* that the molecules have three principal axes of symmetry and that they 
are oriented at random. His method consists in resolving the primary vibrations 
along three mutually perpendicular directions in the molecule and introducing 
separate coefficients of radiation for the different axes and integrating the effect 
due to a large number of molecules in all possible orientations. He obtains for the 
ratio of the weak component to the strong in the scattered radiation the value 

i _ A2 + B2 + C2 — AB — BC — CA 

]~p~ 3(A2 + B2 + C2) + 2(AB + BC + CA) 

where A, B, C are three parameters characteristic of the molecule and to some 
extent, dependent on the frequency of the incident light. Taking the imperfection 
of polarisation into account, Cabannes has shown that the intensity of the 
scattered light is not given by the formula 

(m-1)2 
1 

]vF’ 
but by , 2(^-1)21+p 

371 m*'6-7p- 

Since p differs for different gases, the intensity of the scattered light would not 
be proportional to the square of the refractivity, but to 

~ l)2 
1 +P 
6-Ip 

18. The following table shows the nature of the agreement between the 
observedf and calculated values according to Cabannes: 

19. Sir J J Thomson* has calculated the ratio of the weak to the strong 
component in the light scattered at different angles with simple molecular models 
for the hydrogen molecule and comes to the conclusion that, with two positive 
charges at A and B and two electrons rotating in a circle at the opposite ends of a 
diameter in a plane bisecting AB at right angles, the ratio of the minimum to the 
maximum intensity of the components of the scattered light would only be 0*4% 
while the actual experimental value is nearly 4%. But with two electrons kept in 
equilibrium by a modified inverse square law, a value for the ratio nearly the same 
as the experimental ratio is obtained. His calculations indicate that although the 

* Philos. Mag., 35, pp. 373-381, May 1918. 

+Cabannes, pp. 1-150, Ann. Phys., 1920. 
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Ratio of intensities of scattered light 

Observed 
(Pi ~ l)2 

1 + Pi D2, 7 6-7 px 

(^2-l)2 1 + P2 
l)2 

6 — 7 p2 

Argon 

n2 
0-829 0-90 0-823 

co2 

Argon 
3-31 2-53 3-12 

co2 

Air 
2-62 2-35 2-65 

co2 

o2 
2-93 2-80 3-07 

<N
 

1 
<N

 

X
 1 o

 

0-255 0-276 0-255 

polarisation is imperfect in a direction perpendicular to the incident beam, it may 
be perfect in a different direction. Experimental work on the intensity of 
scattering and polarisation in other than transverse directions might therefore 
prove of interest. Bornf and later, Born and Gerlach,1 have tried to calculate the 
scattering on the basis of the Bohr-Sommerfeld models of the molecules. Their 
results also indicate a dependence of the imperfection of polarisation on the 
frequency of the incident light, the imperfection increasing as the natural 
frequency of the molecule is approached. The values which Born obtains for the 
imperfection of polarisation do not however agree with the experimental results. 
The position appears to be, therefore, that models based on the quantum theory 
have not yet succeeded in solving the problem of molecular scattering. 

20. It is also pretty certain that Rayleigh’s law must break down when the 
frequency of the incident light is sufficiently increased. The phenomenon of 
resonance radiation is sufficient proof of the fact. The transition from ordinary 
scattering to resonance would be very interesting to study, although the subject is 
beset with considerable experimental difficulties. It would also be of interest to 
study by the scattering absorbing gases like chlorine on either side of the region of 
absorption. 

* Philos. Mag., 393, 40, 1920. 

fVer. Deutsch. Phys. Gesellsch, 16, 1918. 

%Z. Physik, 374, 1921. 



CHAPTER III 

Atmospheric scattering and twilight phenomena 

21. Following upon the publication by the late Lord Rayleigh of his brilliant idea 
that the scattering of light by the molecules of air accounted in large measure both 
for the blue light of the sky and the observed degree of transparency of the 
atmosphere, the subject was taken up by Lord Kelvin* * and by Prof. Schuster1 and 
it was shown that the suggestion was in quantitative agreement with the facts. 
The subsequent development has been largely a matter of detail and owes its 
interest to the importance of the problem from the standpoint of solar and 
terrestrial meteorology rather than that of theoretical physics. Among the 
principal contributions subsequent to the pioneer investigations referred to 
above may be mentioned especially the work of Abbot and Fowle* and the 
theoretical researches of Prof. L V King§ in which an attempt is made to take 
secondary scattering into account and to discuss the disturbing effects produced 
by atmospheric “dust.” A large amount of detailed work, chiefly of an 
observational kind on the character and intensity of sky-radiation and on 
atmospheric absorption has also been published. The main result has been the 
confirmation of Rayleigh’s theory, but nothing essential has been added to it 
except perhaps the recognition of the importance of taking into account the 
selective absorption in certain regions of the spectrum exercised by the gases of 
the atmosphere and by the water-vapour present in it. 

22. The newer work of Cabannes and of the present Lord Rayleigh in their 
laboratory experiments on molecular scattering by gases and the subsequent 
theoretical discussions of their results have however opened up novel issues. Two 
new facts have emerged, namely, the imperfect polarisation of the transversely 
diffracted light, and the influence of this imperfect polarisation on the intensity of 
the scattered light. A third point is also suggested by theory that the magnitude of 
the imperfect polarisation may depend to an appreciable extent on the wave¬ 
length of the incident light. It is natural to ask the question, is there any evidence 
of these effects to be found in the observations on sky-radiation? Then again, a 
perusal of the literature shows that several interesting problems relating to 

* Baltimore Lectures, 1904, pp. 301-322. 
f Treatise on Optics, 2nd edition, p.329. 
* Annals of the Astrophysical Observatory, Vol. II, and Astrophys. J., 38, 1913. 
§Philos. Trans. R. Soc., A212, 1913. 
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molecular diffraction in the atmosphere have not as yet been the subject of 
mathematical treatment. Notable amongst these is the explanation of twilight 
phenomena regarding which very little theoretical work has been done. It is 
proposed in this chapter briefly to review the outstanding problems relating to 
atmospheric scattering which are of interest from the standpoint of theoretical 
physics and to indicate the lines of advance. 

The polarisation of skylight 

23. As mentioned above, the first novel issue which is raised by the newer work is 
the extent of polarisation of molecularly diffracted light. As is well-known, the 
light of the sky observed in a direction 90° remote from the sun is strongly but not 
completely polarised, the degree of such polarisation depending not only on the 
wavelength of the light under consideration but also to a large extent upon the 
altitude of the sun, the meteorological condition of the atmosphere and other 
factors. The defect of polarisation under ordinary conditions is in fact so 
considerable that not more than a small fraction of it, if at all, is that inherent in 
molecular diffraction. Much of the larger part arises from disturbing factors, such 
as dust, thin clouds or haze, secondary scattering due to the self-illumination of 
the atmosphere and light reflected from the earth’s surface. We may ask, is it at all 
possible to eliminate these factors altogether or to disentangle their effects and 
establish the imperfect polarisation to molecular anisotropy by observations of 
skylight? At first sight this may seem very difficult, but a little consideration will 
show that the attempt is not quite so hopeless as may be thought. As is well- 
known, dust and haze are largely confined to the lower levels of the atmosphere. 
This is beautifully illustrated by the aeroplane photographs secured by Luckiesh* 
which show a well-marked dust or haze horizon lying at an altitude of about a 
mile above the earth’s surface. Mr Evershed has mentioned to the author in 
conversation that from the observatory at Kodaikanal which is above the dust- 
level, its rise and fall with the change of seasons can be seen against the dark 
background provided by a distant mountain. It is clear therefore that by making 
the observations on a high mountain on a bright clear day, it should be possible 
practically to eliminate the effect of dust and haze on the polarisation of sky-light. 
The disturbing factors then left to be dealt with would be the secondary scattering 
and earthlight. The influence of secondary scattering may be reduced very 
considerably by making the observations at the extreme red end of the visible 
spectrum. On a clear bright day, the sky as seen at a mountain observatory 
through a deep red glass appears almost perfectly black, but there is ample 

* Franklin Inst. J., March 1919, p. 311. 
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illumination, if the observer’s eyes are carefully screened from extraneous light, to 
allow the extent of polarisation to be determined with the help of a double-image 
prism and a nicol. The effect of earthshine on the polarisation may be estimated 
by utilizing the data obtained by Luckiesh* on the albedo of different types of 
landscape from aeroplane observations. Under such conditions it should 
evidently be possible to eliminate the disturbing influences and to detect the 
residual effect due to molecular anisotropy. 

24. In order to make a test on these points, the writer made the ascent of 
Mount Dodabetta (8750 feet above sea level) in the Nilgiris on the forenoon of the 
4th December, 1921. The sky was beautifully clear, free from cirrus clouds and 
almost completely black as seen through a red filter. The weaker component of 
polarisation was found to have 13% of the intensity of the stronger component. 
According to Luckiesh, the albedo of landscape covered by grass or fields varies 
from 0-05 to 0T0, and of landscape covered by woods from 0-03 to 0 05. That of 
barren land is greater, ranging from 0T0 to 0-20. It was estimated that the average 
albedo of the Nilgiris and the surrounding country could be taken as 0 08. As an 
outside estimate therefore, earthshine when the sun is 45° above the horizon 
would not give rise to an imperfect polarisation exceeding 4%. L V King has 
calculated the imperfect polarisation due to secondary scattering at the level of 
Mount Wilson (5886 feet) and found it to be 5% at the red end of the spectrum. 
The level of Mount Dodabetta is much higher (8750 feet) and the disturbing 
factors are therefore less, but some allowance must be made for the fact that the 
region of spectral transmission of the filter used extends to slightly shorter 
wavelengths, and we therefore retain King’s figure of 5% as the effect due to 
secondary scattering. A total of 9% out of the 13% actually observed is thus 
accounted for, and the remaining 4% is ascribable to molecular anisotropy. This 
is in good agreement with the latest experimental results of Lord Rayleigh 
obtained in the laboratory. 

Polarisation of twilight 

25. Another very interesting way in which the problem may also be dealt with is 
by observations on the polarisation of the sky immediately after sunset. In this 
case, it is not necessary to use any light-filters or to work at a mountain 
observatory, and the measurements may be made on any clear evening at a low- 
level station. If the polarisation of the light of the zenith sky in the evening is 
determined from time to time, it will be found that as the sun approaches the 
horizon and sinks below it, there is a rapid improvement in the completeness of 
polarisation, followed subsequently by a slow and steady deterioration with 

* Franklin Inst. J„ loc. cit. 
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deepening twilight. Kimball* who observed the phenomenon suggests that the 
improvement of the polarisation is due to the earth-illumination being cut off 
when the sun sets. This explanation does not appear to be adequate as it does not 
account for the large magnitude of the effect or the rapidity with which it occurs. 
For instance, in some observations made at Calcutta by the author and by 
Mr K R Ramanathan, it was found that 40 minutes before sunset the ratio of the 
intensities of the components of polarisation was 30%, 20 minutes before sunset it 
was 20%, at sunset it was 14%, 20 minutes later it was 15%, and then gradually 
rose again to 30%. In view of the low albedo of landscape already quoted above, 
we can hardly suppose that such effects could be merely due to the cutting off of 
earthshine. The greater part of the effect really arises in another way. As the sun 
approaches the horizon, the thickness of the atmosphere which has rays have to 
traverse rapidly increases, and the actual intensity of illumination of the first 
kilometer or two of the atmosphere above the observer becomes exceedingly 
small. At higher levels, however, the weakening of the sun’s rays is not so great, 
and as we proceed upwards to the layers of the atmosphere in which the 
barometric pressure is considerably smaller than the sea-level value, the intensity 
of the sun’s rays rapidly increases, until finally at a great height it reaches 
practically its noon-day value. The effective scattering layers of the atmosphere 
are thus its high-level dust-free portions. Thus immediately after sunset, the effect 
of the low-lying dust and of the earthshine is automatically eliminated. Further, 
the great diminution in the effective mass of air and the increase in the effective 
wavelength of the transmitted rays which illuminate it should result in a 
considerable diminution of the effect of secondary scattering. It should also be 
noticed that the illuminating rays being horizontal, and the extension of the 
earth’s atmosphere being chiefly horizontal, secondary scattering should have a 
much smaller influence than when the sun is at a high altitude. This is easily seen 
on considering the directions of vibration in the incident light, in the primarily 
scattered light which reaches the observer, and in the scattered light arriving from 
different directions which after a second scattering also reaches the observer. In 
fact, a careful consideration shows that if the molecules of the atmosphere were 
spherically symmetrical the zenith sky immediately after sunset should be almost 
completely polarised, the defect of polarisation if any, not exceeding 5% or 6%. 
Actually, however, a defect of about 10% is observed even on the clearest days, 
showing that there is a residual effect of 4% or 5% arising from molecular 
anisotropy. 

26. When the sun sinks very far below the horizon, much the greater part of the 
atmosphere above the observer enters the region of shadow and the influence of 
secondary scattering on the polarisation again becomes prominent. Some very 
curious effects may be observed, one of which is that the region of strongest 
polarisation in the sky, instead of following the movement of the sun, actually 
recedes from it. 

* Mount Weather Observatory Bulletin, 1911. 
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The problem of secondary scattering 

27. In attempting to extend the work described in the preceding pages to different 
wavelengths in the spectrum and to put it on a very precise quantitative basis, we 
naturally come up against the problem of evaluating the effect of secondary 
scattering on the polarisation. This had been attempted by Soret in order to 
explain the existence of “neutral points” in the sky.* More recent work is that of 
L V King already quoted in which he has used the theory of integral equations in 
order to find the result of self-illumination of the atmosphere. In order to apply 
his method to the determination of the state of polarisation of sky-light, King had 
to make two simplifying assumptions: firstly, that the effect of the curvature of the 
earth may be neglected: secondly, that the portion of the scattered radiation due 
to self-illumination is independent of the angle of polarisation of the incident 
radiation. As regards the first assumption, it should be remarked that it is the 
curvature of the earth that determines the horizontal extension of the portion of 
the earth’s atmosphere which contributes the primarily scattered light which is 
again re-scattered by the part of the sky under observation. Its neglect is thus 
prima facie justifiable only if it can be shown that the actual brightness of the sky 
in a horizontal direction is the same as for an infinitely extended atmosphere. As 
regards the second assumption, we have only to remember the case just 
discussed—that in which the sun’s rays are nearly horizontal—to see that it may 
lead to results which do not agree with facts. It would seem therefore that there is 
a real need for a discussion of secondary scattering in which the curvature of the 
earth is taken into account and the result is fully worked out without any 
assumptions except perhaps the negligibility of multiple-scattering of the third 
and higher orders. If such calculations were made, it may prove possible to 
establish the imperfect polarisation for different wavelengths due to molecular 
anisotropy by comparison with observations made at high level stations. Perhaps 
the use of a simpler mathematical method than that adopted by Prof. King may 
render the problem tractable. 

The influence of atmospheric dust 

28. The curves showing the brightness of the zenith sky as a function of the 
wavelength obtained by the observations made at Washington and figured in 
Prof. King’s paper show a sudden kink amounting practically to a discontinuity 
at a wavelength of 0-61 p. A similar jump also occurs in the curves for polarisation 
of the zenith sky. In the curves for the Mount Wilson observations, undulations 
also occur but at a shorter wavelength, about 0-45 p. These effects are clearly due 

*See Humphreys “Physics of the Air," Chapter on Optics of the Air. 
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to the influence of “dust,” but precisely how they arise does not appear to have 
been fully explained. The suggestion may be ventured that the effect is due to 
diffraction, the wavelength at which the bend occurs being determined by the 
average size of the dust particles. In this connection, some interesting observa¬ 
tions made by the author and by Mr Bidhubhusan Ray may be quoted.* When 
suspensions of sulphur are used containing particles comparable in size with the 
wavelength, both the transmitted light and the scattered light show oscillations of 
intensity depending on the relation of size between the particles and the 
wavelengths used, and the polarisation of the scattered light also shows striking 
fluctuations. It seems possible that dust may give rise to somewhat similar results 
in relation to atmospheric extinction, scattering and polarisation. At a higher 
level such as Mount Wilson, the average size of the particles remaining floating in 
the atmosphere would naturally be smaller and this would explain the occurrence 
of the bends at smaller wavelengths in this case. 

29. The foregoing suggestion is put forward for what it is worth. Careful 
experimental determinations of the average size of atmospheric “dust” at different 
levels would be necessary in order to establish its correctness. 

Twilight and afterglow 

30. A very interesting application of the theory of molecular diffraction is in the 
explanation of the various phenomena attending twilight or dawn, especially 
the manner in which the total illumination due to twilight diminishes with the 
movement of the sun below the horizon, the distribution of brightness in the 
different parts of the sky and its variation with the altitude of the sun and so on. 
The impression appears to prevail that twilight phenomena are so complex in 
their nature that no simple calculations concerning them are possible. Thus for 
instance, Prof. W J Humphreys in his book on the Physics of the Air remarks, 
after giving an account of the various effects observed—“The foregoing 
descriptions which of course apply equally to dawn are by no means universally 
applicable. Indeed, the sky very commonly is greenish instead of purple, probably 
when the atmosphere is but moderately dust-laden. Furthermore, the explan¬ 
ations are only qualitative. A rigid analysis, even if the distribution of the 
atmosphere and its dust and moisture content were known—which they are not, 
nor are they constant—would be at least difficult and tedious.” With reference to 
these remarks, it may be pointed out, that twilight really arises from the 
illumination of the higher levels of the atmosphere which may be regarded as 
dust-free, at least under normal conditions. Further, as we have seen in 
considering the explanation of the polarisation of twilight, the transmission of 

*Proc. R. Soc. London, Oct., 1921, p. 102, and Proc. Indian Assoc. Cultiv. Sci., 7, Parts I and II, 1922. 



56 C V RAMAN: SCATTERING OF LIGHT 

sunlight through the lower dusty levels is really negligible under these conditions, 
and practically the whole of the observed effect arises from light which has 
throughout its course passed through the higher levels. Hence, we are entitled to 
regard the problem as one of practically simple molecular diffraction, and the 
complications arising from secondary scattering are far less important than 
might be imagined. The possibility of giving a quantitative theory of twilight is 
therefore much less remote than has been suggested by various writers on the 

subject. 
31. Kimball and Thiessen* have given data based on photometric measure¬ 

ments of clear sky, twilight and other natural illumination intensities on a fully 
exposed horizontal surface. These values are given in Table 1. 

Table 1 

Relative illumination intensities Intensity in 

surface of illumination horizontal foot candles 

Zenithal sun 96000 

Twilight at sunset or sunrise 33-0 
” centre of sun 1° below horizon 300 

Twilight centre of sim 2° below horizon 15-0 
99 99 3° 99 7-4 
99 99 ^O 

31 
99 99 50 99 

H 
99 99 99 

0-40 

(End of civil twilight) 

7° 010 

8° 0-04 

8° 40' 0-20 

9° 0-015 

10° 0 008 

The above table shows that the brightness of twilight changes rapidly when the 
sun is more than about 4° below the horizon. The author has attempted to explain 
the observations of Kimball and Thiessen quoted in Table 1 quantitatively on the 
basis of molecular scattering. The method adopted is to divide up the whole 
atmosphere above the observer into a series of horizontal layers, and to find the 
effective mass of air in each layer illuminated by the direct rays of the sun, 
secondary scattering being neglected. In making the calculation, allowance must 
be made for the diminution of intensity of the sun’s rays before they reach the air- 
mass under consideration, and the cosine of the angle at which the diffracted rays 

* Monthly Weather Rev., 44, p. 614, 1916. 
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illumine the horizontal surface of the photometer must also be included as a 
factor. Approximate methods of numerical quadrature were used, and it was 
found that the observations of Kimball and Thiessen were quite satisfactorily 
explained, at least as regards the relative values of the illumination for different 
altitudes of the sun after sunset. But as regards the ratio of full sunlight to the 
intensity of twilight a discrepancy appears which has not up to the time of writing 
of this volume been cleared up. It is possible that the discrepancy is in some way 
due to refraction of the sun’s rays in passing horizontally through the earth’s 
atmosphere. But this can only be settled by further investigation. Sufficient work 
has been done, however, to show that the problem of twilight at least in its 
essential features, is capable of being subjected to numerical computation of 
intensities from theory of detailed comparison with , the observations. 



CHAPTER IV 

Molecular scattering in liquids 

32. As early as the year 1899, in his first paper on the scattering of light in the 
atmosphere,* * the late Lord Rayleigh clearly emphasised the principle that his 
theory of molecular scattering is not applicable in the case of highly condensed 
media such as dense vapours, liquids and solids, for the simple reason that the 
molecules in them possess only a greatly restricted freedom of movement. The 
distribution of the molecules cannot in the circumstances be regarded as a simple 
random arrangement, and hence the phases of the scattered waves arising from 
the individual waves are not uncorrelated. The total energy scattered by a volume 
of a liquid or a solid cannot therefore by any means be equated to the sum of the 
energies scattered by the individual molecules in it. In the face of this clearest 
possible declaration of principles, some recent writers, notably Fowle,f and 
Cabannes* have put forward the obviously incorrect suggestion that Rayleigh’s 
theory is applicable also in the case of liquids. How far such an assumption must 
be from the truth can be realised easily in the light of the discussion of 
fundamental principles contained in our first chapter. As we have seen, it is the 
degree of approximation of the compressibility of the medium to that given by 
Boyle’s law which is the measure of the degree of applicability of the principle of 
random phase on Rayleigh’s theory. As is well-known, the compressibility of a 
liquid or a solid is usually only an extremely minute fraction of what it would be if 
Boyle’s law were applicable. This itself is sufficient to show that we shall be greatly 
in error if we attempted to extend the principle of additivity of the energy effects of 
the individual molecules to the case of liquids. In fact, Strutt has already found 
that liquid ether scatters a great deal less light than the vapour in proportion to 
the relative density of the two media.§ We can easily see why this should be so. 
Owing to the near approach of the molecules to each other in the liquid state they 
occupy a large proportion of the total volume of the containing vessel. Hence the 
non-uniformity in their spatial distribution is far less striking than in the case of 
gases, and in consequence there is a partial correlation of the phases of the waves 
starting out from the individual molecules which entails as the result of 

* Philos. Mag., 47, pp. 375-384 (1899). Scientific Papers, 4, p. 397. 
+Astrophys. J., 38, p.392. 

"Ann. Phys., 15, pp. 1-150. 

*About |th according to Strutt, Proc. R. Soc. London, 95, p. 175. 
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interference, a great falling off in the total energy scattered. A very interesting 
calculation* * which was made by Rayleigh of the energy scattered by a cloud of 
particles having a restricted freedom of arrangement clearly illustrates this 
principle. 

The Einstein-Smoluchowski theory 

33. The complexities of the problem of molecular diffraction in liquids are so 
great that we have evidently to proceed by statistical methods. Fortunately, this 
has already been accomplished in great measure in the beautiful “theory of 
fluctuations” developed by Einstein+ and Smoluchowski* and used by the latter 
especially to explain the peculiar opalescence exhibited by fluids near the critical 
state. In this theory, scattering is considered not as due to individual particles but 
to small local variations of density arising from the heat movements of the 
molecules. These variations are quantitatively determined by Boltzmann’s 
principle. Smoluchowski’s statistical thermodynamical reasoning gives for the 
mean square of fluctuation of density in volume V of density p0 an expression* 
which except in the immediate neighbourhood of the critical point is equal to§ 

(A p)2 = 
RTPopj 

N1 V 

where R is the gas constant, Nx is the number of molecules in a grammolecule, po 

the compressibility corresponding to density p0 equal to 

1 dv 

v dp 

At right angles to the incident light the intensity of scattered light is given by the 
expression1 

n2V2(As)2 1 

<2) 

(Ae) being the variation of the dielectric constant. 
Now as these individual local variations are irregularly distributed, the phases 

of the various scattered beams are also quite arbitrary, and hence for calculating 

* Philos. Mag., Dec. 1918, p.449. 

+Ann. Phys., 33 (1910), p. 1275. 
*Ann. Phys., 25 (1908), p. 205. Also, Epstein, Encycl. Math. Wiss, Band V. 3, p. 520. 

^Boltzmann, Wien. Ber., 63, p. 397. A Einstein, Ann. Phys., 19, p. 373. 

11 Rayleigh—Philos. Mag., 1881, p. 81. 
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the total intensity of scattered light we have merely to sum up the above 
expression over the total volume (j). The expression contains a factor 

L(A£)2f2 

which may be evaluated by use of the Mosotti-Lorentz law 

s—1 

8 + 2 
= const, p. 

Differentiating we obtain 

(As)2 = 
(e - l)2(s + 2)2 / Apx 2 

Po 
(3) 

Substituting in this the value given above for fluctuation of density we obtain 

(4) 
(8-l)2(8 + 2)2 R Tp0 y _ R Tpo (8 - 1 )2(8 + 2)2 ^ 

N1 ~ Ni 9 

Thus the intensity of light scattered by a cubic centimetre of fluid at right angles to 

the incident rays is 

n2 RTp0 (8 - l)2(fi + 2)2 7t2 RTfS0 (fi2 - 1) V + 2)2 

18 N, 

In the case of gases 

1 

18 N, 
(5) 

Po = - and //2 + 2 = 3, nearly 
P 

and p differs only slightly from unity. The formula then reduces to Rayleigh’s 
result. Equation (5) may be applied with confidence to find the intensity of light 
scattered in liquids, for the work of Perrin and others on the Brownian movement 
in liquids has furnished a strong confirmation of Einstein’s fundamental work on 
the subject and has shown that the energy of translation of molecules in a liquid is 
the same as in the gaseous state of matter. The formula thus expresses in a 
perfectly general manner the scattering power of a fluid associated with its 
ordinary refractivity taken together with the non-uniformity of optical density 
resulting from molecular movements. It is a point worthy of notice that according 
to the formula the scattering power of liquids is proportional to the absolute 
temperature, if we leave out of account the changes which would result from 
variation in compressibility and refractive index with temperature. The constant 
Nl is a pure number independent of the particular state of molecular aggregation 
of* the substance or its density. 

34. It must be remembered of course, that the whole theory depends for its 
validity on Maxwell’s electromagnetic equations for the propagation of light, and 
the assumption of a continuous interaction between the molecules and the 
impinging light-waves. 
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Experimental study 

35. To determine whether the absolute scattering power of liquids for light is 
correctly given by equation (5), some preliminary observations have been made 
by the writer and by Mr K Seshagiri Rao working in his laboratory at Calcutta. 
As is quite obvious, it is of the highest importance to get very pure liquids. Water 
as is well known is difficult to get free from motes. On examination the ordinary 
tap water showed a very strong scattering when a beam of light was sent through 
it. The track was practically white and showed innumerable motes floating about 
in the water. Repeated filtration through several thicknesses of Swedish filter 
paper made an improvement, the track being now of a bluish colour, and a still 
better result was obtained when an earthenware filter was used. Suspended 
matter was however still in evidence, and the track was also much brighter when 
viewed nearly in the direction of the source than when seen transversely or in the 
opposite direction. A somewhat casual attempt was then made to clear the water 
by adding alkali and alum and thus throwing out a gelatinous precipitate of 
aluminium hydroxide. This made a further improvement, but small particles of 
the precipitate remained floating about, apparently because the depth of the 
water was insufficient and the appearance of the track of the beam was not very 
prepossessing. The next attempt was made with ordinary distilled water which 
had been prepared without any special precautions and stored for some time in 
the chemical laboratory. This gave immediately a much smaller intensity of light¬ 
scattering than the tap water had done after several attempts at filtration. For 
purpose of observation, the distilled water was put into a stoppered glass bottle 
with square sides and allowed to stand. Test observations from day to day of the 
scattered beam with a double image prism and a set of Wratten colour filters 
showed a progressive improvement. After about a fortnight’s standing, the track 
of the light was hardly conspicuous unless a dark background was provided for it 
to be viewed against, and the defect of polarisation at the violet end of the 
spectrum was much less striking than it was when the observations were begun. 
Small motes were still to be seen, particularly when viewed in the direction of the 
source, but the track was of a blue colour and it was judged that the greater part of 
the observed luminosity was probably due to the water itself. A sample of water 
which had been distilled at the Calcutta Mint and stored for 3 months also 
showed the blue track very well. Allowing it to stand for some time improved 
matters appreciably. 

36. For a quantitative estimate, the brightness of the beam in the water was 
compared directly with that of its track in saturated ether vapour. The latter was 
contained in a pear-shaped bulb with a long neck which was covered over with 
black paint and formed the “black cave” against which the light scattered by the 
vapour was observed. The bottle and the bulb were set side by side and a parallel 
beam of light passed through both. An Abney rotating sector was placed in front 
of the water bottle and the opening of the sector varied till the tracks appeared to 
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be of equal intensity in both vessels as judged visually. The opening of the sector 
gives the ratio of intensities, a correction being made for the loss of light by 
reflection in the passage of the direct and scattered pencils through the glass walls. 
The determinations made in this way were not anything more than approximate 
estimates. The scattering of light in saturated ether vapour has been measured by 
comparison with air by Rayleigh and shown to be accurately proportional to the 
square of its refractivity. Using this result, the observation showed the scattering 
power of the sample of water used was 175 times that of dust-free air at N.T.P. 
From theory we find taking for air 

P = 0-987 x 10“6cm2 dyne-1, T = 273°, p = 1-000293 and for water at 30° C, 

P = 43-5 10"12 cm2 dyne-1, T = 303, p = 1-337. 

that volume for volume, water should scatter 140 times as strongly as air at 
N.T.P. This, though not agreeing exactly with the observed value is only slightly 
smaller and the difference may be explained as due to the effect of residual 
suspended particles in the water used in the experimental work. 

37. More accurate measurements were made a month later by Mr K Seshagiri 
Rao when the sample of water had still further improved. The method used was 
the comparison of intensities by a double image prism and a nicol. Sunlight was 
used as the source of light and a long-focus lens was used to give an intense and 
nearly parallel beam. The two bottles were placed on either side of the focus and 
the track viewed through two parallel slits. The double image prism was placed so 
that the four images seen were in a line with the planes of vibration horizontal and 
vertical. The weaker image from the water was adjusted so as to appear just in 
contact with the stronger image from the ether vapour. By the nicol, these two 
were reduced to equality. The ratio was then given by IJI2 = tan2 0, where 6 is 
the angle through which the nicol is rotated from the zero position. Measure¬ 
ments by this method gave the ratio of scattering of water at 25° to air at N.T.P. as 
158. The ratio was still higher than that given by theory. Possibly it might be due 
to the motes not having been completely eliminated. But it seems more probable 
that the higher ratio may be due to the anisotropy of the molecules of water which 
is evidenced by imperfectness of polarisation. According to the theory of Einstein 
and Smoluchowski, the light scattered in a direction perpendicular to the incident 
rays should be completely polarised. As already mentioned in a previous chapter, 
the work of Cabannes and Strutt shows that most gases depart from this ideal 
sphericity of molecules. Cabannes has amplified Rayleigh’s theory by considering 
the anisotropy of the molecule and shown that the expression for the intensity of 
scattered light should be multiplied by 

6(1 +p) 

6 -Ip 

where p is the ratio of the weak component of polarisation to the stfbng one. It is 
evident from the formula that larger the value of p, i.e., the greater the departure 
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from sphericity, the greater is the intensity of scattered light. It is clear that a 
similar correction must also be made in the case of liquids. The value of p for the 
specimens of water used is 12% and for air 4%. When this correction is applied the 
theoretical ratio comes out at 160 and is in fair agreement with that actually 
observed. 

Determination of the Avogadro constant 

38. More accurate comparisons of intensities by photographic methods are in 
progress. It is also intended to measure the coefficient of scattering absolutely 
using liquids completely freed from motes by repeated slow distillation in a 
vacuum. From a knowledge of the absolute scattering power, the values of R, T, p 

and p being known, it should be possible to calculate the Avogadro constant Nx 

from experiments on liquids in much the same way as Cabannes has done with 
gases. The method by which it is proposed to measure the coefficient of scattering 
is as follows. The intensity of the scattered light will be of the order of 10“7 of that 
of the incident beam. To make comparisons we have to reduce the intensity of the 
incident beam considerably and it is proposed to effect it in the following manner. 
A very short focus lens will be used to condense the light. The light coming to its 
focus will diverge very rapidly. The radius of the solar image at the focus will be of 
the order of a millimetre while at a distance of about 2 metres, owing to great 
divergence the intensity will have been reduced in the ratio of about 10" 4 or 10“5. 
Further reduction will be made by a rotating disc with a small radial slit at the 
edge. The width of the slit will be varied till the light incident on a fixed aperture 
placed behind it is reduced to the same intensity as the image of the track in the 
water, as determined by photography. Incidentally the A~4 law will also be tested. 

39. According to formula (5), the scattering power is proportional to the 
absolute temperature of the liquid apart from any variations in p and due to the 
same cause. This effect should be particularly noticeable in the case of liquids such 
as ether whose compressibility increases rapidly with temperature. In the case of 
water, we should not expect much change as both the compressibility and the 
refractive index diminish with rise of temperature. These points are also under 
investigation. 

Molecular scattering and transparency of liquids 

40. Since the energy of the light laterally scattered is derived from the primary 
beam, there must result a certain attenuation in the intensity of the latter in its 
passage through the liquid, the magnitude of which may be readily calculated 
from the coefficient of scattering. The multiplying factor necessary is 167c/3 which 
represents the result of integration over a sphere completely enclosing an element 
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of volume of the scattering fluid. The transmitted light is given by the formula 
/ = I0 exp (— a/) where / is the length of the path traversed through the liquid and 

a = 
8tt3 

zT 
1) V + 2)2 

As in the case of atmospheric scattering we may expect that the coefficient of 
attenuation a will exactly indicate the observable transparency of the medium in 
those parts of the spectrum for which it does not exercise any selective absorption. 
From the data already given and the known values of R, T and Nl9 a may be 
readily determined for any value of the wavelength. 

41. From the observations of various experimenters* it is known that water 
exercises a selective absorption on the longer wavelength side in the visible 
spectrum and also in the ultraviolet region. Measurements of the coefficient of 
absorption in water have been made by various investigators, but the values 
obtained by each are hopelessly different from those of others. Calculations on 
the basis of Evans’s and Aschkinass’ values show that water is actually six to ten 
times less transparent than it should be. It is not evident from their papers 
whether they had taken care to get the water mote-free. The most reliable 
measurements of any hitherto made appear to be those of Count Aufsess. This 
experimenter used double-distilled water and convinced himself that it was free 
from suspended matter. It was found by him that the selective absorption in the 
visual region ceased for wavelengths less than 558 fiR- For the two wavelengths 
522 pn and 494 nn Aufsess gives as the coefficient of absorption 0-00002. For these 
two wavelengths the coefficient of attenuation /? calculated from the formula 
given above is respectively 0-000022 and 0-000029. The agreement of observation 
and theory is significant. It is desirable that further accurate measurements for 
different wavelengths for carefully purified water up to the extreme violet end of 
the spectrum were available so that the increase of the coefficient of attenuation 
inversely as the fourth power of the wavelength could be tested. It would be 
interesting to determine by careful experiment whether the intensity of the light 
scattered by water follows the fourth power law exactly. It would be also 
interesting to investigate scattering at or near an absorption band and to 
investigate what becomes of the energy absorbed, whether it appears as selective 
scattering or is merely stored up in the liquid. If there is any selective scattering we 
might expect deviations from the fourth power law in that region of the spectrum. 

* Evans, Proc. R. Soc. London (1894), 57. 

Aschkinass, Wied. Ann. 55 (1895). 

Kreussler, Ann. Phys. (1901), Band 6. 

Aufsess, Ann. Phys., 13, 1904; also Kayser’s Handbuch, 3, p.392. 
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Observations of polarisation 

42. Reference has already been made to the imperfect polarisation of the light 
transversely scattered by liquids. The detailed results on this point will now be 
described. The determinations of polarisation for water have been made by visual 
methods. Sunlight was used as the source of light and the track was viewed 
through a small rectangular aperture. The double image prism was so set that the 
two images were in line and just touching each other, and the directions of 
vibrations were horizontal and vertical. The two images were brought to equality 
by a nicol on either side of the zero position. Half this angle gave the angle 6 

through which the nicol was rotated from the zero position and the ratio of the 
two intensities was of course given by tan2 6. Measurements were made in 
different regions of the spectrum by using Wratten colour screens. 

The results are given below 

Red Yellow Green Blue Violet 

13-2 10-3 11 5 15 3 21-7 

Inspection of the values shows an increase of polarisation in the red and violet 
regions with a minimum value at the yellow. It is well known that water has an 
absorption band in the red and another in the ultra-violet. The experiments thus 
indicate that near the absorption bands the imperfectness of polarisation 
increases. It will be noticed that the figures show a rapid increase near the violet 
end of the spectrum. This may be partly due to the small particles still remaining 
suspended in the liquid whose influence will only be greatly evident in the region 
of shorter wavelengths. But that the phenomenon is real, is shown by the fact that 
at the red end where the influence of the particles is small there is a slight 
perceptible increase of polarisation. It would be interesting to make observations 
at and near the absorption bands, using carefully purified liquids. Another point 
worthy of investigation would be to observe what influence the temperature has 
on the polarisation. It is well known that water in liquid form exists as molecular 
aggregates and that temperature has a great effect on them. We might expect 
therefore a change of polarisation with temperature. 

The orientation of the molecules 

43. It is important here to notice that imperfect polarisation of the transversely 
scattered light is noticed not only when the primary beam is unpolarised, but also 
when the latter is itself completely polarised. To test this point a nicol was placed 
so that the incident light passed through it. It was found that when the plane of 
polarisation was vertical or horizontal the scattered light was a maximum or a 
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minimum respectively. In the latter case, that is, when the scattered light was a 
minimum, it was viewed through a second nicol and its intensity was found to be 
independent of the plane of polarisation of the latter. It could however be 
extinguished by two nicols or a double image prism and a nicol, thus showing that 
it was unpolarised light. A similar phenomenon is also observed in the case of 
molecular scattering in gases and is a consequence of the fact that the orientation 

of the molecules in fluid media is arbitrary. The observed intensity of scattering is 
the resultant effect of molecules in all possible positions and orientations, so that 
the weaker component of polarisation stands in no definite relation of phase to 
the stronger component, in other words, the scattered light consists partly of 
common light. The intensity of the Tyndall cone as observed by a nicol when the 
primary beam is unpolarised is given by the relation J = Cx + C2 cos2 S where S 

defines the orientation of the plane of polarisation of the observing nicol. 

Relative scattering power of different liquids 

44. The observations of Strutt with liquid ether, and of the present writer with 
Mr Seshagiri Rao on water have clearly shown that the absolute scattering power of 
liquids is much smaller than that of the corresponding vapours making allowance 
for the difference of density. This diminution is clearly explained on the Einstein- 
Smoluchowski formula as the result of the extreme smallness of the compressi¬ 
bility of the liquid which more than sets off the result of the increased refractivity. 
Naturally, therefore, we should also expect the Einstein-Smoluchowski formula 
to give the relative scattering power of different liquids correctly. The opportun¬ 
ity for testing this point is furnished by some recent observations of W H Martin 
on light scattering by dust-free liquids.* Martin found a strong defect in the 
polarisation of the light scattered by all the liquids observed by him, the defect 
increasing with the light-scattering power. The Cabannes factor (6(1 4- p))/ 

(6 — Ip) in the intensity is thus very important. The necessary data for 
compressibility and refractive index are not forthcoming for all the liquids 
experimented upon by Martin. So far as the available data permit, the results for 
the liquids listed in column I of the table below have been compiled and the 
relative scattering powers shown in column II without applying the Cabannes 
correction, and in column III after applying the Cabannes correction. It will be 
seen that the computed ratios in column III and those given by Martin’s 
observations shown in column IV agree tolerably. It is to be noted that the 
Cabannes correction cannot be applied when p is more than 50%, and this 
maximum value must be used in the formula when the observed defect of 
polarisation exceeds 50%. 

*J. Phys. Chem., 24, 1920, p.478. 
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Table 2. Water is taken as the standard 

Liquid 

Calculated from 
Einstein-Smolu¬ 

chowski formula 

without correction 

Calculated from 

formula with Cab- 
annes’s correction 

Experimental results 
of Martin 

Water 100 100 100 
Ether 4-53 4-78 3-94 
Methyl Alcohol 2-03 2-04 2-67 
Ethyl Alcohol 2-86 2-87 300 
Benzene 6-38 19 5 15-17 
Toluene 5-60 17-1 16-6 

Transition from the liquid to the gaseous state 

45. As we have seen, the Einstein-Smoluchowski formula, when corrected for the 
effect of molecular anisotropy gives results in fair agreement with observations in 
non-fluorescent liquids, and it also automatically reduces to the Rayleigh 
formula in the case of gaseous media. Further, the formula which was originally 
developed in order to explain the observed enormous light-scattering power of 
gases at temperatures slightly above the critical point has been quantitatively 
confirmed for this region by the very fine measurements of Keesom* on the 
opalescence of ethylene. In view of these striking successes of the formula, we may, 
prima facie, feel confident that it would correctly represent the sequence of 
phenomena throughout the entire range of transition between the liquid and the 
gaseous states. But, surprisingly enough, the law seems to break down in the case 
of gases under high pressure. Strutt has shown experimentally that the scattering 
by saturated carbon dioxide at 21° C at a pressure estimated at 60 atmospheres 
and a density 114-7 times the density at atmospheric pressure is 102 times the 
scattering at the latter pressure. This agrees fairly satisfactorily with the Rayleigh 
formula. But when we calculate the scattering according to the Einstein- 
Smoluchowski formula, the value of the ratio is given by 

PM -l]M + 2f 
Pip2- l)V + 2)2 

where and pl refer to carbon dioxide under pressure and /? and p refer to the 
gas at ordinary pressure. 

46. In the following calculation, the unit of pressure is taken to be 1 
atmosphere. 

*Ann. Phys., 1911, Band 35, p. 591. 
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Now p = 1 and p - 1 at 21° C = 4-50 x 10"4 x (273/294). 

We may put (p2 — 1) = 2(p — 1) and p2 + 2 = 3 

.* * * §. P(p2 — l)2(p2 + 2)2 = 6-29 x 10"6. 

The compressibility of the condensed vapour may be obtained in either of two 
ways; one, by making use of the experimental isothermal of C02 for 21° C and the 
other by calculation on the assumption of a suitable equation of state.* The value 
of P obtained from Andrews’ isothermal curve1 23-5° is 1/17. On assuming 
Clausius’ equation of state 

(which is found to represent the isothermals of C02 at high pressures with great 
accuracy1), we get for the coefficient of compressibility 

Id v v — b a1 2al(v — b) 

vdp v P T(v 4- c)2 T{v + c)3 

Taking p = 60 atmos. 

1 
v = 

115 

1 294 

of the volume at the atmospheric pressure at 21° C 

115 273 
of the volume at 0° C 

and the constants 

a = 2092 

b = 0 000866 and 

c = 0000949. 

We get p, = 1/18 1. 
We may take the mean of these results 1/17*5 as the compressibility of the 

vapour at 21° C. 

The value of p[ is easily calculated from the data given by Dr Phillips/ 
It comes out to be 1099 and the value of 

Pi{p\ — 1)2(/^ + 2)2 to be 5-38 x 10“3. 

* Kaye and Laby’s tables. 

1 Philos. Trans. R. Soc., p.575, Part II, 1869. 

: Jeans, Dynamical Theory of Gases. 

§ Phillips, Proc. R. Soc. London, A97, p. 225. 
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Hence 

^-1)2(^ + 2)2^5>38x10-3^ 

p(ji2 - l)2(fi2 + 2)2 6*29 x 10-6 

Whereas the actual scattering observed by Strutt was only 102. It seems very 
remarkable that a law which holds good for such widely different conditions as (1) 
a gas at ordinary pressures, (2) in the immediate neighbourhood of the critical 
point and (3) for liquids, should not also hold good for saturated vapours below 
the critical temperature. The reason why the law apparently fails is not clear. The 
question is one of very great importance and its solution may be expected to 
throw light on the mechanism of scattering. What is urgently wanted is a careful 
determination of the scattering coefficient over a wide range of pressures and 
temperatures, from the state of vapour through the critical point to the liquid. If it 
is indeed found that Strutt’s results are confirmed for the whole region of 
temperatures and pressures below the critical point, it might mean that the 
arrangement of the molecules in space is of far less importance in determining the 
phase of the scattered waves than is assumed in the treatments so far given, and 
that the attempt to explain the molecular scattering of light on the basis of the 
classical theories of electromagnetic wave-propagation and the continuous 
interaction between light and the electrons is really a failure. We may then be 
forced to adopt explanations based on a discontinuous type of action, exactly as 
in the theories of photoelectricity, ionization and so on. 

47. A related question is the imperfect polarisation of the scattered light. In all 
the cases investigated by the authors and by Martin, the scattered light from the 
vapour is found to be more perfectly polarised than that from the liquid. Why this 
should be so is not clear. There are no observations available regarding the 
polarisation of the light scattered by vapours under pressure. The changes in the 
polarisation of the scattered light in the transition from the gaseous to the liquid 
state should be investigated side by side with its intensity. 

48. The discussion given here has perhaps raised more difficulties than it has 
solved. But this only demonstrates the importance of the subject and the need for 
an extended study of the phenomena both from an experimental and a theoretical 
standpoint. 



CHAPTER V 

The colour of the sea and the albedo of the earth 

49. To an observer situated on the moon or on one of the planets, the most 
noticeable feature on the surface of our globe would no doubt be the large areas 
covered by oceanic water. The sunlit face of the earth would appear to shine by 
the light diffused back into space from the land and water-covered areas. The 
character and intensity of the radiation thus sent back would depend on various 
factors: firstly, sunlight diffused back by the gases of the atmosphere over the 
whole surface of the earth; secondly, the sunlight incident on the oceans and 
returned partly after reflexion at the surface of the water, and partly after diffusion 
within its body; thirdly the light reflected back from cloud-covered areas and the 
lower dusty levels of the atmosphere; and fourthly, the light scattered by the land 
masses. When we consider the fact that nearly three-quarters of the surface of the 
globe is covered by oceanic water, we begin to realise that the molecular 
scattering of light in liquids may possess an astronomical significance, in fact 
contribute in an important degree to the observed albedo of the earth. The 
“earthshine” on the moon for instance may owe not a little to the light diffused 
out from the oceanic water as the result of molecular diffraction. 

50. In intimate relation with the problem of the albedo of water stands the 
question of the colour of the sea. A detailed discussion of the subject is appearing 
in a separate paper* and it is sufficient here to deal with the matter only so far as it 
illustrates the theoretical principles of our subject. 

Colour and polarisation of the light scattered in the sea 

51. The method of observation used by the writer is sufficiently described in a 
preliminary communication that appeared in Naturef. As Tyndall and others 
have remarked, the reflection of sky light at the surface of the water is an 
embarrassing feature in making observations of the colour of the sea. Its influence 
may however be eliminated in the following simple way. Light reflected at the 
polarising angle from the surface of a liquid may be quenched by observation 

*Proc. R. Soc. London 1922. 

f Nature {London), November 17, 1921, p. 367. 
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through a suitably oriented Nicol. Hence by observing a tolerably smooth patch 
of water through a Nicol at the polarising angle, the surface-reflection may be got 
rid of. The Nicol may be mounted at the eye-end of a cardboard tube so that it can 
be conveniently held at the proper angle with the surface of the water and rotated 
about its axis so as to get the correct position for extinction of the reflected light. 
During a recent voyage, the writer made some observations by this method in the 
deeper waters of the Mediterranean and the Red Seas and found that the colour of 
the sea so far from being extinguished when the sky-reflection is cut off, is seen 
with wonderfully improved vividness and with saturated hues. Even when the 
water is ruffled or when it is viewed more obliquely than at the polarising angle, 
the Nicol helps to weaken the sky-reflection. Further, as is well known, the light 
of the sky is itself strongly polarised, and this fact may, in favourable 
circumstances be used to practically eliminate sky-reflection from the whole 
surface of the sea. For this purpose, the time most suitable is when the sun has 
reached its maximum altitude and the observer should stand with his back 
towards the sun and view the surface of the sea through a Nicol. The part of the 
sky facing the observer has then its maximum polarisation, especially the low- 
lying parts, and the amount of polarisation is further enhanced when the light is 
reflected from the water at various angles of incidence. By turning the Nicol about 
its axis, the best position for extinction should be found and the whole surface of 
the sea will then be found to glow with a vivid blue light emerging from inside the 
water. Part of this improvement is also due to the fact that the Nicol in great 
measure cuts off the atmospheric haze which covers the more distant parts of the 

sea. 
52. The obvious way of testing the light from the sea for polarisation, that is, 

viewing it through a Nicol and turning the latter about its axis, is interfered with 
by the fact that the intensity of the reflected light also varies at the same time and 
obscures the variation in the intensity of the light diffused from inside the water. 
Even thus however, it is possible to observe the polarisation of the scattered light, 
the surface of the water appearing less blue when seen through the Nicol in one 
position than when viewed directly. Much the better way of detecting the 
polarisation of the diffused light, however, is to hold the Nicol at the proper angle 
for extinguishing the surface-reflection from the water and vary the azimuth of 
observation relatively to the direction of the sun’s rays entering the liquid. 
Striking changes in the colour and intensity of the light diffused by the water will 
then be noticed. The best time for making this observation is when the altitude of 
the sun is moderately large but not too great. Obviously, if the sun’s rays are too 
nearly vertical, varying the azimuth of observation can make no difference. But 
when the sun’s rays inside the water proceed at an angle to the surface, the 
variation of the azimuth of observation alters the relation between the direction 
of the primary beam and the scattered rays under test. When the observer has his 
back to the sun, he looks down practically along the track of the rays inside the 
water and the scattered light reaching his eye is unpolarised inside the water and 
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is not extinguished in any position of the Nicol. The colour of the scattered light is 
then seen as a vivid but comparatively lighter blue. As the azimuth of the plane of 

observation is swung round, the intensity of the scattered light diminishes and its 
colour changes to a deeper blue, until finally when the observer nearly faces the 
sun,* the intensity of the scattered light is very small and it appears of a dark 
indigo colour. If the polarisation of the scattered light were complete and the 
direction of observation exactly transverse to that of the primary beams inside the 
water, the Nicol would have completely quenched the light. This is however not 
actually the case, evidently because we have to deal not only with the scattering of 
the sun’s direct rays inside the water, but also with multiply-scattered light and 
also with the blue light of the sky which enters the water and is then rescattered 
within it. It is evident that these contributions to the luminosity of the water 
would diminish the perfectness of the polarisation1 and would give a much darker 
blue than the primarily scattered rays. 

53. The relatively deep colour of the secondarily scattered rays mentioned in 
the preceding paragraph is also prettily illustrated by observing the water on the 
shadowed side of the ship where the sun’s rays do not strike it directly. Such water 
shows a much darker and deeper colour than the contiguous parts exposed 
directly to the sun’s rays. A similar explanation may be given of the deepening of 
the colour of the sea as the sun goes down. The lower the altitude of the sun, the 
more important is the contribution of sky-light rescattered within the water to the 
observed luminous effect. The blue colour of the sea as observed with the aid of a 
Nicol when the sky is completely overcast by clouds also appears of a distinctly 
deeper tint than sunlit water. It is probable that this may, at least in part, be due to 
the importance of multiple scattering in such cases. 

54. The difference between the colour of the parts of a wave sloping towards 
and away from the observer is a very interesting feature. When the surface of the 
sea is viewed through a Nicol, the degree of contrast varies enormously as the. 
Nicol is rotated about its axis. The precise effect, of course, depends upon the 
relative intensity, colour and polarisation of the light reflected from the surface of 
the water at different angles and of the light emerging from inside the water. 
Broadly speaking, the phenomenon observed is that in one position of the Nicol 
the sea appears almost flat and undisturbed and in another position ruffled and 
full of ripples. The visibility of the horizon which depends on the contrast between 
sea and sky also varies, in some cases very greatly, as the Nicol is rotated. 

*He cannot of course exactly face the sun as the reflection of the sun’s rays from the surface of the 

water would then interfere with the observations. It is advantageous to choose a time when the 

altitude of the sun is such that these reflections are also quenched by the observing Nicol. 
+ Much in the same way as the polarisation of sky-light even at 90° from the sun is incomplete. The 

imperfectness of the polarisation of the molecularly-scattered light (due to asymmetry of the 
molecules or other cause) also contributes to this result. 
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The albedo of deep water 

55. The phenomena described above make it perfectly clear that the light 
molecularly diffused from within the water is the principal factor to be taken into 
account and that the colour of the deep sea is not due to reflected sky-light as has 
sometimes been suggested. That the reflection of skylight is at all noticeable arises 
from the fact that the observer on the deck of a ship views by far the greater part of 
the surface of the sea at a very oblique angle. The position would be entirely 
different in the case of an observer at a great height above the surface of the water, 
e.g. when flying in an aeroplane. Since the reflecting power of water at normal 
incidence is quite small (only 2%), the luminosity of the sea to such an observer 
would be almost entirely determined by the diffusion of light within the water. 

56. That such diffusion must, in the case of the deeper oceanic waters at any 
rate, be due to molecular scattering and not to any suspended matter may be 
inferred from the known great transparency and freedom from turbidity of such 
waters. It is extremely unlikely that, under normal conditions at any rate, any 
colloidal matter would remain for long in suspension in salt water. Further, it 
should be remarked that if sea-water did contain any “motes” in suspension, they 
would not appreciably influence the observed results. For, “motes” scatter light in 
an unsymmetrical manner, that is far more in directions approximating to that of 
the primary rays, and very little in the opposite direction which, to an observer 
above the surface of the water, is the direction that really matters. 

57. A simple calculation may be easily made of the albedo of oceanic water. 
Since in round numbers, water diffuses light 150 times as strongly as an equal 
volume of air, a layer of the liquid 50 meters deep would scatter approximately as 
much light as 1\ kilometers of homogeneous atmosphere, in other words, it 
should appear nearly as bright as the zenith sky. This calculation however omits 
to take into account two important factors, the diminution in the intensity of 
sunlight before it reaches the level of the water and its further attenuation in the 
passage through the liquid and also the loss in intensity of the scattered light 
before it reemerges from the depths. It is the two last factors just mentioned which 
together with the magnitude of the scattering itself ultimately determine the total 
observed luminosity of an ocean of liquid of very great depth. Neglecting the 
effect of self-illumination within the liquid and also the contribution which is 
made by diffuse sky-light which enters the water and is then subsequently 
rescattered within the liquid—both of which may, in certain circumstances, rise 
to importance—the observable luminosity of a very deep layer of liquid may be 
readily calculated. For simplicity, we shall consider a case in which the altitude of 
the sun is sufficiently great to enable its rays within the water to be treated as 
approximately vertical in direction, and the intensity of the light scattered will 
also be assumed to be observed in an approximately vertical direction, e.g. by an 
observer in an aeroplane flying at some height above the water. The coefficient of 
scattering in such a case will be twice as great as when the scattering is observed 
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laterally. Denoting it by 25/A4 and the coefficient of absorption of light in water 

by y, the total observed luminosity is given by the integral 

2 B 

I4 
exp (— 2 yx) dx 

» 

x being the depth of any layer. For a sufficiently great depth this reduces to 5/yA4. 
For the case of pure water, the values of y are taken from the determinations of 
Count Aufsess for wavelengths up to 522 fifi, and for shorter wavelengths we may 
take them to be the same as the value of coefficient of attenuation a given by 
theory. The value of B is in round numbers 140 times the coefficient of lateral 
scattering by dust-free air. From these data and making an allowance for the 
diminution of the solar intensity in transmission through the atmosphere as on an 
average day, the total luminosity of deep water for different wavelengths is 
expressed in Table 3 in terms of the kilometers of dust-free air at atmospheric 
pressure which would by lateral scattering of full sunlight give an equal effect. 

Table 3. Albedo of deep water 

X in nn 658 622 602 590 579 558 522 494 450 410 

Equivalent kilometers 

of dust-free air 0-4 0-5 0-6 1*3 2-4 2-8 45 36 22 14 

58. If we take the scattering by 8 kilometers of dust-free air as the standard and 
compare with it the figures shown in Table 3, it is seen that in the light returned by 
the water, practically all the red is cut out, the orange and yellow are quite feeble, 
but the green is greatly enhanced, and also the blue, indigo and violet but to a 
considerably less extent. The standard of comparison, (scattering by dust-free air) 
being itself of a blue colour, it is clear that the cutting out of the red and the 
enfeeblement of the orange and yellow would result in the colour of the light 
scattered by the water being a highly saturated blue. The enfeeblement of the 
orange and yellow would however considerably diminish the visual intensity 
which at a rough estimate would probably not exceed two or three times that of 
the zenith sky. 

59. It will be understood from the figures given in Table 3 that the blue colour 
of the light scattered by the water arises primarily from the operation of the 
Rayleigh A-4 law, the absorption of the red and yellow regions of the spectrum in 
the water resulting merely in the colour being more saturated than it would 
otherwise be. If the figures entered in the columns of Table 3 had' represented 

ratios of comparison with white light, the presence and predominance of the green 
would result in the perceived colour being a greenish-blue and not a deep blue 
colour. In other words, the blue colour of the scattered light is really due to 



MOLECULAR DIFFRACTION OF LIGHT 75 

diffraction, the selective absorption of the water only helping to make it a fuller 
hue. 

60. In connection with the foregoing calculations, it should be remarked that 
certain disturbing factors may arise. If owing to the presence of organic or other 
dissolved matter in the sea with a marked absorption in the green-blue region of 
the spectrum the transparency of the water in this region be greatly diminished, 
the albedo of the deep water may show a great falling off. This is a possibility that 
should not be overlooked, and how far it does actually arise can only be 
determined by actual observation. But the considerations set out above make it 
clear that the light molecularly scattered in the oceanic waters must play an 
important part in determining the total fraction of the sunlight incident on the 
earth’s surface that is diffused back into space. A fuller discussion of the matter 
would obviously be of great interest. 



CHAPTER VI 

Scattering of light in crystals 

Introduction 

61. The well-known influence of temperature (“Debye-effect”) on the intensity of 
X-ray reflection as illustrated, for instance, in the experiments of Sir W H Bragg* * 
on rock salt indicates that the atoms in the space lattice forming a crystal are not 
absolutely fixed but oscillate to some extent about a mean position; the 
magnitude of this effect differs widely for different crystals depending on the value 
of the “characteristic temperature” for the substance. Larmorf has suggested 
that this thermal movement of the atoms in the crystal should have an important 
consequence, namely that when a pencil of ordinary light traverses a transparent 
crystal, a certain portion of the incident energy should appear as scattered light. 
Such an effect, if observable, would furnish us with direct visual evidence of the 
reality of thermal oscillations in solids. No theoretical calculation of the 
magnitude of the expected effect has however appeared so far. Prof. R J Strutt* 
(now Lord Rayleigh) who experimented on the subject of the scattering of light in 
solids found that the track of a beam of light passing through a block of 
transparent quartz could be detected by photography and estimated that clear 
quartz scatters light 8 times as strongly as dust-free air. The effect was however 
ascribed by him to inclusions which he assumed were present in the quartz and 
not to the crystal itself. It occurred to the present author that observations with 
crystals such as rock-salt which show a marked Debye-effect would be of interest 
and that such crystals may be expected to show a strong scattering of ordinary 
light capable of direct visual observation. This expectation is shown to be justified 
by experiment, and it is found that even in the case of quartz in which owing to its 
high characteristic temperature the effect is weaker, direct visual observation of 
the scattering is possible. 

* Philos. Mag. 27, 1914, p. 891. 
+ Philos. Mag. 37, 1919 p. 163. 

*Proc. R. Soc. London, 95, 1919, p. 479. 
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Theory 

62. A theoretical discussion shows that the observed effects are of the expected 
order of magnitude and are thus really due to the thermal agitation of the atoms 
in the crystal and not to the presence of inclusions in the crystal. The principles on 
which we must proceed become clear when we consider the hypothetical case of a 
crystal in which the atoms occupy fixed positions on a space-lattice, thermal 
movements being assumed to be non-existent. The size of a cell in the lattice being 
small compared with the wavelength of the incident light, the crystal may for 
practical purposes be regarded as a continuous homogeneous medium of uniform 
optical density and can accordingly scatter no light. As thermal movement 
disturbs the uniformity of the medium and introduces local fluctuations of optical 
density, the medium is no longer homogeneous but shows irregular variations of 
refractive index, which though small, nevertheless in the aggregate, result in an 
appreciable scattering of the light traversing the medium. The intensity of this 
scattering can be calculated if the average magnitude of fluctuation of optical 
density is known. 

63. It has already been pointed out in the chapters on scattering in gases 
and liquids that precisely the same considerations result in the Einstein- 
Smoluchowski formula for the scattering power, namely, 

n2 RTf 

18 
(p2 - 1) V + 2)2 

where p is the compressibility, p the refractive index of the substance, A is the 
wavelength of incident light and R, T, N1 are the constants of the kinetic theory. 

64. The success of Debye’s theory and explaining the influence of temperature 
on X-ray reflection by crystals suggests that the Einstein-Smoluchowski theory 
(which is based equally with Debye’s theory on the principles of statistical 
mechanics) should enable the scattering power of crystalline solids for ordinary 
light to be determined. An important reservation is however necessary owing to 
the known failure of the law of equipartition of energy in the case of substances 
with a high characteristic temperature such as diamond. The formula for the 
scattering power deduced on the assumption that the translatory kinetic energy 
of the individual atoms in the space-lattice is the same as that of the freely moving 
molecules in gases and liquids would obviously give us a result much in excess of 

the actual values. 
65. The scattering power being directly proportional to the thermal energy, it 

is clear that in order to obtain the correct result, we should diminish the value 
given by the formula in the ratio which the actual heat-content of the solid at the 
temperature of observation bears to the heat-content determined on the principle 
of equipartition of energy. A calculation made on this basis and from the known 
compressibilities and refractive indices gives a scattering power for quartz about 
10 times and for rock-salt about 40 times that of air at N.T.P. 
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Visual observations of scattering in crystals 

66. In view of the fact that the scattering of light in dust-free air is easily visible, it 
is clear that the observation of the scattering of much greater magnitude in 
crystals indicated by the theory should be a simple matter provided the 
conditions necessary for success are attended to. Sunlight is evidently the best 
source of light to use in carrying out the experiment. A beam of it being admitted 
into a darkened room through an aperture and then focussed by a lens, the crystal 
is placed at the narrowest point of the cone of rays. In examining valuable 
material, it is a good plan to use a filter to cut out heat rays to avoid possible 
damage to the crystal. It is not at all necessary to use a large block of crystal. In 
fact quite a modest-sized piece of good quality will do, but it is of the highest 
importance that all the faces of the crystal should be scrupulously clean and 
highly polished so that they do not scatter light. The most suitable shape for the 
block is a cube or a rectangular parallelopiped held with one pair of faces quite 
square to the incident beam of light, the track of the cone of light inside the crystal 
being observed through another pair of faces. A natural cleavage block of 
transparent rock-salt thus seems very suitable for the observations. If a crystal, 
say of quartz, is of irregular shape or has oblique faces, a good plan of getting rid 
of stray light is to immerse the block in a square glass trough containing clean 
distilled water. A dark background should be provided against which the track of 
the light passing through the crystal should be viewed. Working in this way the 
scattering of light in clear colourless quartz is very readily observed visually. The 
Tyndall cone is quite uniform and of a beautiful blue colour closely matching that 
of the track of a concentrated beam of sunlight in saturated ether vapour and of 
about a third of its intensity so far as can be judged visually. The latter furnishes a 
convenient standard of intensity, and the observed result is thus of the order 
expected on theoretical grounds. Accurate measurements by a photographic 
method are at present being made in the author’s laboratory by Prof. Lalji 
Srivastava. 

67. By a similar method, light-scattering in rock-salt and in block ice can be 
very readily observed, the track being of a blue colour. In Iceland spar, the track is 
of a reddish tinge due apparently to a feeble fluorescence. This may be quenched 
by a suitable filter. 

Polarisation of the scattered light 

68. In making observations on the polarisation of the light scattered in crystals, 
account has to be taken of the doubly-refractive or optically active property of 

the material. In the case of quartz, the difficulty may be avoided by sending the 
beam of light in a direction transverse to the optic axis, and observing in a 
direction transverse to the axis as well as to the track of the primary beam. Using 
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this method, it is found that the light scattered transversely in quartz is not 
completely polarised, the track being quite clearly visible through a nicol. The 
cases of other crystals have not yet been thoroughly examined. 

69. There is a noteworthy feature in which the light-scattering in crystals 
arising from the thermal movements of the atoms stands on a somewhat different 
footing from the case of light-scattering in liquids or gases. It has already been 
remarked in dealing with fluid media that the transversely-scattered light consists 
in part of common or unpolarised light even when the primary beam itself is 
completely polarised to begin with, and that this effect arises from the 
arbitrariness of the orientation of the molecules in such media. In crystals on 
the other hand, according to the current ideas, the positions and orientations of 
the atoms are more or less definitely fixed, subject only to small oscillations about 
the mean positions. If this be the case, we should expect that if the primary beam 
in the crystal is itself polarised, the transversely scattered light should also be 
polarised, though not necessarily in the same way as in the case of spherically 
symmetrical atoms. Observations have been made by the writer to test this point. 
In order more readily to detect the residual intensity of the track of the beam in 
the crystal, the method of “flicker” was used. The track was caused to vibrate 
slowly up and down in the crystal so that its existence or non-existence could be 
detected. It was found that the track of the beam could almost completely be 
quenched by observation through a nicol when the primary beam was itself 
polarised. But if the incident light was unpolarised, it always remained quite 
clearly visible in any position of the observing nicol. The matter however remains 
to be further tested by photographic methods. 

Possible influence of temperature 

70. As in the case of the Debye-effect, we should expect the light-scattering power 
of the crystal to be enhanced by rise of temperature. Some preliminary 
observations made with rock-salt seem to indicate that there is such an effect. The 
technique of experimentation on light-scattering with crystals placed in enclo¬ 
sures capable of being heated up or lowered in temperature without damage to 
the surface of the crystal requires however to be further developed. 



CHAPTER VII 

Scattering of light in amorphous solids 

71. The methods of examination by the use of X-rays introduced by Laue and by 
Professors Sir W H Bragg and W L Bragg have thrown much light on the 
problem of the structure of crystalline solids, but our information regarding the 
structure of amorphous solids like glass is still scanty. What information we do 
possess, we owe to the recent work of Debye and Scherrer by the X-ray powder 
method. They find that most solids hitherto classified as amorphous are really 
composed of a large number of minute crystals. Dehydrated colloidal silica and 
stannic acid show the presence of such crystalline aggregates in an otherwise 
amorphous medium. Optical glass alone, of all the solids investigated, does not 
show any crystalline inclusions. Its diffraction photograph is exactly the same as 
that of a liquid. 

72. The essential difference, then, between a crystal and an amorphous solid is 
that, in a crystal, the atoms are similarly oriented and arranged in a perfectly 
regular manner, whereas, in an amorphous solid, there is no regularity of 
arrangement of the molecules and there may even be local fluctuations of density 
as in a liquid; only, these local fluctuations do not alter rapidly with time as in the 
case of liquids, but remain quasi-permanent for very long periods of time. Why a 
mixture of complex silicates like glass develops the phenomenon of rigidity to 
such a high degree in a non-crystalline condition, awaits explanation. 

73. If, then, glass is an undercooled liquid, we should expect the scattering 
power of glass for ordinary light to approximate to that of a liquid rather than to 
that of a crystal. Lord Rayleigh in his paper on “Scattering by Solid Substances”, 
mentions that a specimen of Chance’s Optical Glass showed a scattering about 
300 times that of dust-free air. He was, however, inclined to attribute the 
scattering to inclusions and explained the observed imperfectness of the 
polarisation of the scattered light as due to the large size of the included particles. 
In view of the fact that the closest scrutiny under a powerful microscope even with 
dark-ground illumination, fails to indicate the presence of any visible inclusions, 
and in view of Debye and Scherrer’s X-ray analysis of optical glass, it seems more 
reasonable to assume that the scattering is really molecular. Its magnitude is 
much larger than in the case of clear crystals and agrees with what might be 
expected on the basis of a non-uniform distribution of molecules such as would 
have existed in the liquid state at the temperature of solidification of the material. 

80 
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Lack of data regarding the compressibility of melted glass at high temperatures 
makes it impossible to make a quantitative calculation of the scattering 
coefficient on the basis of the Einstein-Smoluchowski equation. Observations 
made in Calcutta on a specimen of optical glass show a scattering power nearly 
four times that of pure water at ordinary temperatures. The track of a beam of 
sunlight is sky-blue in colour and is nearly, but not completely, polarised when 
viewed in a transverse direction. It does not show any fluorescence. (Many 
specimens of common glass exhibit a green, yellow or pink fluorescence when a 
beam of sunlight is sent through them; such fluorescence can be easily detected by 
examining the scattered light through a double image prism, when the two images 
would show different colours.) 

74. Quantitative studies of the intensity and polarisation of the light scattered 
by well-annealed glasses of known composition at different temperatures would 
yield results of value regarding the molecular structure of glasses and of 
amorphous bodies in general. Experiments on the scattering of light in fused 
quartz of optical quality would also be of special interest in view of the recent 
observation of Rayleigh that this material exhibits a feeble double-refraction. 



CHAPTER VIII 

The Doppler effect in molecular scattering 

75. In the discussion of fundamental principles contained in our first chapter, we 
have already had occasion to refer to the Doppler effect arising from the 
uncoordinated movements of the molecules and found that it has no influence on 
the proportion of energy laterally scattered. We may now briefly consider the 
question whether it has any effect on the refractivity of the medium. The light 
scattered by a stationary molecule has the same wavelength in all directions as the 
incident radiation; and if we leave out of account the question of polarisation, 
there is no direction specially favoured as regards intensity as well. But in the case 
of a moving molecule, the wavelength of the scattered light is smaller in the 
direction of motion than in the opposite direction or intermediate directions. 
Since the molecule receives the incident radiation with an altered frequency, its 
motion must, according to the Rayleigh law of scattering, alter the intensity of the 
scattering, the latter being increased when the molecule moves against the 
advancing waves and decreased when it moves with the advancing waves. The 
velocity of the scattered waves is however independent of the movements of the 
molecules, and hence the phase-relation between the advancing primary and 
secondary waves remains unaffected. The coherence of the primary and the 
scattered waves in the direction of propagation of the former on which the 
refractivity of the medium depends continues therefore to subsist. Any alteration 
in the scattering power of a molecule must produce a corresponding alteration in 
its contribution to the refractivity of the medium. If we assume that the 
movements of the molecules occur in random directions, the increased scattering 
and refractivity due to the molecules moving up towards the incident light is 
completely set off by the decreased scattering and refractivity due to the 
molecules moving in the opposite direction, and hence the refractivity of the 
medium considered as a whole remains unaffected. If however all the molecules 
have a common direction of movement relative to the advancing primary waves, 
the case is entirely different. If the molecules move against the direction of 
propagation of the primary waves, the scattering by all of them is increased and 
hence also the refractivity of the medium. If the molecules move with the waves, 
the scattering is diminished and therefore also the refractivity. In other words, the 
velocity of light through the medium is increased or decreased by a certain 
proportion of the common velocity of its ultimate particles. This is exactly 
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Fresnel’s principle of the convection of light in a moving medium, and in a paper 
appearing in the Philosophical Magazine, Dr Nihal Karan Sethi and the present 
writer have shown that the convection of light (Fizeau effect) in moving gases can 
be explained in this way, and we obtain (at least in the case of gases where the 
molecules can be regarded as independent centres of secondary radiation) a 
convection co-efficient agreeing with the values given by Fresnel’s well-known 
expression and by the Theory of Relativity. The extension of the same argument 
to the case of liquids and solids will probably not present insuperable difficulties. 

Experimental observations of Doppler effect 

76. As is well known, the Doppler effect in the light reflected from a system of 
moving mirrors was demonstrated experimentally by Belopolsky and later by 
Prince Galitzin and Stark’s work on the Kanalstrahlen has also established the 
effect in the light emitted by electrically luminescent moving molecules. Recently 
Fabry and Buisson* have greatly simplified the laboratory demonstration of the 
Doppler effect by using a rapidly-revolving paper disk, the edge of which is 
illuminated by a mercury lamp and observed through an etalon. It appears to the 
author that it would be interesting and quite practicable to make an experimental 
study of the Doppler effect in light scattered by moving molecules. The 
experimental arrangements most suitable would probably be very similar to 
those adopted in Fabry and Buisson’s experiments. A flat revolving steel vessel 
containing compressed carbon dioxide or some suitable liquid may be provided 
with glass windows through which monochromatic light is admitted into it, the 
scattered light being observed laterally. By photographing the scattered light 
through an etalon and reversing the direction of rotation, the alteration of 
wavelength should be capable of observation. Simpler still would be to 
experiment with the light internally scattered within a rapidly revolving disk of 
glass. It would also be interesting to find in such cases whether there is any 
difference in the behaviour of molecularly scattered light and of fluorescent 
radiation. 

77. The widening of the lines in the spectrum of a luminous gas due to the 
Doppler effect arising from the thermal movements of the molecules in it has been 
discussed by several writers, notably by the late Lord Rayleigh, and has been 
established by laboratory experiments. It would appear worthwhile to examine 
experimentally the similar effect which may be expected to arise in the light 
scattered by a gas at high temperature. Light from a source at low temperature 
may be passed through a compressed gas or a liquid at a high temperature and the 
width of the lines in the spectrum of the scattered light determined by 

*J. Phys., 9, 1920, pp. 234-239. 
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photographing it through an etalon or echelon spectroscope. The magnitude of 
the effect that may be expected has been discussed theoretically at the suggestion 
of the author in a paper by Mr Panchanan Das.* * The astrophysical importance of 
the Doppler effect in molecular scattering in such cases as for instance, the light of 
the sun’s corona is fairly obvious, and has already been emphasised by Fabry.1 

Planck’s law and molecular scattering 

78. The Doppler effect in molecular diffraction is also of theoretical importance 
from another standpoint. Consider a space bounded by completely reflecting 
walls and containing enclosed within it radiant energy corresponding to some 
known temperature distributed amongst the different wavelengths according to 
Planck’s law of radiation. We may assume further that the enclosed space 
contains a few molecules of a gas at the same temperature, and for simplicity also 
assume that the molecules do not either absorb or emit light but merely scatter 
the radiations incident on them in accordance with the Rayleigh law of scattering. 
Owing to the movement of the molecules, the scattered energy will not always 
have the same wavelength as the incident waves, and hence the postulated 
conditions provide a mechanism for the interchange of energy between different 
wavelengths. If, further, we assume that the molecules scatter the waves incident 
on them continuously, the mechanism provided for the interchange of energy 
would operate according to the classical laws of electrodynamics, and the final 
distribution of energy in the enclosure would not be that given by Planck’s law 
but would necessarily be that consistent with the principle of the equipartition of 
energy1 viz 

/(A)d/l = 87c R 7U - 4 dA. 

In other words, the distribution of energy in the enclosure which was postulated 
in the first instance would be altered, and the thermodynamic equilibrium of the 
system would be upset. As the system was assumed to be initially at the same 
temperature throughout, such a conclusion is primd facie inacceptable, and we 
must therefore draw the inference either that the Rayleigh law of scattering is not 
valid or that the molecules do not scatter the radiations incident on them 
continuously. Since the Rayleigh law of scattering is supported by experiment, at 
least over a considerable range of wavelengths, it seems more reasonable to 
accept the latter conclusion, and to infer that molecular scattering of light cannot 

* Bull. Calcutta Math. Soc., 1921, pp. 6-10. 
V. Phys., 7, 1919, pp. 89-102. 
*Cf. Jeans; Report on Quantum Theory, § 10. 
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take place in a continuous manner as contemplated by the classical electro¬ 
dynamics. It seems to be difficult, however, to reconcile this with the hypothesis 
that light is propagated through space m the form of continuous waves, and we 
are apparently forced to consider the idea that light itself may consist of highly 
concentrated bundles or quanta of energy travelling through space. This will be 
further discussed in the following chapter. 



CHAPTER IX 

Molecular diffraction and the quantum theory of light 

79. In the year 1905, Einstein* put forward the hypothesis that the energy of a 
beam of light is not distributed continuously in space but that it consists of 
a finite number of localised indivisible energy-bundles or “quanta” capable of 
being absorbed or emitted only as wholes. The theory had some notable successes 
to its credit, especially the prediction of the photoelectric equation and the 
explanation of the phenomena of ionisation of gases by X-rays. Nevertheless it 
has been felt that very serious difficulties stand in the way of its acceptance. 
Maxwell’s electromagnetic theory conceives the energy of light as distributed in a 
continuous manner through space and offers a satisfactory explanation of whole 
groups of phenomena, the mere existence of some of which, especially those 
classed under the heading of interference and diffraction, seems very difficult to 
reconcile with the hypothesis of light-quanta. The tendency has therefore been to 
regard the propagation of light in space as determined by Maxwell’s equations, 
but that these equations for some reason or other fail when we have to deal with 
the emission or absorption of energy from atoms or molecules. The discontinuity 
is thus conceived to be limited to the act of emission or the act of absorption or of 
both. Historically, the quantum hypothesis had its origin in the derivation of 
Planck’s radiation formula, and an assumption that the discontinuity occurs only 
in emission is apparently sufficient for that limited purpose. Hence, though 
Planck’s hypothesis of quantum emission, reinforced as it has been by the success 
of Bohr’s theory of line-spectra, has passed into general acceptance, Einstein’s 
idea of light-quanta has apparently been regarded as unnecessarily revolutionary 
in character. This feeling has perhaps been strengthened by the considerable 
degree of success which has attended the use of the “correspondence-principle” 
recently introduced by Bohr in which an attempt is made to effect a 
reconciliation, limited though it be, between Maxwell’s theory and the quantum 
theory of emission of light. 

80. If, however, we view the matter from a purely philosophic standpoint, 
Einstein’s original conception of the discontinuous nature of light itself has much 
to recommend it. It fits in with the assumed discontinuous character of the 
emission and absorption of energy as part of a consistent and homogeneous 

*Ann. Phys., 1905, 17, 132. 
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theory, whereas the idea that emission and absorption are discontinuous while 
the propagation of light itself is continuous belongs to the class which Poincare 
has described as “hybrid hypotheses.” Such a hybrid hypotheses may temporarily 
serve as useful planks to bridge gaps in existing knowledge, but there is little 
doubt that they must ultimately make way for a more consistent system of 
thought. Historically, Maxwell’s theory is the embodiment of the belief of 
nineteenth-century physicists in the validity of Newtonian dynamics as applied to 
physical phenomena in their ultimate analysis, and especially as applied to 
phenomena occurring in the medium which was postulated as pervading all 
space. The belief in the validity of Newtonian dynamics as applied to the ultimate 
particles of matter has however received a rude shock from the success of the 
quantum theory as applied to the theory of specific heats, and there seems no 
particular reason why we should necessarily cling to Newtonian dynamics in 
constructing the mathematical frame-work of field-equations which form the 
kernel of Maxwell’s theory. Rather, to be consistent, it is necessary that the field- 
equations should be modified so as to introduce the concept of the quantum of 
action. In other words, the electrical and magnetic circuits should be conceived 
not as continuously distributed in the field but as discrete units each representing 
a quantum of action, and possessing an independent existence, somewhat in the 
manner of vortex rings in a perfect fluid. Interference and diffraction phenomena 
may then be conceived of as arising from the approach or separation, i.e. crinkling 
of the mean “lines of flow” of energy in the field. 

81. Bohr’s theory has made the idea familiar that the emission or absorption of 
light from the atom or the expulsion of an electron involves something in the 
nature of a catastrophic change in the atom itself. If, therefore, we wish to look for 
some experimental support for Einstein’s conception that light itself consists of 
quantum units, we must consider those optical phenomena in which obviously no 
such catastrophic change in the atoms or molecules is involved. The molecular 
diffraction or scattering of light is obviously such a phenomenon, which stands in 
the most intimate relationship with the general theory of the propagation, 
reflexion, refraction and dispersion of light. If we found that the phenomena of 
molecular scattering of light are completely and satisfactorily explained on the 
basis of the classical electromagnetic theory, the case against Einstein’s concep¬ 
tion would be enormously strengthened. If, on the other hand, we find that the 
classical theory based on the idea of continuous wave-propagation breaks down 
and fails to explain the observed facts, we should naturally feel called upon to 
revise our ideas regarding the nature of light itself. 

82. In view of the foregoing remarks, the fact already mentioned in a previous 
chapter that the scattering power of compressed carbon dioxide gas as deter¬ 
mined by the present Lord Rayleigh is far smaller than that which is indicated by 
the Einstein-Smoluchowski formula appears highly significant. The theoretical 
formula expresses the scattering power of the medium in terms of its compressi¬ 
bility and refractive index, and is based on the conceptions of the kinetic theory of 
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matter and of Maxwell’s electromagnetic theory of light. It expresses the 
scattering power of a gas at ordinary pressures correctly, and also the scattering 
power of liquids with tolerable accuracy. But it fails altogether to express the 
scattering power of compressed carbon dioxide gas under the conditions of Lord 
Rayleigh’s experiments, that is, when it is in the form of a saturated vapour below 
the critical temperature. There are three possible alternatives in explanation of 
this failure: firstly that the derivation of the formula is not valid for some reason or 
another in the particular conditions of Lord Rayleigh’s experiment; secondly that 
the conceptions of the kinetic theory are invalid under those conditions; thirdly 
that the continuous wave theory of light does not represent facts. 

83. In respect of the alternative explanations referred to in the preceding 
paragraph, it may be pointed out that the experimentally observed result is 
precisely what might be expected according to the conception that light consists 
of discrete quanta moving through space. If we imagine a stream of such quanta 
passing through a highly compressed gas, scattering of light would result when a 
quantum encounters a molecule and suffers a large-angle deviation in its path. 
Such encounters would occur according to the laws of chance; in other words, the 
molecules should be regarded not as scattering light continuously but only 
occasionaly, and at any instant, only a small proportion of the molecules 
distributed at random through the gas are in action. Hence the total number of 
quanta scattered in any appreciable interval of time would be simply propor¬ 
tional to the number of molecules per unit volume, and would be practically 
independent of the actual manner in which they are distributed in the space, so 
long as a quantum is regarded as impinging on only one molecule at a time and 
not on two or more simultaneously. In other words, the principle of additivity of 
the energies scattered by the individual molecules would be applicable even in the 
case of a highly compressed gas for which Boyle’s law does not apply. This is the 
result actually obtained, whereas on the continuous wave theory in which all the 
molecules are conceived of as scattering light all the time, the resultant effect 
would depend on their distribution in space, and in the case of a highly 
compressible gas would not be determined by the additive principle. In fact, the 
observations of Lord Rayleigh were regarded by him as supporting the principle 
of additivity of the energy-effects of individual molecules, and this principle, as we 
have seen, cannot be reconciled with the results of the classical wave theory under 
the conditions of the experiments. 

84. Though, prima facie, the phenomena of molecular scattering in highly 
compressed gases seem thus to support Einstein’s conception of light-quanta, the 
cautious reader would naturally wish to make sure that the two alternative 
explanations of the result suggested above must be excluded. So far as can be 
judged on the available evidence, neither of the two alternatives seems very 
probable. In order, however, to exclude them definitely, two series of experiments 
have been undertaken in the author’s laboratory at Calcutta. In the first series of 
experiments which is being carried out by Mr K R Ramanathan, an attempt is 
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being made to confirm Rayleigh’s result for the scattering by compressed carbon 
dioxide and extend it to the case of unsaturated vapours and also to gases at 
temperatures considerably above the critical temperature. It is hoped to find the 
scattering power of various gases and vapours besides carbon dioxide over a wide 
range of pressures and temperatures. If the experiments support Rayleigh’s result, 
the experimental basis for inferring the failure of the Einstein-Smoluchowski 
formula would be greatly strengthened. In the second series of experiments which 
has been undertaken by Mr J C Kameswararao, an attempt is being made to 
study the Brownian movement quantitatively in gases and vapours under high 
pressures, in order to find whether the energy of molecular movement indicated 
by the kinetic theory agrees substantially with that found in experiment. The 
results of the two sets of experiments may well enable a final judgement to be 
arrived at regarding the validity of Einstein’s conception of the propagation of 
light in quanta. 

85. The belief in the correctness of the principles of the wave theory is to a large 
extent based on the quantitative agreement between the coefficients of reflexion 
and refraction indicated by Fresnel’s formulae and those found in experiment. 
Already certain failures of Fresnel’s formulae are known, as for instance the 
existence of reflection at the boundary between two media having equal refractive 
index,* and it seems important to make a careful reinvestigation of the 
coefficients of reflexion and refraction in various cases, e.g. at the boundary 
between a liquid and its vapour slightly below the critical temperature, in order to 
find whether the quantitative agreement between the results of the classical wave 
theory and the facts is really so brilliant as is generally believed. 

86. The phenomena presented by the scattering of the X-rays and especially 
the well-known failure to obtain any refraction of X-rays will no doubt have to be 
rediscussed in the light of foregoing remarks and the results of the optical 
experiments. 

* Rayleigh, Scientific Papers, Vol. V. 
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Diffraction by molecular clusters and the quantum 
structure of light 

The investigations on the molecular scattering of light now in progress under the 
writer’s direction (regarding which previous communications have been pub¬ 
lished in Nature) have brought to light some very remarkable cases in which the 
observed facts are in sharp contradiction with the theories of light-scattering 
based upon Maxwell’s electromagnetic equations. According to the Einstein- 
Smoluchowski formula for the scattering power of a fluid, viz 

n2RTp 

18 NX* 
(H2 - 1) V + 2)2, 

the intensity of the diffracted beam should be proportional to the compressibility 
p of the fluid and should thus be very large near the critical temperature as the 
compressibility there is great. Experiments by Keesom and Kammerlingh Onnes 
have confirmed this result in the case of ethylene vapour over a range of a few 
degrees above the critical temperature. The scattering powers of liquid carbon 
dioxide and vapour for a considerable range of temperatures below the critical 
point have been determined in the writer’s laboratory by Mr K R Ramanathan, 
who has discovered that the formula is approximately valid only for a range of a 
few degrees below the critical temperature, and then falls off much more rapidly 
than according to the formula. These observations are significant in view of the 
observation by the present Lord Rayleigh that the scattering power of saturated 
carbon dioxide vapour at 21° C is only 102 times that of the gas at atmospheric 
pressure, whereas according to the Einstein-Smoluchowski formula, it should 
have been 855 times as great. 

The failure of the formula indicated above is especially surprising in view of its 
successes in other directions, namely, in the case of gases obeying Boyle’s law, in 
the case of liquids under ordinary conditions, and, with certain restrictions, even 
in the case of solids. In attempting to find an explanation of the failure, at first 
sight one naturally seeks to find some flaw in Einstein’s theory, or in the 
application of it, but the very successes of the formula in other cases would tend to 
discourage such an attempt. The formula was deduced by Einstein by applying 
Boltzmann’s principle of entropy-probability in order to find the magnitude of 
the fluctuations of density of the fluid arising from thermal agitation and 
deducing the light-scattering due to these fluctuations by application of 
Maxwell’s electromagnetic equations. It is clear that density fluctuations due to 
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thermal agitation must occur; that their magnitude is proportional to the square 
root of the compressibility of the medium as contemplated in the theory may be 
confirmed independently by identifying the thermal energy of the molecules with 
the energy of sound waves of all possible wavelengths in an enclosed volume of 
the fluid and equating the energies. Further, the idea that the non-uniformity of 
the density of the medium is the factor determining light scattering, at least 
according to the wave theory, is confirmed by the very complete analysis of the 
problem given by the late Lord Rayleigh in one of his final papers (Philos. Mag., 

Dec. 1918, p. 449). How, then, are we to escape the difficulty? 
A very luminous suggestion made by Jeans in his “Dynamical Theory of 

Gases” (page 203) is here of great help. Jeans distinguishes between two kinds of 
clustering in fluid media, mass-clustering and molecular-clustering, and points out 
that they tend to become identical at the critical temperature. Einstein’s theory is 
based on the idea that the fluctuations of density and the resulting scattering of 
light are both due to mass-clustering. If, however, we assume that it is molecular- 

clustering that is of importance and results in an increased scattering of light, it is 
easy to see that in the case of molecules such as carbon dioxide, which are 
ordinarily non-associated, the clustering of molecules would only be appreciable 
near the critical temperature, and that at lower temperatures the clusters would 
rapidly break up and resolve themselves into single molecules. A double molecule 
would scatter four times as strongly as a single molecule, a triple molecule nine 
times as strongly, and so on, and if we assume that the energy-effects of separate 
molecules or groups are additive, and calculate the number of associated 
molecules from thermodynamic principles, it is easy to give the theory 
quantitative expression and explain the increased scattering near the critical 
point, and the rapid fall at lower temperatures. 

But the fundamental difficulty remains, why the mass-clustering considered by 
Einstein does not, as it should, according to the classical wave theory of light, give 
rise to an increased scattering of light? 

To the present writer, at any rate, it appears that this contradiction of the 
electromagnetic theory by experience may have to be classed with its other 
known failures in the theory of photoelectricity and other modern fields of 
inquiry. We may, in fact, have to adopt the quantum theory of the structure of 
light as propagated in space (and not only when it is absorbed or emitted) in order 
to explain the facts of molecular diffraction. Fuller experimental data which are 
now being obtained in the writer’s laboratory may pave the way towards the 
clearing up of this fundamental question. 

C VRAMAN 

210 Bowbazaar Street, Calcutta 

2 March 1922 
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Molecular aelotropy in liquids 

A very remarkable feature shown by many liquids in experiments on the 
molecular scattering of light is that the scattered beam in a direction transverse to 
the primary rays shows a large admixture of unpolarised light, the proportion of 
this to polarised light in the scattered beam being several times greater than in the 
case of the same substance in the condition of vapour at atmospheric pressure. 
This fact seemed at first very puzzling; an explanation is, however, now 
forthcoming. A theory of the phenomenon has been worked out by the writer 
which not only explains the facts in a simple and quantitative manner, but has 
also pointed out the way to further fruitful research. It may be briefly indicated as 
follows: 

The polarised and unpolarised parts of molecularly scattered light may be 
conceived as arising in two distinct ways; the former is a mass-effect arising from 
the thermal fluctuations of density in the fluid, and its magnitude is given by the 
Einstein-Smoluchowski formula 

7z2RTf 
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and as we pass from the condition of vapour to that of liquid in which the 
molecules are more closely packed together, it increases much less than in 
proportion to the increased density. The unpolarised part of the scattered light is, 
on the other hand, a molecular effect, and its magnitude increases simply in 
proportion to the number of molecules per unit volume. The ratio of unpolarised 
to polarised part of the scattered light should therefore be considerably enhanced. 
This is exactly what is observed. If / and 212 are respectively the polarised and 
unpolarised parts of the transversely scattered light, the ratio I2/(Ii + /2) may be 
determined experimentally by analysis with the aid of a double-image prism and 
a nicol. The table below shows in the second column the value of this ratio as 
determined by Lord Rayleigh for certain substances in the state of vapour, in the 
third column the value of the ratio for the liquid state at ordinary temperature as 
calculated from the writer’s theory, and in the fourth column the value as 
determined by Mr K Seshagiri Rao in the present writer’s laboratory. The 
agreement is significant. 

We may also view the matter in another way. When a substance is in the state of 
vapour under small pressures, both the positions and orientations of its molecules 
are absolutely at random, and assuming the molecules to be aelotropic, the 
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Ratio of components of polarisation 

Substance 

Observed, 
vapour 

(%) 

Calculated, 

liquid 

(%) 

Observed, 

liquid 

(%) 

Ethyl ether 1-7 10 9 8-2 
Benzene 60 39-8 39-8 
Chloroform 30 18-2 15-5 

degree of imperfection of polarisation of the light scattered by it may easily be 
calculated, as has been done by the late Lord Rayleigh. On the other hand, in the 
liquid state, the packing of the molecules is so close that their ordering in space is 
no longer at random; but we may still, at least in the case of ordinary liquids, 
consider the orientations to be arbitrary without serious error. If we take this into 
account in determining the resultant effect of the waves scattered by the 
individual molecules, we should be led to the same result as has been indicated 
above. 

The theory put forward has other notable successes to its credit. The Einstein- 
Smoluchowski formula indicates that though the density of a liquid diminishes 
with rise of temperature, its scattering power should increase and become very 
large as the critical temperature is approached. Similarly, as the temperature is 
increased, the scattering power of the saturated vapour should increase much 
more rapidly than in proportion to its density. Accordingly, in both cases, we 
should expect the polarisation of the scattered light to improve steadily with rise 
of temperature and become practically complete as the critical temperature of the 
liquid is approached. Experiments with benzene liquid and vapour made by 
Mr K R Ramanathan have quantitatively confirmed this prediction. A similar 
improvement in polarisation has also been observed by Mr V S Tamma in 
experiments on the scattering of light in binary liquid mixtures as the critical 
temperature for separation into two phases is approached. 

C V RAMAN 

210 Bowbazaar Street, Calcutta 
11 May 1922 
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Opalescence phenomena in liquid mixtures 

It is well known that liquids which mix completely above a certain critical 
temperature, e.g. phenol and water, exhibit a strong and characteristic opales¬ 
cence as the temperature of the mixture is lowered to a point slightly above that at 
which the components separate. A quantitative theory of this phenomenon was 
put forward by Einstein (Annalen dev Physik, vol. 33, 1910) on the basis of 
thermodynamical reasoning, the spontaneous local fluctuations of concentration 

of the mixture being taken into account and the light-scattering due to the 
resulting fluctuations of refractive index being evaluated. He obtained as the 

expression for the light-scattering 

7j^^~~ Per unit v°lume> 

where p is the refractive index of the mixture and d(log p)/dK expresses the rate of 
change of the vapour pressure of one of the components with concentration, a 
quantity which becomes very large as the critical temperature and concentration 
are approached, thus giving rise to a marked opalescence. It should be pointed 
out, however, that Einstein’s expression does not include the whole effect, for we 
have also to consider the result of the fluctuation of density of either component 

taken separately, and to add to Einstein’s formula 

(n2imRTINX*)WM - l)2(p2 + 2)2 + p2(p2 - l)2(p22 + 2)2], 

where fil9 f2, plyp2 are respectively the compressibilities and refractive indices of 
the components. Further, the light-scattering due to the anisotropy and arbitrary 
orientation of the molecules of the components has also to be added. 

The result of these corrections of Einstein’s investigation may briefly be 
indicated. Very near the temperature at which the mixture separates into two 
phases, the fluctuations of concentration contribute by far the larger portion of the 
effect. But at higher and lower temperatures the effects of fluctuations of density 

and molecular anisotropy are no longer negligible, and when the temperature is 
sufficiently removed from the critical point they form a substantial part of the 
whole. Further, the increase in relative importance of the effect of molecular 
anisotropy in these circumstances should result in an increase in the proportion 
of unpolarised light in the transversely-scattered beam as we recede from the 
critical temperature. 

The foregoing indications of theory have been confirmed generally in a series of 
experiments over a wide range of temperatures on light-scattering in phenol- 
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water mixtures undertaken under the writer’s direction by Mr V S Tamma. It is 
found that the increased opalescence of the mixture over and above the effects due 
to the components taken separately can be traced at temperatures far higher than 
the critical point, and the indicated changes in the polarisation of the scattered 
light are also easily observed. 

It is clear that the case of liquids which are completely miscible at ordinary 
temperatures stands on the same footing as that of imperfectly miscible liquids 
above the critical temperature, and the recent observations of W H Martin on 
this point (J. Phys. Chem., Jan. 1922) agree with the indications of the theory 
outlined above. 

I may take this opportunity of directing attention to a very important result 
observed in experiments on light-scattering in liquids conducted by Mr Seshagiri 
Rao and the writer. It is found that the molecular anisotropy which results in a 
scattering of unpolarised light is noticeably a function of the frequency of the 

incident light. This indicates that the anisotropy is really due to the difference of 
the optical frequencies of the molecule in different directions, a conclusion which 
has a bearing on the recent interesting work of Havelock (Proc. R. Soc., May 
1922). Debye and others have suggested that some molecules possess an 
appreciable permanent electric moment, and would thus exercise perceptible 
orienting influences on each other even in the gaseous and liquid states. 
Indications are already forthcoming that this may exercise an observable 
influence on the phenomena of molecular scattering of light. 

Finally, it may be mentioned that a very carefully carried out series of 
experiments on the light-scattering in ether, benzene, and normal pentane, over a 
large range of temperatures above and below the critical temperature, has 
confirmed quantitatively the Einstein-Smoluchowski theory of molecular scat¬ 
tering of light. 

C VRAM AN 

210 Bowbazaar Street, Calcutta 
25 May 1922 



Nature (London) 110 280 (1922) 

Transparency of liquids and colour of the sea 

In an earlier note in Nature (Nov. 24,1921, vol. 108, p. 402) I pointed out that the 
scattering of light in its passage through a liquid resulting from the local 
fluctuations of density, the magnitude of which is given by the Einstein- 
Smoluchowski relation, should enable its transparency to be determined for the 
parts of the spectrum in which it does not exercise selective absorption. It should 
be mentioned that in making an experimental test of this point, account has also 
to be taken of the scattering resulting from the anisotropy of the molecules and 
that there is an important difference between this and the scattering due to 
density-fluctuations. The orientation-scattering is almost completely unpola¬ 
rised and is therefore distributed symmetrically in all directions. The density¬ 
scattering is polarised and is twice as intense longitudinally as in a transverse 
direction. 

The coefficient of extinction resulting from the joint effect of both types of 
scattering can be calculated theoretically if the compressibility, refractive index, 
and the ratio of the components of polarisation in the transversely-scattered light 
are known. Taking the case of benzene as an example, the coefficients of 
extinction calculated for the 5461 and 4358 lines of the mercury spectrum, which 
fall in regions in which there is no selective absorption, are respectively 0 00022 
and 0 00060. These values agree very closely with the recent experimental 
determinations of Martin, and form a striking confirmation of the theory. There 
is little doubt that the observed transparency of many other liquids will similarly 
be found to be in agreement with theory when accurate data are available. 

The case of water is of special interest. Of all ordinary liquids it is the one for 
which the coefficient of scattering is smallest, and is therefore most affected by 
traces of selective absorption. There is an absorption band which is clearly 
marked up to 0-5 /i, and it is possible that traces of it extend into the blue region of 
the spectrum. For the 4358 line, the coefficient of extinction calculated 
theoretically is 0-00006 and Martin’s observed value is 0 00012. It seems probable 
that a little farther out in the violet, the transparency may agree more closely with 
that derived from the theory of scattering. 

The newer data now available enables a quantitative test to be made of the 
theory put forward by me in a recent paper (Proc. R. Soc., April 1922) that the blue 
colour of the deep sea arises from the molecular scattering of sunlight in water, the 
thickness of the effective layer being determined by the attenuation of the sun’s 
rays as they penetrate into the liquid. The tentative calculations made in that 
paper have now been revised. The table shows the theoretical albedo of ocean 
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water expressed in terms of the equivalent scattering by dust free air at normal 
temperature and pressure. 

Albedo of ocean water 

Wave length in ^ 0-658 0-602 0-590 0-578 0-546 0-499 0-436 

Equivalent kilo- 
metres of air 0-5 0-7 1-8 2-8 5-2 7-0 15 

It is evident from these figures that the blue of the sea would be much more 
saturated than the blue of the sky, which is the standard of comparison. The 
height of the homogeneous atmosphere being 8 kilometres, the sea would be 
about half as bright as the zenith sky on a clear day. This agrees well with the 
photometric determinations made by Luckiesh during aeroplane flights over 
deep ocean water in the Atlantic (Astrophys. J., 49,1919, p. 129). Luckiesh makes 
it clear that the greater part of the observed luminosity of water viewed 
perpendicularly really arises from light diffused upwards from within the water. 
His determinations thus appear to furnish a quantitative proof of the theory 
which attributes the colour of the deep sea to molecular scattering of light. 

C V RAMAN 

210 Bowbazaar Street, Calcutta 
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Thermal opalescence in crystals and the colour of ice 
in glaciers 

In a previous communication to Nature (109, page 42) it was pointed out that 
the thermal agitation of the atoms in crystals causes optical heterogeneity which 
should give rise to a noticeable scattering when a beam of light is sent through the 
substance, and that this effect may actually be observed with suitable arrange¬ 
ments in clear quartz or rock-salt. I have recently found that the same 
phenomenon is conspicuously exhibited by ice. If a block of clear ice, free from air 
bubbles, striae, or other obvious inclusions, and having flat sides, be held squarely 
and a narrow pencil of sunlight concentrated by a lens be passed through it, the 
track of the pencil shows a beautiful blue opalescence. It is advisable not to use a 
very highly-condensed cone of rays, as this would cause internal melting of the ice 
with formation of cavities which reflect white light and distract the eye. A dark 
background should be provided against which the track may be viewed. With 
small or irregular lumps of ice, the observation may easily be made by immersing 
the ice in clear distilled water contained in a glass flask which is painted black 
outside, windows being provided for ingress and egrees of light and for 
observation of the opalescent track. Even with ice which at first looks 
unpromising owing to internal flaws or inclusions, portions in which the blue 
opalescence is not overpowered by disturbing effects may be picked out. A 
suitable orientation of the block with reference to the direction of the incident 
rays is often useful in avoiding reflections from cavities in the ice. 

A comparison of the relative scattering powers of clear water and of ice at 0° C 
is instructive. According to the measurements of Bridgeman, the compressibility 
of ice is 35 x 10“6 per atmos, and its refractive index is 1*310, while the 
corresponding figures for water are 52xl0~6per atmos, and 1*334. The 
Einstein-Smoluchowski formula gives the scattering power of water at 0° C as 
144 times that of dust free air, and if it could be applied in the case of solids, the 
scattering power of ice should be 79 times that of air. As has already been pointed 
out, however, the formula has to be modified in the case of crystalline solids and a 
revised calculation indicates the scattering power of ice as about 30 times that of 
air, which is of the order actually observed in experiment. 

The atomic scattering of light in block-ice demonstrated and measured in these 
experiments should certainly be capable of being observed on a large scale under 
suitable natural conditions. Indeed, it is well known that masses of ice in glaciers 
and icebergs often exhibit a blue colour, and it appears to the writer very 
significant that the circumstances in which natural ice shows a blue colour are 
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precisely those found to be necessary in the laboratory in order that the blue 
opalescence due to internal scattering may be satisfactorily observed, that is, that 
the ice should be of the maximum clearness and transparency; in either case, air- 
bubbles, striae, and other inclusions obscure the effect sought for. The inference 
that the phenomena arise in the same way seems legitimate. 

I am aware that a different explanation of the colour of natural ice has been put 
forward by Tyndall and other writers, that is, that the colour is simply an 
absorption effect. To me, however, it appears that the latter view presents 
fundamental difficulties. Prima facie, no substance can exhibit colour in its own 
body except as the result of internal diffusion or scattering. Colour due to simple 
absorption can only be perceived when a luminous object is viewed through the 
substance, and even then it is the source, not the absorbing medium, that appears 
coloured. 

The absorption theory thus leaves it unexplained why clear ice should exhibit 
any colour at all. Indeed, it would appear that the colour of ice is often very 
conspicuously observed when the light traversing it has no chance of reaching the 
observer’s eye directly. Thus, for example, in his lecture on ice and glaciers, 
Helmholtz describes very vividly the experience of the Alpine traveller who, 
traversing the broken surface of the glacier along a narrow ridge, looks down into 
the crevasses on either side and views with mixed feelings of pleasure and awe 
their dark blue walls going down to the depths. It is obvious that in such a case as 
this, the light filtering down into the solid mass of transparent ice forming the 
glacier through the superficial layers or otherwise, has no possibility of returning 
to the observer above except as the result of internal scattering. 

The natural view to take is therefore that the blue opalescence is the real cause 
of the colour of transparent ice observed under such conditions, the absorption of 
light in traversing the medium tending merely to diminish its intensity and make 
it of a more saturated hue. 

210 Bowbazaar Street, Calcutta 
9 November 

C VRAMAN 
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On the molecular scattering of light in dense 
vapours and gases 

C V RAMAN, M.A., Hon. D.Sc. 
(Palit Professor of Physics, Calcutta University) 

and 
K R RAMANATHAN, M.A. 

(Demonstrator in Physics, Maharajah’s College, Trivandrum and University of 
Madras Research Scholar)* * 

1. Introduction 

As is well known, the theory advanced by the late Lord Rayleigh* explaining the 
blue light of the sky as due to the molecular scattering of sunlight has of recent 
years been amply confirmed by accurate measurements of sky-radiation and of 
the attenuation of the sun’s rays in traversing the earth’s atmosphere, and also by 
the laboratory experiments of Cabannes* and of the present Lord Rayleigh§ 
which have demonstrated the scattering of light by dust free gases and shown that 
its magnitude is in agreement with the theory. Apart from its special application 
to the explanation of the blue light of the sky, the subject of the molecular 
scattering of light possesses very great interest, standing as it does in intimate 
relationship with the fundamental problems of optics, such as the propagation of 
light and the reflexion, refraction, dispersion and extinction of light in trans¬ 
parent media. Its study has already yielded information which is of first-rate 
importance in testing theories of atomic and molecular structure, and promises to 
prove even more fruitful in future in the same direction. It is also not improbable 
that the study of the problems of molecular scattering of light may serve to 
elucidate the nature of radiation itself, that is, to determine whether it consists of 
some form of continuous disturbance moving through space, as contemplated by 
Maxwell’s electromagnetic theory, or whether it consists of discrete entities or 
“quanta” as conceived of by Einstein. It is proposed in this paper to consider the 
very important problem of the scattering of light in dense media, such as vapours 

* Communicated by the Authors. 
fPhilos. Mag. xlvii. pp. 375-384 (1899). Scientific Papers, vol. iv, p. 397. 
*Annal. Phys., xv. pp. 1-150. 

sProc. R. Soc. xciv. p.453 (1918) et seq. 
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and gases under high pressure, in which circumstances, as was pointed out by the 
late Lord Rayleigh himself, the simple treatment proposed by him is not 
applicable. Fresh experimental evidence bearing on the subject will also be 
referred to. 

2. Rayleigh’s theory of light-scattering 

As a preliminary to the discussion of the problem of light-scattering in highly 
compressed gases and vapours, it is useful to recall very briefly the principles on 
which the case of gases under ordinary conditions was dealt with by Lord 
Rayleigh. Reduced to its essentials, the treatment is on the following lines: 

The individual molecules in a gas through which the primary waves of light 
pass are regarded as secondary sources of radiation, each molecule acting more 
or less as it would in the absence of its neighbours. There is, of course, a definite 
phase-relation between the primary wave when it reaches a given molecule and 
the secondary wave emitted from it. In the direction of propagation of the primary 

waves the secondary radiations emitted by all the molecules in a given layer are in 
identical phase, for the differences in the phase of the primary wave when it 
reaches different molecules are exactly compensated by the acceleration or 
retardation due to the scattered waves having to traverse a shorter or greater 
path, as the case may be. In other directions, however, owing to the molecules 
being distributed at random within the volume of the gas, the phases of the 
scattered waves do not stand in any invariable relation to each other, and hence, 
in order to find the average expectation of intensity of the scattered light emerging 
from within the gas, the intensities, not the amplitudes of the waves scattered by 
the individual molecules, should be added up. In all ordinary cases there is very 
little difference of phase between the primary wave reaching an individual 
molecule and the secondary wave sent out by it so far as the direction of original 
propagation of the wave is concerned. When, however, the effect of all the 
molecules contained in a stratum parallel to the plane of the primary wave is 
integrated by the usual method of subdivision of the stratum into Fresnel zones, 
and the resultant is combined with the primary wave, a change of phase appears 
which may be identified as the retardation associated with the passage of waves 
through a refractive medium. A relation is thus obtained between the scattering 
power of the molecules, their number per unit volume, and the refractivity of the 
medium. Thus, taking the light-vector in the primary waves to be represented by 
R0 cos (cot — lx), where x is measured from the position of the scattering molecule, 
the vector in the scattered wave arising from it may be written as 

A l cos {cot — lr)R0 sin 6/r, (1) 

when r is the distance from the molecule and 6 is the angle between the vibration 
at the origin and the scattered ray. On carrying out the calculations indicated, the 
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relation obtained is 

4n2(fi - l)2 

nxXA 

where nx is the number of molecules in unit volume, l is the wavelength of the 

light, and /i is the refractive index of the gas. 
The energy scattered by the molecules in the interior of the gas must be derived 

from the primary beam, and hence the intensity of the latter must suffer an 
attenuation as it passes through the medium. The coefficient of attenuation may 
be readily evaluated by a simple calculation of the total energy scattered by an 
individual molecule, and then multiplying this by the number n1 of molecules per 
unit volume. We thus obtain the intensity of the transmitted light to be 
I = I0 exp (— /cx), where k the coefficient of attenuation is given by the relation 

= (3) 
3 w j a* 

This expression for the attenuation coefficient may also be derived directly by a 
more accurate investigation, which does not neglect the small difference of phase 
between the primary wave and the secondary waves originating at a molecule. It 
is then found that on compounding the effects of the primary wave with those of 
the secondary wave arising from a stratum of molecules, there appears, in 
addition to the alteration of phase of the primary wave, also a small diminution in 
its intensity which is exactly that expected in view of the lateral scattering of part 
of the energy. 

3. Justification of the principle of random phase 

It will be seen from the foregoing that the Rayleigh law of scattering depends for 
its validity on the principle that the phases of the waves laterally scattered by the 
individual molecules are absolutely at random. This point is clearly brought out 
in the detailed analyses of the problem which have been given by H A Lorentz* 
and by the late Lord Rayleigh himself,+ and it appears that the necessary random 
character of the phases of the scattered waves can only arise from a random 
arrangement in space of the molecules under consideration. If we deny the 
random character of this distribution of phase of the scattered waves, we must 
also deny the applicability of Rayleigh’s law expressing the intensity of the 
scattered light in terms of the refractivity of the medium. The fact that even in a 
gas at atmospheric pressure there are about 106 molecules in a cube of the size of a 

* Proc. R. Soc. of Sciences, Amsterdam, xiii. p. 92 (1910). 
+ Philos. Mag. xxxvi. pp. 429-449 (1918). 
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wavelength of light, so that the scattered waves arising from adjacent molecules 
differ in phase by only 10“ 2 of the period, has been felt as a difficulty by some 
writers in this connexion. In fact, Larmor* has raised the question whether in 
view of this closeness of packing we are really justified in considering the phases of 
the individual scattered waves to be distributed entirely at random. It may be 
easily shown, however, that no appreciable deviation from a random distribution 
of phase, and therefore, also, from the Rayleigh law of scattering, can arise so long 
as the pressure-volume relation of the gas does not sensibly deviate from Boyle’s 
law. For, all that is necessary is that the chance that a given molecule finds itself in 
a specified finite element of volume should be a random one, that is, is sensibly 
uninfluenced by the other molecules in the gas. This is true provided the total 
volume occupied by all the molecules, or rather by all their spheres of mutual 
action, forms a small fraction of the total space in the containing vessel, which is 
obviously also the condition that the compressibility of the gas should not 
appreciably deviate from that given by Boyle’s law. 

Larmorf has made the suggestion that Rayleigh’s principle of random phase is 
not correct in the form in which it is stated, but that the random character of the 
phases of the scattered waves when they reach the observer is secured by the 
Doppler effect, due to the motion of the scattering molecules. The view he 
proposes is, in fact, that the phases of the scattered radiations emerging from the 
column of gas may be correlated at first, but after traversing 106 wavelengths, or 
50 cm, they would have become fortuitous and the energy effects thus additive. 
Larmor’s suggestion is, however, not acceptable. For, if it were correct, we should 
find that the aggregate intensity of the scattered light should be small 
immediately after emergence from the column of gas, that is, when it is observed 
within a distance of a centimetre or two from the track of the primary beam, and 
should increase at a greater distance from it. Such a result is obviously quite 
inadmissible, besides being contrary to experience. The fallacy lies in Larmor’s 
assumption that the change of wavelength (Doppler effect) has an effect on the 
relative phases of the scattered waves, whereas in reality it has none. To make this 
clear, we may consider two neighbouring molecules A and B. The scattered waves 
originating from them travel outwards with an identical velocity which is quite 
unaffected by any movements of these molecules. The phase-difference at any 
epoch therefore remains unaffected as the waves move out, being exactly the same 
as when the portions of the wave-train under consideration left the molecules. In 
other words, the phase-difference at each stage is exactly the same as if the 
molecules had remained fixed from the instant of emission of the scattered light. 
The scattering from any appreciable volume of gas would thus remain unaffected 
if all the molecules were assumed suddenly to be fixed in their instantaneous 

* Philos. Mag. xxxvii. p. 161 (1919). 
+Loc. cit. 
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positions, and the Doppler effect due to their movement exerts no influence 
whatever on the observed results. Larmor’s suggestion, therefore, clearly fails, 
and we have to fall back upon the view already expressed that the principle of 

random phase of the scattered waves rests upon the (random) character of the 

distribution of the molecules in space in a gas obeying Boyle's law. 

4. Application of Boltzmann’s distribution law 

It is clear from the preceding discussion that if the distribution of the molecules of 
a gas or vapour in space is not a random arrangement, the intensity of the light 
scattered would not be given by the Rayleigh law, that is, would cease to be simply 
proportional to the number of molecules per unit volume. In the usual treatments 
of the kinetic theory of gases, the molecules are conceived to exert forces on each 
other, and if the time during which the forces acting on any individual molecule 
are sensible forms an appreciable fraction of the whole time, the arrangement of 
the molecules would not be a random one. The influence of the molecules on each 
other would not then be negligible, and the energy-effects of the individual 
molecules could not be added up to find the total light scattered in the manner 
contemplated by the simple theory. It is, however, possible to make a calculation 
of the altered scattering power of the gas. Let </>(r) be the law of repulsive force 
between any two molecules whose centres are at a distance r from each other. By a 
suitable assumption regarding the nature of f(r), it is possible to include in this 
function the cohesive or van der Waals’s forces which act when the molecules are 
not in collision with each other, and also the large repulsive forces occurring 
during actual impact. According to a well-known theorem due to Boltzmann*, the 
chance that two molecules find themselves at a finite distance r apart is less than 
the chance that they are at a very great distance apart in the ratio 

exp 

where J®$(r)dr obviously expresses the potential energy of the configuration. 
The probability of groups of three, four or more molecules being found at 
specified distances apart may be similarly expressed in terms of the potential 
energies of the respective configurations. If we assume that the deviation from 
Boyle’s law is not very large, expression (4) will suffice to enable us to take into 
account the mutual influence of the molecules in determining their ordering in 
space. Consider a sphere of radius / drawn round the instantaneous position of a 
given molecule as center. If n be the whole (actual) number of molecules in the 

* Vorlesungen iiber Gastheorie, II. See also Jeans’ ‘Dynamical Theory of Gases,' 3rd ed. p. 132. 
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volume of the gas or vapour, the number to be expected within this sphere of 
volume f 7r/3 is 

n r oo 
AAnr2drexp 

o RT 
4>(r)dr 

where A is a constant to be presently determined. Integrating by parts, (5) reduces 
to 

r oo 

n exp 
RT 

\ l f'4 / 1 
</>(r)dr ) — -7rr3</>(r)drexp( — 

J RT 

r*> 

o3 RT 
<P(r)dr ) 

/Jo 
(6) 

To enable this expression to be reduced, we will assume that the force (f>(r) 
between two molecules vanishes sensibly when r^ct, where a is the range of 
molecular action. The expression (6) then reduces to 

4 f, 
A’-nl3 

3 

/v 

3 RT 
4nr2r(j)(r)dr exp 

provided / ^ cr. When / is very great, the first term in (7) will be very large in 
comparison with the second, and since (7) must then give the total number of 
molecules, we find at once A = (n/v). We may denote the integral in (7) by C; and 
putting / = a, we find that, on the average, the number of molecules which we may 
expect to find within the sphere of action of the specified molecule is 

n 4 
-’-71(7' 

v 3 

nC 

v-3 RT’ 

and is thus smaller than the number corresponding to a random distribution of 
the molecules by (nC)/(v’3RT). (If C be negative, the number will be greater.) 

In order to evaluate the intensity of the scattered light, we may now apply the 
general method developed by the late Lord Rayleigh*. The disturbance due to the 
scattered waves may be represented by the summation 

£cos (pf + Sj), (9) 

where represents the phase of the scattered wave arising from a molecule and is 
easily expressed in terms of the position of the molecule and the directions of the 
incident and scattered rays. The intensity of the scattered light is obviously 
represented by 

[cos sl + cos s2 + cos e3 +_]2 

4- [sin £j + sin £2 + sin£3 +_]2 

= n + 2£ cos (£x -e2), (10) 

* Philos. Mag. xxxvi. pp. 429-449 (1918). 
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where n is the number of molecules and the summation £ cos — s2) has to be 
made for all the \n{n — 1) pairs of molecules contained in the volume. For a 
random distribution, £ cos (ex — s2) vanishes, as has been shown by Lorentz and 
by Rayleigh. In the present case, the distribution differs from a random one in that 
the average number of molecules present within the sphere of action of a molecule 
is smaller by (n/v)(C/3RT). The summation indicated in (10) will not therefore 
reduce to n simply. Since the radius of action o of the molecules is much less than 
the wavelength of the light, the value of (^ — s2) for the missing molecules may 
without appreciable error be taken to be zero, and hence, when the summation is 
carried out for all the molecules in the volume v, (10) will reduce to 

v 3RTJ (11) 

From this it is seen that if C be positive, the intensity of the scattered light is less 
than that given by the Rayleigh law, while if C be negative, it is greater. 

In order to interpret the result contained in (11), we notice that the integral in 
the second term of (7) which we have denoted by C when multiplied by (n2/2r2) 

represents the virial function for the gas or vapour. The virial equation is in fact 
simply* 

pv = nRT + (12) 

By differentiating (12), the compressibility f of the gas or vapour may be 
written as 

/?=- 
1 dv 

vdp RT< 
n 1 + 

v 

n C 

v3RT 

(13) 

v ( n C \ 

~nRT\ 1~vJRTj’ (14* 

to the same degree of approximation as used previously. On comparing (14) with 
(11), it is seen that the intensity of the light scattered per unit of volume, instead of 
being proportional to (n/v) as required by the Rayleigh law, is proportional to 

^RTfi, (15) 

and thus varies directly as the absolute temperature, the square of the density of 
the substance and its compressibility. In the case of a gas obeying Boyle’s law, 

*This agrees with Keesom’s approximate equation of state, containing only the first two terms in the 
expansion of the virial function. Proc. R. Acad. Sci., Amsterdam, vol. xv. p. 264. 
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P = {\/P) and pv = nRT’ and (15) becomes simply (n/v) in agreement with the 
Rayleigh law. 

5. The theory of density fluctuations 

The result deduced by us in the preceding section from the principles of the kinetic 
theory for the case of moderately compressed gases agrees with the general 
formula obtained in an entirely different manner by Einstein* in developing an 
explanation given by Smoluchowski+ of the phenomenon of opalescence 
exhibited by fluids in the vicinity of the critical state. Einstein’s reasoning is of a 
very general character and makes no use whatever of the molecular hypothesis. It 
is based on the following train of ideas. If, in the condition of equilibrium, the 
medium is conceived of as a completely uniform homogeneous system, there can 
be no scattering of the light-waves passing through it. Actually, however, as 
Smoluchowski showed from thermodynamical considerations, the density of the 
substance must vary from point to point, and also fluctuate from instant to 
instant, the density as measured by our ordinary appliances being merely a 
statistical average. Hence, in framing the electromagnetic equations, the dielectric 
constant (which is assumed to vary with the density in the manner contemplated 
by the Lorentz-Mossotti formula) must be regarded as varying from point to 
point, and the solution of the equations for wave-propagation contains, besides 
the regularly transmitted waves, also an opalescence radiation which is a volume- 
effect and represents the scattered light resulting from the local inequalities of 
density. Einstein’s treatment naturally therefore falls into two parts: firstly, the 
determination of the magnitude of the fluctuations of the dielectric constant for 
the elements of volume, secondly, the calculation of the opalescent radiation. 

The magnitude of the density-fluctuations is calculated by Einstein in the 
following manner: Boltzmann’s well-known theormodynamical principle connects 
the entropy S of a system with the probability W to which the entropy S relates by 
the equation 

S = R log W + constant, (16) 

where R is the gas-constant. Einstein points out that the entropy S of the whole 
system does not completely define the physical conditions of the small individual 
parts of the system at any instant, and hence (16) should be understood as 
referring to an ensemble of different possible conditions of the system in each of 
which its entropy is S. If we consider particular parts of the system and particular 
instants of time, fluctuations from the ideal thermodynamic equilibrium must 

* Annal Physik, xxxiii. p. 1294 (1910). 
f Loc. cit. xxv. p. 205 (1908). 
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appear, the magnitude of which is determined by the corresponding changes of 
entropy of the parts of the system. For an isothermal compression or rarefaction, 
the change of entropy is simply the work done divided by the absolute 
temperature. Boltzmann’s theorem may be written in the form 

W = cxp(^—j^J, (17) 

where S0 is the entropy in the state of thermodynamic equilibrium. Taking v to be 
the deviation of some observable physical variable, e.g. in this case the density, 
from the value corresponding to thermodynamic equilibrium, Einstein writes (17) 

in the form 

W(v)dv = A exp (18) 

where JF(v)dv is the probability that v lies between v and v + dv, A is a constant, 
and \av2 is the work done in altering v from 0 to v. (18) evidently has the same 
form as Gauss’s error-law, and it follows that 

iav2=iRT, (19) 

where the bar indicates the mean value of the quantity under consideration. If we 
identify v with (Ap) the fluctuation of density, its mean square may be evaluated 
from (19) and written in the form 

(20) 

where p is the isothermal compressibility, 0 is the small element of volume under 
consideration, and p0 is the mean density. 

For the deduction of the light-scattering from (21) with the aid of Maxwell’s 
electromagnetic equations, reference should be made to Einstein’s original paper. 
We may follow here an abbreviated treatment which gives an identical result. 

At right angles to the incident light the intensity of scattered light is given by the 
expression* 

7C202(A8)21 

22V ’ 
(21) 

(Ae) being the variation of the dielectric constant. 
Now, as the individual local variations of the dielectric constant are irregularly 

distributed, the phases of the various scattered beams are also quite arbitrary, and 
hence for calculating the total intensity of scattered light we have merely to sum 

* Rayleigh, Philos. Mag. p. 81 (1881); Scientific Papers, vol. i. p. 256. 
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up the above expression over the total volume v. The expression contains a factor 

£(A s)24>2, 

which may be evaluated by use of the Mosotti-Lorentz law 

e — 1 

8 + 2 
const, p. 

Differentiating, we obtain 

(As)2 = 
2 (e - l)2(e + 2)2 f Ap''2 

(22) 
9 \Po 

Substituting in this the value given above for fluctuation of density, we obtain 

(i- 1+ + 2)2 RT[J>14> = RTp(s-lf(e + 2)\v 
(23) 

Thus the intensity of light scattered by a cubic centimetre of fluid at right angles 
to the incident rays is 

r2 ,(£ — l)2(e + 2)2 n2 nrrn{p2 — l)2(p2 + 2)2 
hSTI>: -ert> 2^ 

(24) 

In the cases of gases and vapours, whether obeying Boyle’s law or not, the 
formula (24) may be appreciably simplified by assuming (p2 + 2) = 3, and 
(p2 — l)2 = 4(p — l)2 approximately, and it may then be written in the form 

2n2(p-\)2RTp 

1 } 

If the gas or vapour obeys Boyle’s law, fi = (l/p) and pv = nRT\ and (25) 
becomes identical with the Rayleigh law. In other cases, (25) is seen to agree with 
formula (15) when the omitted multiplying factors are restored. 

It may be pointed out that the expression giving the magnitude of the density- 
fluctuation might have been derived immediately from the principle of equipar- 
tition of energy, as is indeed evident from the form of the relation (19). In the case 
of a gas obeying Boyle’s law in which the molecules are distributed at random 
throughout the space, the mean square of the density-fluctuation may also be 
derived by direct application of the theory of probabilities, and the intensity of the 
scattering calculated therefrom. This has been done by Lorentz,* and the result 
naturally agrees with that obtained by Rayleigh. 

*Proc. R. Soc. Amsterdam, xiii. p. 92 (1911). 
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6. Experimental tests of the Einstein-Smoluchowski formula 

The expression given by Einstein for the light-scattering in a direction transverse 

to the primary beam, viz: 

7r2^1rjg(/i2-i)V + 2)2 

18 N1 A4 

where Rx and Nx represent the gas-constant and the Avogadro-number 
respectively for a gram-molecule, was originally developed by him to explain the 
opalescence exhibited by fluids in the vicinity of the critical state. It should, 
however, possess a far wider and general application, and indeed be regarded as 
superseding the Rayleigh law of scattering, which should only be valid in the 
special case of gases accurately obeying Boyle’s law. It is thus of great importance 
to test the validity of the Einstein-Smoluchowski formula over a very wide range 
of cases. So far as the authors are aware, the only experimental tests that have so 
far been made of it for the case of a single substance in the gaseous state are those 
of Kammerlingh Onnes and Keesom* on the opalescence of ethylene vapour, but 
the work of these investigators was confined to a range of only 2*5 degrees of 
temperature above the critical temperature of this substance. A far more 
comprehensive and general test of the formula for several substances over the 
widest possible range of temperatures and pressures is obviously desirable, and 
researches with this object have been undertaken in the authors’ laboratory. The 
first substance chosen was ether. This substance has a high refractivity and 
therefore a large scattering power in the state of vapour^ and its critical 
temperature and pressure are moderate, and it also possesses a high degree of 
chemical stability under the action of heat and light. It is therefore very well suited 
for quantitative work. The detailed account of the determinations carried out 
with it by one of us (K R Ramanathan) will be published in a separate paper, and 
it will suffice here to indicate the general scope of the work and the results 
obtained. The light-scattering power of ether has been determined separately for 
the substance in the saturated vapour and in the liquid phases for temperatures 
from 30° C to the critical temperature 194° C, and for the gaseous phase from 
194° C to 217° C. The vapour and gaseous phases deviate very largely from 
Boyle’s law, the compressibility being larger than the reciprocal of the pressure, 
especially at the higher temperatures, and the measurements throughout the 
whole range show that the Rayleigh law of scattering completely breaks down and 
strikingly confirm the correctness of the Einstein-Smoluchowski formula. The 
scattering power of the vapour when it is dense is in fact several times larger than 
that given by the Rayleigh law, and this feature is more and more pronounced as 
the critical temperature is approached from either side. The Einstein- 

*Loc. cit. (1908). 
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Smoluchowski formula also shows itself to be equally applicable to the case of 
liquids over the whole range of temperature tried. 

7. Polarization of the scattered light 

It should be noted that, according to Einstein’s investigation, the light scattered 
in a direction transverse to the primary beam should be completely polarized. 
Actually, however, this is not the case. The imperfectness of the polarization of the 
light scattered by gases was first discovered by Strutt (the present Lord Rayleigh), 
and measurements of the magnitude of the effect have been made by a 
photographic method by him* * and by Cabannesf and also by Gans*. The 
imperfect polarization can be detected visually even in the case of dust free air at 
atmospheric pressure5, and with the gases at high pressure, the increased intensity 
enables visual measurements to be carried out. In the case of ether vapour, the 
effect is very feeble, the polarization in the transversely scattered light being 
nearly complete (about 98-5%), but the great intensity of the scattered light 
enables visual measurements to be carried out, and it is found that with increasing 
density of the vapour, the percentage of polarization does not appreciably 
change. In the case of the liquid, specially interesting effects are observed which 
will be dealt with in a separate paper. 

Cabannes11 has shown that owing to the imperfect polarization, the intensity of 
the transversely scattered light is increased and is greater than that given by the 
Rayleigh law in the ratio 6(1 + p)/(6 — Ip), where p is the ratio of the weaker to the 
stronger component of polarization. It is found that the Einstein-Smoluchowski 
formula should be modified by a similar correcting factor in order to give results 
in agreement with experiment. The correction becomes very important when p is 
large. 

8. Relation of molecular scattering to critical opalescence 

As we have already seen, the Einstein-Smoluchowski formula shows that there is 
a perfect continuity between the comparatively feeble light-scattering shown by 
gases and vapours under ordinary conditions and the extremely large scattering 
or opalescence which develops as the critical state is approached. At the critical 
point itself, the compressibility of the substance is infinite, and it follows that the 

*Proc. R. Soc., xciv. p. 453 (1918). 
+Ann. Phys., xv. pp. 1-50. 
*Ann. Phys., lxv. p. 97 (1921). 
§‘NatureJan. 19, 1922. 
l^Loc. cit. 
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Einstein-Smoluchowski formula gives an infinite value for the scattering power. 
This is obviously inadmissible, and Einstein* himself has pointed out that for a 
very minute region at and round the critical point, the neglect of second-order 
terms in the expression for the work done in altering the density is not permissible 
and the formula requires modification. This point has, however, not much 
importance for our present purpose, as the range of temperature over which the 
neglect of the second-order terms is not permissible is exceedingly small. It may 
be mentioned that the matter has been further discussed by Ornstein and 
Zernike+, who have proposed an amended formula applicable in the immediate 
neighbourhood of the critical point which leads to a finite value for the scattering 
at this point. The bearing of Ornstein and Zernike’s results on the phenomena 
observed with ether will be dealt with separately. 

9. The case of carbon dioxide and the permanent gases 

The experimental confirmation of the Einstein-Smoluchowski formula for the 
case of ether vapour, and also in the case of various ordinary liquids, shows that 
its theoretical basis is thoroughly firm and that the formula may be justly 
expected to apply equally well in the case of other gases and vapours. It is 
therefore very important that the case of carbon dioxide and the permanent gases, 
e.g. oxygen, nitrogen, argon etc. should be thoroughly investigated. The 
scattering power of saturated carbon dioxide vapour at 21° C (that is 10° below 
the critical temperature) has been determined by the present Lord Rayleigh, and 
found to be 102 times that of the gas at atmospheric pressure. The compressibility 
of carbon dioxide at this temperature is very great, and the Einstein- 
Smoluchowski formula shows that the scattering power of saturated carbon 
dioxide at 21° C should have been about 855 times that of the gas at atmospheric 
pressure. The observed result thus apparently supports the Rayleigh law of 
scattering (the density of carbon dioxide at this temperature being about 110 
times the density of atmospheric pressures), and not the Einstein-Smoluchowski 
formula. The experimental result is however open to question, as Rayleigh 
mentions that his observation tube had a leak, and the density of the gas was 
therefore probably much less than that corresponding to the saturation pressure. 
Some observations made in a Cailletet tube containing C02 liquid and vapour 
by the authors show that both carbon dioxide liquid and vapour scatter light very 
strongly at and for a few degrees below the critical temperature, but the scattering 
power falls off very quickly with decreasing temperature. It is hoped to carry out a 
series of measurements at different temperatures with improved apparatus, and 

* Ann. Phys., xxxiii. p. 1275 (1910). 
fProc. Amsterdam, xvii, p. 793 (1914). 
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to obtain data in order decisively to settle the question whether the Einstein- 
Smoluchowski formula does really break down for carbon dioxide. Probably 
standing in very close relation to this is the fact that has been observed by 
Kammerlingh Onnes and his co-workers at the Leiden Laboratory, that pure 
oxygen, nitrogen* and argon do hot show the phenomenon of critical opales¬ 
cence. It is obviously of the greatest importance to investigate whether in these 
cases the Einstein-Smoluchowski formula is applicable or not. 

Till further data are available, it is probably not safe to venture an opinion, but 
it seems clear that the applicability of the thermodynamic reasoning of Einstein 
and Smoluchowski stands on an unchallengeable basis at least at ordinary 
temperatures and so far as gases and liquids are concerned. It will be noticed that 
the formula was derived on the basis of the classical theory of light in which it is 
assumed to consist of some form of continuous wave-propagation. In view of 
recent work in various modern fields of physics, and the known failure of the 
classical theory in explaining the facts regarding the emission and absorption of 
light, the question arises whether we are justified in assuming that the classical 
wave theory is necessarily capable of giving a strict quantitative explanation of 
the facts regarding the molecular scattering of light? Is it not possible that in the 
case of substances whose molecules have a relatively small light-scattering power, 
the infinite subdivisibility of the energy of the incident waves which the classical 
theory assumes might break down? Then again is it not possible that the 
statistical-mechanical considerations on which the validity of Boltzmann’s 
principle rests might require modification in the sense of the quantum theory, 
particularly in dealing with fluids at low temperatures? The answer to these 
questions can only be given when a more thorough experimental investigation of 
the facts of molecular scattering in dense vapours has been carried out. Such 
investigation has been undertaken by the authors, and it is hoped that before long 
the necessary data will be available. 

10. Summary 

The paper considers the problem of the molecular scattering of light in dense 
vapours and gases not obeying Boyle’s law. The following are the principal 
results: 

(1) It is shown by a discussion that the Rayleigh law of scattering, which is 
based on the assumption of a random distribution of the molecules in space, 
should not be applicable in these cases. 

(2) Assuming the non-random distribution of the molecules in space to be 
given by Boltzmann’s theorem, a calculation is made of the scattering power of 

*Proc. Amsterdam Acad., xviii, p. 950 (1915). 
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the medium. The result obtained is interpreted with the aid of the virial equation, 
and it is shown that the scattering power per unit volume is proportional to the 
absolute temperature, to the square of the density of the substance, and to its 
compressibility. If the gas obeys Boyle’s law, the expression reduces to the 
Rayleigh law. 

(3) The result thus deduced directly from the principles of the kinetic theory 
agrees with the general formula derived from the thermodynamical theory of 
density fluctuations, developed by Einstein and Smoluchowski, of which a brief 
account is given. 

(4) Experiments carried out with ether vapour and liquid over a large range of 
temperature both below and above the critical point completely confirm the 
Einstein-Smoluchowski formula for this substance. 

(5) The corrections of the formula necessary in view of the imperfectness of the 
polarization of the transversely scattered light, and also in the immediate 
neighbourhood of the critical point when the compressibility becomes excessively 
great, are indicated. 

(6) The cases of carbon dioxide and of the permanent gases are referred to and 
the possible significance of the results obtained in their cases is discussed. 

Calcutta, India 
22 April 1922 

Note added in proof (6th August): Since the paper was sent in, experiments on 
the light-scattering in the vapours of benzene and pentane at different tempera¬ 
tures and also in carbon dioxide at high pressure contained in sealed bulbs have 
been carried out, and these definitely confirm the Einstein-Smoluchowski 
formula and show that the Rayleigh law of scattering is not valid except in gases 
obeying Boyle’s law. 
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1. Introduction 

The phenomena of molecular scattering of light in liquids are of great interest 
from several different points of view. Apart from the importance they possess as 
an illustration of optical theory, their study throws light on fundamental 
problems concerning the nature of the liquid state and the anisotropic structure 
of atoms and molecules. They are also concerned in the explanation of one of the 
most beautiful of natural phenomena, that is, the colour of the deep sea and of 
other large masses of clear water, as has been explained by one of us in a recently 
published book* 1. It may also be pointed out that the molecular scattering of light 
in the oceanic waters contributes in a noticeable degree to the albedo of the earth 
and thus possesses an astronomical significance. It is proposed in this paper to 
discuss in detail the theory of molecular diffraction in liquids and to describe 
further experimental work on the subject. 

2. Einstein-Smoluchowski formula 

A suggestion has been made by some previous writers1 that the Rayleigh law of 
scattering according to which the fraction of the incident energy that is laterally 

* Communicated by the Authors. 
T Molecular Diffraction of Light, Calcutta University Press, February 1922. See also ‘Nature,’ 

Nov. 24,1921, and “The Molecular Scattering of Light in Water and the Colour of the Sea,” Proc. R. 

Soc. April 1922. 
1F E Fowle, Astrophys. J., vol. xxxviii, p. 392 (1913); Cabannes, Ann. Phys. tome xv, pp. 1 -150 (1920). 
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scattered in passing through a unit volume of the substance is 

32n3(fi — l)2 

3rcA4 ’ {) 

applies also to liquids. This is not true. The assumption on which the law of 
scattering stated in (1) is derived, namely, that the scattered waves arising from 
the individual molecules arrive in arbitrary phases at the point of observation, is 
certainly not applicable in the case of condensed media, as was indeed pointed 
out by the late Lord Rayleigh himself. The molecules in such a media are within 
each other’s sphere of action practically all the time, and their ordering in space is 
therefore very far indeed from being a random arrangement. The relative phases 
of the scattered waves from the individual molecules are hence not uncorrelated, 
and we cannot expect the fraction of the incident energy which appears as 
scattered light to be given by (1). 

A more promising method of approach for dealing with the problem of 
molecular scattering of light in liquids is the “Theory of Fluctuations” developed 
by Einstein and Smoluchowski, of which a discussion has been given in the paper 
on molecular scattering in dense vapours and gases*. According to this theory, 
the fraction of the incident energy which is scattered in passing through unit 
volume of fluid is 

%n3RTp(n2 — 1)2(/J2 + 2)2 

277VA4 ’ K) 

where p and /i are respectively the compressibility and refractive index of the fluid, 
T is the absolute temperature, A is the wavelength of the incident light, R is the 
gas-constant, and N the Avogadro number, both the latter referring to a gram- 
molecule. According to this theory, the light scattered by ^liquid in a direction 
transverse to the primary beam should be completely polarized. It has been 
already pointed out by one of usf that the intensity of the transversely scattered 
light is correctly given by the Einstein-Smoluchowski formula in the case of those 
liquids in which its polarization is tolerably complete. In the case of many liquids, 
however, a very considerable admixture of unpolarized light appears, and we 
have now to consider the explanation of this fact and the modification of the 
theory that it necessitates. 

*C V Raman and K R Ramanathan, Philos. Mag. January 1923. 
fLoc. cit. 
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3. Imperfect polarization of transversely scattered light in 
liquids 

As already explained in the paper on scattering in dense vapours and gases, the 
Einstein-Smoluchowski theory is based on purely thermodynamic conceptions 
and practically does not consider the molecular structure of the fluid at all. It, in 
fact, regards a fluid as a continuous medium which is, however, subject to local 
fluctuations of density, and makes use of the Lorentz-Mosotti relation connect¬ 
ing changes of refractive index with the density to evaluate the intensity of the 
scattered light. If, however, we consider the subject from a molecular standpoint, 
the same result as that contained in the Einstein-Smoluchowski formula would 
be obtained, provided it be assumed that the molecules are isotropic. In the 
general case of a liquid consisting of anisotropic molecules, we may divide the 
effect to be expected into two parts: (a) a part due to the thermal fluctuations of 
density, and (b) a part due to the anisotropy and varying orientations of the 
molecules. We may assume without appreciable error that part (a) would be 
quantitatively determined by the Einstein-Smoluchowski theory, and that this 
part of the scattered light observed transversely to the primary beam would be 
completely polarized. From general considerations it would appear that part 
(b) should consist almost entirely of unpolarized light having an equal intensity in 
all directions. For, in an ordinary liquid, the molecules do not tend to set 
themselves definitely in any particular direction, and though in the case of 
molecules possessing permanent electrical or magnetic moments, a mutually 
directive influence may be perceptible, the molecules in any appreciable volume 
of the liquid find themselves, on the average, in all possible orientations relatively 
to the direction of the incident light vector. Hence the light vector in part (b) lies 
mostly in all possible orientations. However, to be quite accurate, we may assume 
that part (b) also includes a certain proportion of polarized light, and proceed to 
find the increase resulting therefrom in the intensity of the transversely scattered 
light. Assuming the incident and scattered beams to lie in a horizontal plane and 
the fprmer to be unpolarized, we may write down the expressions for the intensity 
of the vertical and horizontal components in the scattered beam. The intensity of 
the vertical component is O0 + eQj + 2^ and of the horizontal component is 
20 j, where O0 is the contribution arising from density fluctuations and Ox that 
arising from molecular anisotropy, of which the polarized part appears only 
in the vertical component. The unpolarized part Ot appearing both in the 
horizontal and vertical components is multiplied by the factor 2 in each case as it 
arises in equal proportions from the vertical and horizontal components of the 
incident light. 

The ratio of the intensities of the horizontal and the vertical components is thus 

C2q T cOj -f- 2Ql 
= P (say), (3) 
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and the total intensity is 

Oq -I- olQ j -(- 40 

which may be written in the form 

6 + 6 p 

6 — (6 + 3 e)p 

The intensity of the light transversely scattered is thus greater than that indicated 
by the Einstein-Smoluchowski formula in the ratio 

6 + 6/9 

6 — (6 + 3 s)p 

We have now to determine the values of p and s in the case of liquids. The case of 
gases with anisotropic (ellipsoidal) molecules has been investigated by the late 
Lord Rayleigh, who has shown that if A, B, C are three parameters expressing the 
light-scattering power of a molecule for three mutually perpendicular directions 
of vibration fixed in it, the ratio of the intensities of the weaker and stronger 
components of the transversely scattered light is 

2{A2 + B2 + C2-AB-BC- CA) 

p ~ 4(A2 + B2 + C2) + AB + BC + CA' 

The total intensity is proportional to 

£[6 (A2 + B2 + C2) - {AB + BC + CA)\ (8) 

Since (p — l)2 for the gas is proportional to (A + B + C)2, it may easily be shown 
by eliminating A, B, and C with the aid of (7), as has been done by Cabannes, that 
the actual intensity of scattering given by (8) is greater than for a gas of equal 
refractivity having isotropic molecules in the ratio 

6(1+P) 

6-Ip' 

In order that our formula (6) may be applicable generally (that is, both for liquids 
and gases) it must reduce to (9) in the case of gases, and this will be so provided 
e = j. This value of s (that is, the proportion of polarized to unpolarized light in 
the additional scattering due to molecular anisotropy) agrees with the result of 
an investigation by Born* for the cases of gases with anisotropic molecules, and 
since, in any event, its influence is small, as may be seen from (4), we may at least 
tentatively take £ = ^ generally. The actual intensity of transverse scattering is 
thus greater than the scattering given by the Einstein-Smoluchowski formula in 

*Verh. Deutsch. Phys. Gesell. vol. xix, p.243 (1917); vol. xx. p. 16 (1918). 
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the ratio [6(1 + p)]/(6 — Ip). We shall refer to this multiplying factor in future as 
the Cabannes correction. The value of p, as can be seen from (3) and (4), depends 
on the relative magnitudes of Q0 and Q1? that is, on the relative importance of 
density fluctuations and of anisotropy in the total light-scattering, and will thus 
vary considerably with the condition of the substance. In a gas obeying Boyle’s 
law, both the position and orientations of the molecules may be taken to be 
absolutely at random, and the intensity of both types of scattering is in 
proportion to the density of the gas. The state of polarization of the light scattered 
by a gas or vapour obeying Boyle’s law does not therefore depend on its density or 
temperature. The case is, however, altered when the conditions are such that there 
are considerable deviations from Boyle’s law, or when the substance is in the state 
of liquid. In liquids under ordinary conditions, owing to the very small value of the 
compressibility, the scattering due to density fluctuations is considerably less 
than in proportion to the density of the liquid. The scattering due to the 
anisotropy of the molecules, on the other hand, would be simply proportional to 
the number of molecules per unit volume: that is, to the density, provided we 

assume that in the liquid state the molecules are oriented at random and their 

mutually directive influences do not exercise any sensible effect. It follows from (3) 
that the proportion of the unpolarized to the polarized part in the light scattered 
by a liquid would therefore be much greater than for the same substance in the 
condition of vapour at ordinary pressure. The state of affairs, on the other hand, is 
reversed when we consider a liquid at higher temperatures and pressures 
approaching the critical condition, when the scattering power given by the 
Einstein-Smoluchowski formula is greater than in proportion to the density. The 
ratio of the unpolarized to the polarized part would then be smaller than for 
vapours at ordinary pressures. In any case, the percentage of unpolarized light 
may be calculated theoretically for any arbitrary condition of temperature and 
pressure on the basis of the assumption referred to, when it is known for one 
particular case, e.g., for the state of rarefied vapour. In the case of a gas or vapour 
the maximum value of p is corresponding to the case of a linear molecule. In the 
case of a liquid the maximum value of p is f, which is only reached when the 
scattering due to density fluctuations is altogether negligible in comparison with 
that due to orientation fluctuations. If s = 0, then p may have any value up to 
unity. 

4. Observations of light scattering in liquids 

In the paper on “The Colour of the Sea”*, some observations on the intensity and 
polarization of comparatively mote-free water obtained by sirfiple distillation 

*Proc. R. Soc. April 1922; see also Molecular Diffraction of Light, loc. cit. 
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and settling have already been described. For a more careful quantitative 
examination, liquids purified by repeated slow distillations in vacuo may be used. 
A convenient form of apparatus for this purpose has been described by W H 
Martin*. A bulb of the form shown in figure 1 may be used. 

A quantity of the pure liquid under examination is introduced through C into 
the bulb A, and the vessel is then exhausted and sealed off at C. Warming up A a 
little and lowering the temperature of B, the liquid distils over into the latter, and 
in order to cleanse it thoroughly, the distillate is rinsed back into A several times. 
The fourth or fifth distillate, if considered satisfactory, is retained in the bulb B, 
which is then sealed off at D and detached. If the bulb be now placed in the path of 
a narrow cone of sunlight from a condensing lens which is focussed at its centre, 
the brilliant blue track of the beam in the liquid can be easily seen. In order to 
avoid the effect of stray light reflected from the sides of the bulb, it may be painted 
dead black outside, or in the alternative be immersed in a large beaker containing 
clear distilled water, which is painted dead black outside, openings being left for 
admission and exit of the beam and observation of the scattered cone of light 
passing through the liquid. The intensities of the scattered light from different 
liquids may be accurately compared with each other or with that in ether vapour 
saturated at room temperature by a photographic method. The tracks are 
photographed side by side with equal exposures on a plate, the aperture of the 
camera-lens being varied by trial so as to obtain a record with the same degree of 
blackening. The ratio of the apertures gives immediately the ratio of the 
intensities. Since the scattering power of ether vapour at ordinary temperature is 
known absolutely from the experiments of Lord Rayleigh, the observations 

*J. Phys. Chem., xxiv. (1920) p. 478 and Jan. 1922. 
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enable a comparison to be made of the scattering power of the liquid with the 
theoretical value indicated by the Einstein-Smoluchowski formula with the 
Cabannes correction. 

The degree of polarization of the scattered light may be easily determined 
visually with the aid of a double-image prism and a nicol. The double-image 
prism gives two images of the track polarized respectively in horizontal and 
vertical planes, and by rotating the nicol placed behind it, two positions may be 
found in which the images appear of equal intensity. If 26 be the angle between 
these two positions of the nicol, then, obviously, p = tan2 6. By inserting in the 
path of the cone of the sunlight before it enters the bulb one or other of a 
succession of Wratten colour filters transmitting restricted regions of the 
spectrum, the dependence of the degree of polarization on the wavelength of the 
scattered light has been studied. 

5. Some experimental results 

The results shown in Table 1, illustrate the agreement of the observed light 
scattering power of liquids with that calculated from the theoretical consider¬ 
ations set out in articles 2 and 3. The observed data relate to the integrated effect 
of the whole spectrum when colour filters were not used. 

Table 1 

Liquid 

Mean 

refractive 
index 

P 

Compressibility 
P x 106 

per atoms 

P = 
weak comp. 

strong comp, 
of 

polarization 

Cabannes 
factor 

6(1 +p) 

6-Ip 

Observed 
scattering 

power in terms 
of pure air 
at N.T.P. 

Calc. 
value 

Water 1-337 42 
per cent 

12-5 1-30 165 177 

Ether 1-358 200 8-3 119 860 926 

Methyl 
alcohol 1-333 130 151 1 39 495 560 

Ethyl 
alcohol 1-366 120 13 0 1-33 620 653 

Benzene 1-510 100 39-8 2-62 3135 2861 

Chloroform 1-450 145 15-0 1-39 1567 1503 

Carbon 
tetrachloride 1-467 100 110 1-27 1040 1056 

Toluene 1-510 110 400 2-73 2970 3146 

Carbon 
bisulphide 1-650 104 700 9-27 16000 23120 

The general agreement is satisfactory, any discrepancies noted being in all 
probability due to uncertainty in the value of the compressibility p of the liquid, 
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except in the case of carbon disulphide for which we get a better result if in (3) and 

(4) e is taken as zero. 

6. Dependence of polarization and intensity on the frequency of 
the light 

In several liquids studied, a distinct dependence of the value of p (the ratio of the 
weak to the strong component of polarization) on the frequency of light was 

found. The results are shown in Table 2. 

Table 2. p expressed in percentages 

Liquid 

Mean value 

of p for 

whole spectrum 

Value of p 

Red Yellow Green Blue Violet 

per cent 
Water 12-5 9-4 106 107 15-5 210 
Ether 8-3 8-2 8-2 8-2 90 9-2 
Methyl alcohol 15-1 12-5 12-6 12-6 15-0 17-2 
Ethyl alcohol 13-0 109 109 109 13-0 150 
Benzene 39-8 39-8 39-8 39-8 410 41-0 
Toluene 40-0 400 40-0 400 400 400 

This observed dependence of the state of polarization of the scattered light on 
its frequency is very important, as it indicates that the molecular anisotropy 
indicated by the experiment is connected with the optical resonance frequencies 
of the molecules. 

The dependence of the intensity of the scattered light on the frequency is 
determined by three factors. The first is the A~4 law, which is obviously the most 
important and determines the blue colour of the scattered light. Then again the 
refractive index p of the liquid which appears in the formula is not independent of 
the wavelength, and in the case of highly dispersive liquids, its variation would 
not have a negligible influence. Finally, since p depends on the wavelength, the 
Cabannes correction which, as we have seen, is of great importance in the case of 
liquids, would vary with the frequency in a manner characteristic of the liquid. 
Thus we cannot expect the ratio of intensities of the scattered light to the incident 
light to vary exactly in inverse proportion to the fourth power of the wavelength. 
This is no doubt the explanation of the fact that the colours of the track of the 
primary beam in different liquids do not exactly match each other, even when the 
intensities are equalized by altering the apertures. 
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7. Dependence of intensity and polarization on temperature 

From the Einstein-Smoluchowski formula, it is clear that the scattering power of 
a fluid is proportional to the absolute temperature T, and it is also influenced by 
the changes of the refractive index and the compressibility p, which are both 
functions of temperature. In general, as the temperature rises, the density and 
therefore also the refractive index diminishes and the compressibility increases. 
The influence of the latter usually preponderates, with the result that increase of 
temperature generally means a considerable increase in the scattering power of 
the liquid. In special cases, e.g. water, where the compressibility shows a fall with 
rising temperature, a moderate increase of temperature should not produce much 
effect, but ultimately here as well a sufficient increase of temperature must result 
in an increased scattering. As the critical temperature of the substance is 
approached, the compressibility increases rapidly and ultimately becomes very 
large, and the scattering in the liquid becomes very great, giving rise to the well- 
known opalescence observed under the critical conditions. This increase in 
scattering may be very readily observed by putting the liquid in a strong sealed 
bulb and placing it in an enclosed electrical heater provided with suitable 
windows for ingress and egress of the illuminating pencil and for observation of 
the scattered light. Studies of this kind have been carried out by other workers in 
the author’s laboratory for a number of liquids (ether, benzene, pentane, etc) over 
a large range of temperatures, and the results together with a discussion are being 
published in separate papers. In the case of liquid ether, the increase in scattering 
with the rise and its decrease with the fall of temperature may easily be 
demonstrated by immersing the bulb in a beaker of hot water or in a Dewar flask 
containing a suitable cooled liquid. As an instance of the effects observed may be 
mentioned some measurements made with ether at 0° C and 60° C. The ratio of 
the scattering powers at these temperatures was observed and found to be 1-60. 
The compressibility increases from 160 x 10“6 to 300 x 10“6 and the refractive 
index falls from 1-370 to 1-334, and the ratio of the scattering powers at these 
temperatures indicated by the Einstein-Smoluchowski formula is 1-41, showing a 
fair agreement with observation. 

It is important to notice that the state of polarization of the scattered light also 
alters considerably with change of temperature. The quantity p and the Cabannes 
factor [6(1 -I- p)]/(6 — Ip) are thus both functions of temperature. That this is to 
be expected has already been pointed out in Article 3, inasmuch as the scattering 
Q0 due to density fluctuations follows the Einstein-Smoluchowski formula and 
thus increases with rise of temperature, while the scattering (13/3) Qi due to 
anisotropy should (on the assumption of purely random orientation of the 
molecules) be proportional to the density, and thus actually diminish with the fall 
of temperature. Actually, by working with sealed tubes, the changes in the 
polarization of the light scattered both by liquids and by vapours have been 
studied, and it has been found in general agreement with the theory that the 
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polarization becomes more and more nearly perfect as the critical temperature is 
approached. It does not fall within the scope of this paper to go more fully into the 
experimental details on this point, but it is worth while here to draw attention to 
the question how far the relation between the value of p for the vapour and for the 
liquid obtained on the assumption that the molecules are oriented absolutely at 
random in both cases, and that the mutual orienting influence of the molecules is 
negligible, is in agreement with facts. 

Table 3. p is expressed in percentages 

Liquid 

Observed value 

of p in vapour Calc, value of p 

for liquid 

(%) 

Obs. value of p 

for liquid 

(%) Rayleigh Authors 

Ether 1-7 1-7 10-9 8-3 

Benzene 60 7-0 40-0 39-8 
Chloroform 3-0 3-0 18-2 15-0 
Carbon tetrachloride 3-2 3-0 27-7 110 
Carbon bisulphide 12-0 ? 45-0 70-0 

The values of p in the state of vapour for the substances shown in Table 3 have 
been given by Lord Rayleigh as determined by a photographic method. They 
have been redetermined by the authors by a direct visual observation of the track 
of a concentrated beam of sunlight in respective vapours contained in a cross 
tube, a nicol and double-image prism being used. The value of p for carbon 
disulphide vapour is marked by Lord Rayleigh as doubtful, owing to the 
formation of cloud. The experimental value of p for the different liquids is given as 
determined by the authors at ordinary temperatures (35° C). It will be seen in the 
case of benzene that there is a fairly good quantitative agreement between theory 
and observation. In the other cases the agreement is only qualitative, showing 
that the assumption of absolutely random orientation of the molecules in the 
liquid and gaseous states and neglect of their mutual orienting influence is not 
fully justified. The fuller explanation of these discrepancies and of their changes at 
different temperatures is a matter for further investigation. 

8. Relation between polarization of scattered light and 
dispersion formulae 

That the degree of optical anisotropy of the molecule may depend on the 
frequency of the incident light has been suggested by a number of writers, 
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including the late Lord Rayleigh*, and as we have seen above, the examination of 
molecular scattering of light in liquids furnishes evidence that this is actually the 
case. Formulae have been suggested connecting the degree of imperfection of the 
polarized light with the resonance frequencies of the molecules in different 
directions. Recently Havelock1 has attempted, apparently with success, to pursue 
the matter further by utilizing the empirical dispersion formulae for this purpose 
and has dealt with the case of hydrogen. It is obvious that the method may be 
extended further, and that the data made available by the observation of the 
authors on liquids with different wavelengths enables a closer test to be made of 
the idea. We propose to deal with this more fully in a separate paper. 

9. Molecular extinction of light in liquids 

From the Einstein-Smoluchowski formula it follows that the intensity of a beam 
of light traversing a liquid would diminish owing to the scattering of light 
according to the formula 

I — I0 exp ( — al), 

where 

_ 87c3 RTp(fi2 — \)2{p2 + 2)2 

a~~21 NF 

This formula, however, requires correction for the effect of molecular anisotropy 
and will only be valid for those parts of the spectrum for which the liquid exercises 
no selective absorption, and it also assumes that the liquid contains no suspended 
matter. It has already been pointed out in a note in Nature, that the corrected 
formula agrees with the experimental result obtained by Martin for dust-free 
benzene for wavelengths 5461 and 4358 A.U. The determination of the extinction 
coefficient for other wavelengths and for other liquids (for which the coefficient is 
much larger than in water) should not present serious difficulties. Even with 
relatively short columns by the use of photoelectric cells balanced against one 
another, small extinction coefficients should be capable of being determined with 
accuracy. Experimental work on this point is now in progress in the authors’ 
laboratory. 

*Born, Verh. Deutsch. Phys. Gesel. xvi (1918) and see also Zeit. fur Phys., xxxvii (1921); and 

J J Thomson, Philos. Mag. xl (1920). 
+Proc. R. Soc. May 1922. 
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10. Absolute measurements and the determination of the 
Avogadro constant 

Cabannes* has determined the Avogadro constant by means of absolute 
determination of the light-scattering in gases. Since the Einstein-Smoluchowski 
formula for the scattering of light in fluids contains the Avogadro number (the 
other quantities fi, T, R, /? and X being known), the Avogadro constant may also 
be determined by observations on light-scattering in liquids. This has been done 
by the writers in the following way. 

In order to be able to measure the amount of scattered light in terms of the 
incident light, it is necessary to use monochromatic light and also to cut down the 
incident light so as to enable comparisons to be made between it and the scattered 
light. As the source of light a mercury arc in silica was used. The 4358 line was 
used, all the other lines being filtered out by cuprammonium and quinine 
sulphate solutions. For reducing, the incident light a solution of potassium 
dichromate was prepared. The arrangement was as shown in figure 2. 

Figure 2 

The water that was used was distilled water that had been allowed to stand for 
a long time in a plane-sided glass bottle. The water was very clear, the motes all 
having settled down. The track when illuminated by a concentrated beam of 
sunlight was a fine blue one showing practically no motes. It was dead-blacked on 
all sides excepting apertures for ingress and egress of light, and observation of the 
track. The light from the arc S was focussed by a lens on the bottle through a 
rectangular aperture O. A and B were cells containing cuprammonium and 

* Ann. Phys., tome xv (1920). 
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quinine sulphate, respectively, to filter out the 4358 radiation. A square-sided 
bottle M contained the absorbing solution of potassium dichromate. The 
strength of the solution was varied by trial till the incident light was reduced in the 
proper ratio, such that its brightness was quite comparable with that of the track. 
To ensure that all the longer wavelengths, 4916 etc were absolutely cut off, 
another cell N containing a strong solution of cuprammonium was placed in the 
path of the incident beam. Wavelengths smaller than 4358 had been initially cut 
off by the quinine sulphate solution, and the potassium dichromate solution 
reduces them further more equally well with the 4358 line. Thus it was ensured 
that both the reduced incident light and the scattered light were strictly of the 
same wavelength, a condition which is absolutely necessary since the intensity of 
the scattered light varies as A~4. The method of comparison consisted in 
photographing the track at P by means of a lens L1? at a definite distance r from 
the track, and in photographing the incident light at P by the same lens at L2 and 
at the same distance r. When photographing the incident beam the absorbing 
solutions M and N were placed in position to cut down the incident light. 
Photographs of both were taken on the same plate, the time of exposure being the 
same and the final adjustments for the equality of the two tracks being made by 
altering the aperture of the lens L. The absorption of the solutions was 
determined accurately by means of a Nutting photometer, using a cell of a 
centimetre thickness to contain the solution. In calculating the total absorption, a 
correction for the reflexions at the glass surfaces of the cell and the bottle was 
made. The ratio thus obtained had to be further corrected owing to the fact that 
the incident light was slightly converging, while the diffused light is scattered in all 
directions. According to the Einstein-Smoluchowski formula, the total amount 
of light scattered in all directions is 

87t3 RTP(n2 — l)2(ju2 + 2)2 

"27" nJ4 

per unit volume, which is distributed over a solid angle 4n. The fraction of the 
total diffused energy caught by lens L is only a/(l6nr2/3) of the whole, where a is 
the area of the lens. In the case of the incident light the fraction of energy caught 
by the lens is a/4nr2 sin2 (6/2), where 6 is the angle of convergence of light. Taking 
this correction into account the ratio was calculated. From this, and putting 
R = 1*37 x 10-16 per molecule; 42 x 10'12 dynes/cm2; T— 305°; fi = 1-337, N was 
evaluated (taking into account the Cabannes factor) and found to be 7-3 x 1023, 
which is of the right order of magnitude. 

11. Summary 

The paper deals with the problem of molecular scattering and extinction of light 
in liquids, both from the experimental and the theoretical standpoints, and the 
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following are the general results obtained: 
(1) It is shown that the intensity of the light diffused in liquids is not given by 

the Rayleigh law of scattering. The “Theory of Fluctuations” of density 
considered by Einstein and Smoluchowski, however, gives a quantitative 
explanation of the observed phenomena, provided account is taken of the 
influence of molecular anisotropy which, in general, is very important in the case 
of liquids. 

(2) The light scattered transversely by liquids is, in general, very imperfectly 
polarized, in fact, far more so than in the case of the vapour of the same substance. 
It is shown that this fact receives explanation when we consider the general 
character of the distribution in the liquids of the molecules separately as regards 
position and orientation. The theory may be given a quantitative form, and 
enables the polarization in the liquid to be calculated when that of the vapour is 
known. Good agreement with facts is observed in the case of some liquids, but in 
others it is only qualitatively correct. 

(3) In accordance with the indications of theory, the intensity of scattering 
increases with the temperature in liquids and becomes very large as the critical 
point is approached. The polarization of the scattered light tends at the same time 
to become more and more perfect. 

(4) The state of polarization of the scattered light is found experimentally in 
liquids to be a function of the wavelength of the incident light and this indicates 
that the observed optical anisotropy is probably connected with the resonance 
frequencies of the molecules in different directions and with the dispersive 
properties of the substance. 

(5) The absolute determination of the light scattering in liquids enables the 
Avogadro constant to be evaluated. 

Further work with the subject is in progress. 

Calcutta 

1 June 1922 

Note added in proof dated 11th Dec. 1922.—A fuller discussion of the effect of 
molecular anisotropy on the scattering and extinction of light in liquids, based on 
the electron theory of dispersion, will appear in a paper by Mr K R Ramanathan 
shortly to be published. In his treatment, the fact that the electric polarization is 
not the same within the liquid as outside it is considered and taken into account. 
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1. Introduction 

As is well known, there are many substances, e.g. phenol and water, which in the 
liquid state dissolve each other completely and form a single phase above a 
certain temperature, but below it are only partially soluble and divide into two 
coexistent phases. Such mixtures exhibit a marked opalescence or turbidity at 
temperatures slightly higher than that at which they separate into two layers. 
Smoluchowski1 put forward a thermodynamic explanation of this phenomenon 
as due to the spontaneous local fluctuations of concentration which occur in the 
mixture and cause optical inhomogeneity. The problem was further handled by 
Einstein*, who made certain simplifying assumptions, namely, that the liquids are 
incompressible, that their specific volumes are negligibly small in comparison 
with those of the saturated vapours emitted by them, and that the latter can be 
treated as ideal gases, and on this basis derived a formula for the opalescence of 
the mixture in terms of experimentally determinable magnitudes, that is, the 
variation of its refractive index and of the partial vapour-pressures of its 
components with alteration of concentration. The simplifications referred to, 
however, considerably restrict the validity of the investigation which, in fact, can 
be regarded as strictly applicable only over a small range of temperature above 
that at which the mixture separates into two phases. For such a restricted range, 
the correctness of Einstein’s formula has been experimentally established by the 
investigations of Fiirth§ and of Zernike1. Actually, however, by using carefully 

* Communicated by the Authors. 

f Ann. Phys., xxv, p. 219 (1908). 

**Ann. Phys., xxxiii, p. 1295 (1910). 
* Wiener Sitzungsberichte, p.577, 1915. 

11 These, Amsterdam, 1915. 
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purified liquids freed from dust by repeated distillation in vacuo, the opalescence 
in mixtures may be studied over any desired range of temperature and not merely 
in the immediate vicinity of the critical solution point, and very remarkable and 
interesting changes in the intensity of the scattered light and the state of its 
polarization are observed. These phenomena are also noticeable in mixtures of 
liquids which are completely soluble in each other at the ordinary temperature. It 
is found that Einstein’s approximate investigation is not adequate to explain the 
observed facts in these cases and that a stricter investigation is called for. It is 
proposed in this paper to show how by a modification of the procedure adopted 
by Einstein, a perfectly rigorous expression for the light-scattering can be derived 
in terms of experimentally determinable quantities. A comparison is also made 
between the results of the modified theory and those observed in experiment. 
Specially noteworthy are the effects arising from molecular anisotropy which, of 
course, are not contemplated at all in Einstein’s theory. These are discussed in 
detail in the course of the paper. 

2. Thermodynamical theory: Application of Boltzmann’s 
principle 

In order to deal with the problem under consideration, Einstein assumed that the 
refractive index of the mixture is a function of a single variable k which expresses 
the concentration of the mixture, that is the ratio of the mass of the second 
component present to that of the first component. This is not, however, correct. 
We have in reality to deal with two independent variables, namely, the densities of 
both components, and the local fluctuations of refractive index are determined by 
variations of both of these quantities. One way of determining the accidental 
deviations of density in a mixture is by applying the principles of statistical 
mechanics. This has been attempted by Ornstein*. In order, however, to express 
the results in terms of physically measurable quantities, it is simpler to use a 
purely thermodynamical treatment based upon Boltzmann’s well known relation 
between entropy and probability. In order to make use of this principle, we have 
to find the change of entropy resulting from small increases Am! and Am2 in the 
masses, mx and m2 of the components actually present in unit volume of the 
mixture. The probability of such deviations occurring spontaneously and their 
mean value may then be evaluated. In order to find the change of entropy 
involved we have to imagine the masses Amx and Am2 introduced into unit 
volume of the mixture isothermally and by a reversible process. The following 
thermodynamical operation, which is a modification of that used by Einstein, 
enables this to be done. 

*Proc. R. Soc. Amsterdam, xv, p. 54 (1912). 
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Consider unit volume of the mixture enclosed in a cylinder fitted with a 
frictionless piston by which the hydrostatic pressure can be varied. The base of 
the cylinder has two openings, which may be either closed at will or fitted with 
membranes permeable respectively to the vapour of the first and second 
components only. A second and much larger reservoir similarly fitted with a 
piston and semi-permeable openings is assumed to be filled with the liquid 
mixture, this being maintained at the same temperature and at a hydrostatic 
pressure equal to the total vapour pressure <j) of the mixture. The following 
isothermal operations may then be carried out. 

Stage 1: By means of auxiliary pumps applied to the semi-permeable open¬ 
ings, small masses (Amx) and (Am2) of the two components may be removed in the 
state of vapour from the reservoir, the volume of which is assumed to be so great 
that no appreciable alteration in the composition of its contents occurs in 
consequence of this removal. 

If p1 and p2 be respectively the partial pressures of the vapours and v: and v2 

their specific volumes, the work done in the process is 

— p1v1Am1 — p2v2Am2 + [s^m! -f s2Am2]0, (1) 

where sx and s2 represent respectively the shrinkages of the volume of the mixture 
by removal of unit masses of the two components. 

State 2: Taking the masses (Amx) and (Am2) of the vapours thus separated, 
force simultaneously a mass (Amx) of the first component and a mass (kAmx) of 
the second component into the cylinder the contents of which are maintained at a 
constant hydrostatic pressure (p, k being the fraction m2/m1. It is clear that in this 
operation the composition of the mixture, and therefore also its vapour-pressure, 
remain unaltered. The work done in this process is therefore 

plv1Am1 + p2v2kAml — [s1Aml + s2/cAm1]0. (2) 

Stage 3: Force the remaining portion (Am2 — ZcAmJ of the second component 
into the cylinder, the hydrostatic pressure in it being maintained at the 
equilibrium value of its total vapour-pressure at each instant. The work done in 

this process is 

v2(Am2 — kAml)(p2 + JAp2) - s2(Am2 - kAmM + jA(p), (3) 

where (Ap2) and (A<p) represent respectively the changes of the partial vapour- 
pressure and the total vapour-pressure resulting from the operation. 

Stage 4: The volume of the mixture in the smaller cylinder is now greater than 
at first by (s1Aml + s2Am2). The semi-permeable openings are now closed, and 
the piston enclosing the contents forced in by increasing the hydrostatic pressure 
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till the original volume is restored. The work done in this process is 

P)2 (4) 

where /? is the compressibility, of the mixture and (Ap) is the increase of 
hydrostatic pressure in the process. 

Adding up (1), (2), (3) and (4) we find the total work done is 

i(v2Ap2 - s2A(p){Am2 - kAmJ + \fi{Ap)2. (5) 

The quantity k is a measure of the concentration of the mixture. If it be altered to 
k 4- Ak as the result of the operations set out above, it is easily seen that 
m{Ak = (Am2 — kAmj). 

Hence (5) may be written in the form 

^mi(V2~ik ~Sz^)^2 +^Ap^2’ 

or, for brevity, 

i<x{Ak)2 + ±P(A p)2. (6) 

The next step is to find the mean value of {Ak)2 and (Ap)2 in the deviations 
which occur spontaneously in a volume-element di; of the mixture. We may for 
this purpose use Boltzmann’s principle in the form in which it has been expressed 
by Einstein, 

dW = C exp ( — — JdAidAa.... dkn, (7) 

where 2l5 k2.... kn are suitably chosen variables which determine the observable 
condition of the system and dW is the probability that the magnitudes kl9 k2, etc 
lie between kx and kt + dkl, k2 and k2 + dk2, etc, R, T and N have the same 
significance as in kinetic theory. C is a constant and E is the work necessary to 
bring the system into the state under consideration from that of thermodynami¬ 
cal equilibrium. If kx, k2.... are assumed to be zero in the state of equilibrium and 
E can be expressed in the form 

£ = + !M2 + ""+k4. (8) 

then (7) assumes the familiar form of the Gaussian error-law and it may easily be 
shown by integration that 

l\ = RT/Nau = RT/Na2, etc, 

AiA2 = k2k^. . . . = 0, 

where the bars indicate the mean value of the quantities written under them. 
Comparing (6) and (8), we find from (9) that for an elementary volume dt; of the 
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mixture 

m2= 

(a Py 

RT I 

N otdv 

RT 1 

~N~Jdv 

and Ak Ap = 0. 

Writing e = p2 where p is the refractive index of the mixture, 

a de 
Ae = —-A/c + —Ap, 

ok op 

and from (10), it follows at once that 

RT 
(As)* = 

Ndv 

(10) 

(11) 

3. Intensity of the scattered light: Comparison with Einstein’s 
formula 

From (11), the intensity of the opalescence radiation can be easily calculated. 
Using a relation given by the late Lord Rayleigh*, we find that in a direction at 
right angles to the incident beam (assumed to be unpolarized and of unit 
intensity), the intensity of the scattered light is 

n2(dv)2(As)2 I 2 

L 2X* O’ 

where X is the wavelength and r is the distance of the volume-element from the 
point of observation. Substituting for (Ae)2 from (11), and integrating over the 
whole volume of the fluid, say ¥, 

¥ n2RT 

r2'2NX* 
(12) 

where p is the density of the mixture. 
The principal difference between Einstein’s expression for the light-scattering 

in liquid mixtures and that given here is that the former does not include the term 
proportional to the compressibility of the mixture which appears in (12). This 
term expresses the light-scattering due to the local thermal fluctuations of density 

* Scientific Papers, vol. i, p. 526. 
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in the mixture considered as a single substance. Using Lorentz’s relation (s — 1)/ 
(e + 2) = const, p, the second term in (12) may be developed and written in the 

form 

The first term in (12) which represents the light-scattering due to the local 
fluctuations of concentration in the mixture may be simplified if we neglect 
s2{d(j)/dk) in comparison with v2(dp2/dk) and assume, further, that the saturated 
vapour obeys the gas laws, in which case it may be written as 

n2M2 (l/m^de/ek)2 

2 NX* 8 log p2jck r2’ 

where M2 is the molecular weight of the second component in the gaseous phase, 
equation (14) is Einstein’s approximate result. The simplifications here made are 
only permissible when the vapour-pressure is not large. 

The relative importance of the two effects, viz the light-scattering due to 
fluctuations of density and concentration respectively, which contribute to its 
total observed intensity depends on the circumstances of the particular case. The 
first effect depends on the refractive index and compressibility of the mixture, and 
second on the variations of refractive index and of the partial vapour-pressures 
produced by a change in the composition of the mixture. In the immediate 
neighbourhood of the critical solution temperature, the partial vapour-pressures 
alter very little with the composition of the mixture, and the concentration¬ 
scattering becomes very great. On the other hand, at temperatures far removed 
from the critical solution point or in the cases in which the components are 
ordinarily completely miscible, the partial vapour-pressures change rapidly with 
concentration, the concentration scattering becomes less, and if the refractive 
indices of the components do not differ much, it may even become unimportant in 
comparison with the density scattering. The relative proportion of the two 
components in the mixture is also of importance. It is evident that when either of 
the components forms a vanishingly small proportion of the mixture, the 
concentration-scattering would disappear and the observed opalescence would 
be due entirely to the density-scattering in the remaining component. The 
composition of the liquid would also influence the density-scattering, since the 
refractive index and compressibility of the mixture are both functions of it. 

4. Effect of molecular anisotropy 

The theory so far discussed rests on a purely thermo-dynamical basis and leads to 
the result that the light scattered in a direction transverse to the primary beam 
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should be completely polarized. If we had proceeded on the basis of a molecular 
theory we should have obtained a precisely identical result, provided the 
molecules could be treated as isotropic or spherical scattering particles exerting 
forces on each other. Actually, however, this is far from being the case. Even in the 
case of gases, the transversely scattered light is known to be imperfectly polarized, 
and in liquids at ordinary temperatures this imperfectness of polarization of the 
scattered light is found to be much more strikingly evident. Taking this into 
account, we may, in considering the case of liquid mixtures, divide the total 
observed light-scattering in a direction transverse to the primary beam into three 
parts, which are assumed to be superposed on each other. A part arises from 
density fluctuations. A part Q2 arises from the concentration fluctuations. Both of 
these consist of polarized light, and their magnitudes are given by the 
thermodynamic theory already considered. Another part arises from the varying 
orientations of the anisotropic molecules, and this consists in great measure of 
unpolarized light. Denoting by r the ratio of intensity of the weak to the strong 
component of polarization in the transversely scattered light, we may write 

2Q4 

Dj T T £23 T 2f24 
(15) 

where Q3 + 4Q4 is the total intensity of the orientation-scattering of which a part 
Q3 consists of plane polarized light and the remaining portion, 4Q4, consists of 
unpolarized light, and is therefore equally divided between the two perpendicular 
directions of vibration. For all practical purposes Q3* is negligible, and it remains 
to determine the magnitude of Q4. 

If we assume that the molecules in a liquid have their orientations entirely at 
random (though their positions are not), it is readily seen that the unpolarized part 
of the orientation-scattering would be simply proportional to the number of 
molecules nx and n2 of each kind present in unit volume, and we may write 

= «iZi +n2X2, (16) 

where Xi, fa are constants characteristic of each kind of molecule. The magnitude 
of Xi and Xi may be determined from (15) and (16) when the values of r 

corresponding to the case in which the liquid contains only one component or the 
other are known, and the values of r and Q4 for any given composition of the 
mixture may then readily be calculated. The assumption that the orientation¬ 
scattering is simply proportional to the number of molecules per unit of volume is 
shown to be justified by the fact that in a number of cases it enables the value of r 

to be successfully predicted for a single substance in the state of liquid when the 
corresponding value of r for the same substance in the state of vapour is known. 

*In the case of gases obeying Boyle’s law, only 1/13 of the orientation-scattering consists of polarized 

light, as has been shown by Born. In the case of liquids under ordinary conditions, it is probably much 

smaller on account of the partial correlation of phase of the effects of contiguous molecules. 
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It is evident from (15) that when Qx or Q2 is very large, r will be very small. In 
other words, when either the density scattering or the concentration scattering is 
very large, the transversely scattered light is almost completely polarized. The 
latter condition arises when the observations are made in the immediate vicinity 
of the critical solution temperature. The former condition arises at the plait-point 
temperature of the mixture, i.e. at a temperature which corresponds to the 
ordinary critical state for a simple fluid. In either of these cases, the orientation¬ 
scattering is a negligible part of the whole observed scattering. 

5. Comparison of theory and experiment 

The theoretical results deduced above agree in their general features with 
experiment. The scattering of light by mixtures of phenol and water of varying 
concentrations has been studied in the authors’ laboratory by Mr V S Tamma for 
a range of 30° C above its critical solution temperature (68° C). The scattering is 
exceedingly large in the immediate neighbourhood of the critical solution point, 
and as the temperature is raised its intensity diminishes, but over the whole range 
the scattering remains much higher than that of the pure liquids taken together or 
separately. As is indicated by theory, the polarization of the light scattered in the 
mixture is far more complete than in pure phenol, which shows a large admixture 
of unpolarized light. Very near the critical solution temperature, the polarization 
is practically complete. But as the temperature is raised, it becomes less and less 
perfect. 

Experiments have also been made on mixtures of ethyl alcohol and water. As 
the percentage of alcohol is increased, the scattering increases to a maximum, then 
comes down to a minimum and again increases. The extra scattering is largest for 
a mixture containing about 20% of alcohol. The case of this mixture is 
particularly complicated, inasmuch as both its compressibility and refractivity are 

anomalous. At 20° C, the compressibility is a minimum when the percentage by 
weight of alochol is nearly 20. The refractivity of the mixture increases as the 
alcohol-content is increased, and reaches a maximum when there is about 80% by 
weight of alcohol, after which it again diminishes. 

The following table gives the density-scattering calculated for different 
compositions in terms of that of water as a unit. 

To calculate the concentration-scattering, we require to know the partial 
vapour-pressures of the components, and curiously enough, the necessary data 
do not seem to exist for alcohol-water mixtures. Anyhow, the concentration¬ 
scattering would vanish at about 80% by weight of alcohol, since at that point 
there is no change of refractivity with concentration, and would be very small 
over the range 60 to 100%. Since the refractivity of alcohol is not very different 
from that of water, the effect would not be large at any stage. This agrees with the 
observed facts. 



LIQUID MIXTURES 137 

Percentage of 
alcohol by weight 

Compressibility 

at 20° x 106 

Refractive 

index at 20° C 

Density 

scattering 

0 49 1-3375 100 

10 42 1-3436 0-94 

20 40 1-3500 0-94 

40 47 1-3600 1-20 

60 62-5 1-3670 1 68 

80 81 1-3693 2-19 

100 100 1-3674 2-72 

Measurements of the intensity and polarization of the scattered light in binary 
mixtures of carbon disulphide and ether, and of benzene and normal hexane have 
been published by W H Martin*. By the use of relation (15), we can calculate the 
orientation-scattering. Partial vapour-pressure data for the first mixture are 
availablef, and from (14) the concentration-scattering can be calculated. But 
owing to lack of compressibility data, we cannot calculate the density-scattering. 
Since, however, this forms only a small fraction of the total scattering in the 
present case, an error in its estimate would not be of much consequence. 

In the attached graph are shown, A the concentration-scattering, B the 
unpolarized scattering, and C the sum of these two for different concentrations. 

*J. Phys. Chem., Jan. 1922. 
^uglielmo, Acc. dei Lincei (5) 1, i, pp. 242-294 (1892). 
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The values of the total experimental scattering are also plotted in curve D. It will 
be seen that the curve of orientation-scattering is nearly a straight line, showing, 
in agreement with (16), that it is proportional to the number of the two kinds of 
molecules per unit volume. The concentration-scattering was calculated by 
using (14). 

Now 
dlogp2 _ 1 dpi _ *2dp2 

dk p2 dk p2 dx 9 

where x is the mass of the first component (in this case CS2) in unit mass of the 
mixture. The values of (dp2/dx) were got from the partial vapour-pressure curve of 
ether, (ds/dx) was calculated from the formula for the refractive index of mixtures 

8-1 _ 8j 1 e2 — 1 

(e + 2)p (e1+2)p1 (e2 + 2)p2 

where e1, p1 and e2, p2 refer to the two components of the mixture. 
It will be noticed that the curve C closely follows the experimental intensity- 

curve. The difference, no doubt, represents the density-scattering, which, 
however, cannot be calculated theoretically (except separately for the two pure 
liquids) as the compressibility of the mixture is not known. For pure ether and 
pure CS2 the density-scatterings are 0-85 and 2*80, so that if these are added to the 
orientation-scatterings, the total scattering fits into Martin’s experimental 
curves. To make an adequate test of the theory, we require to know both the 
compressibilities and the partial vapour-pressures of pairs of liquids. Data 
regarding partial vapour-pressures are available for a number of pairs of liquids, 
and the measurement of compressibilities of mixtures is being undertaken in this 
laboratory in order to make a complete test of the theory of light-scattering in 

mixtures. 

6. Summary and conclusion 

In this paper, the approximate investigation of the scattering of light in liquid 
mixtures given by Einstein is revised and a perfectly rigorous formula is 
developed, in which account is taken of the compressibility of the mixture. It is 
shown that the thermodynamical investigation leads to the result that the light¬ 
scattering arises in two distinct ways: (1) due to spontaneous local fluctuations in 
the composition of the mixture, and (2) due to local fluctuations of its density. 
Einstein’s approximate investigation ignores the second effect, which becomes 
very important when the observations are made at temperatures not close to the 
critical solution point or in the case of liquids which are completely miscible at 
ordinary temperatures. 
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(a) The scattering power is expressed in terms of the compressibility of the 
mixture, the variations of its refractive index, and the partial vapour-pressures of 
its constituents with the composition. 

(b) A discussion is given of the effects of molecular anisotropy which gives rise 
to an additional “orientation-scattering”. It is shown that the polarization of the 
transversely scattered light is imperfect as the result of molecular anisotropy, but 
it is considerably less so in the mixture than in the pure liquids, and, further, it 
becomes more and more perfect as the critical solution temperature is 
approached. 

(c) A comparison of the results with the available experimental data shows a 
general agreement. 

(id) Very similar methods may also be applied in the case of solutions of solids 
in liquids, and in the case of ternary mixtures. 

Calcutta 
27 July 1922 
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1. Introduction 

The work of Lord Rayleigh1 and others has shown conclusively that the light 
scattered transversely by gases is not in general perfectly polarized, but shows a 
defect of polarization which at the ordinary temperature and pressure is 
characteristic of each gas. This result is of great interest, and has been interpreted 
as due to the optical anisotropy of the scattering molecules, which is different for 
different gases. Observation shows that with monatomic gases such as argon the 
scattered light is almost completely polarized, while more complex molecules 
show a very marked imperfection of polarization. The exact measurement of the 
state of polarization of the scattered light for different gases, and of its variations 
with temperature, pressure, and the frequency of the incident light, is an 
experimental problem of the first importance. Preliminary measurements were 
published by Rayleigh, Cabannes, and Gans. These disagreed considerably 
among themselves; the most reliable data that have so far appeared are those 
obtained in Rayleigh’s own later work, in which some very careful measurements 
were made with special precautions to secure accuracy. The table given below 
collects the data referred to, the last column showing Rayleigh’s definitive 
measurements. The figures give the ratio of the weak to the strong component of 
polarization as a percentage. 

* Communicated by the Authors. 

f Rayleigh, Proc. Roy. Soc. vol. xcv, p. 155; vol. xcvii, p.435; vol. xcviii, p. 57. Cabannes, Ann. der 

Phys., tome xv, pp. 1-150. Gans, Ann. der Phys., lxv, p. 97 (1921). 
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Rayleigh 

I Cabannes Gans 

Rayleigh 

II 

Argon 0-8 0-46 
Hydrogen 1-7 1 to 2 3-83 
Nitrogen 3-0 2-5 to 2-8 3-0 4-06 
Air 4-2 3-7 to 4 0 50 
Oxygen 60 5-1 to 5-4 6-7 9-4 
Carbon dioxide 8-0 9-5 to 9-9 7-3 11-7 
Nitrous oxide 140 12-0 15-4 

Rayleigh in his experiments used a photographic method. Each measurement 
required several exposures, each of several hours’ duration. Direct visual 

measurements of the state of polarization, if they were possible, would obviously 
be much more expeditious, and would enable a large number of gases and 
vapours to be examined. It was with the object of determining whether accurate 
measurements were possible by visual methods and to find the influence of the 
frequency of incident radiation that the present work was undertaken, and the 
paper describes the results so far obtained. 

While dealing with this subject, it should be mentioned, as has been already 
remarked by one of us elsewhere, that in the case of dense gases and vapours not 

obeying Boyle’s law, the state of polarization of the scattered light should not be 
independent of the temperature and pressure. In fact, when the scattering is 
greater than in proportion to the density, the scattered light should be more 
perfectly polarized. Observations with carbon dioxide under pressure, ether, 
benzene, and pentane vapours entirely confirm this indication of theory. 

2. Experimental arrangements 

In order that visual measurements might be possible, very intense illumination is 
obviously required. This was obtained with the aid of a powerful optical 
combination of an astronomical telescope of 18 cm aperture and 200 cm focal 
length and a converging lens placed beyond its focus. A beam of sunlight which 
fills the object-glass of the telescope and passes through the combination is 
converged by it into an extremely intense beam of a few millimetres diameter but 
of small angle. With such intense illumination, the scattering of light by gases and 
vapours becomes a very conspicuous phenomenon, and is of a brilliant sky-blue 
colour. With the help of a double-image prism it is easy to observe visually that 
the transversely scattered light is not completely polarized. 

As in Rayleigh’s experiments, the gas is contained in a vessel in the form of a 
cross-tube, the primary beam passing along one arm and the scattered beam 
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being observed in the perpendicular direction. For accurate work the most 
important thing is of course the adequate blackness of the background, against 
which the faint light under investigation is to be observed. It is essential that 
special attention should be given to the way in which the far end of the vessel 
against which the observations are made is constructed. It must be so arranged as 
to send back exceedingly little or, better still, no light at all. For, if the back of the 
tube returns any light, serious error will be introduced, for the visibility of the 
fainter track of the two seen through the double-image prism would be greatly 
diminished. In fact, preliminary experiments with a cross in which the back¬ 
ground was not perfect gave invariably values for the intensity of the weaker 
component of polarization which were much too small. In his final experiments 
Rayleigh used a curved horn blown out of dark green glass and fitted to the far 
end of the observation tube. Any light which fell into the mouth of the horn was 
reflected internally from side to side towards the end away from the observing 
side. As such a horn was not available to us, other expedients had to be tried. The 
final arrangement adopted was to use a dark green conical glass bottle with its 
bottom cut out. The neck was ground down obliquely at an angle of 45°, and to 
this was cemented a dark glass plate. It was found that this gave quite a good 
background, and the use of sunlight, which gives beams of relatively small 
divergence, is specially favourable for avoiding stray illumination. 

The cross-tube was made of zinc, and was 7 cm in diameter. The arm to which 
the conical bottle was attached was about 36 cm in length, and the other three 
arms were 25 cm in length. The metal parts were all soldered together. The 
primary beam entered through the plate-glass window D, and passing through 
the circular diaphragms A1 and A2 of diameter 2 cm, fell on the window E. The 
laterally scattered light was observed through the window B. A diaphragm was 
placed at A3 so as to cut off any stray light getting inside. Apertures A4 and A5 
served to cut off from view any stray light that fell on the edges of A3 and which 
tended to make these edges luminous as seen from the window. C is the glass 
bottle fixed to the observation arm. S is the dark glass plate cemented to the bottle 
at an inclination of 45°. The glass bottle was painted dead black outside and 
wrapped in black cloth as an additional precaution. The inside of the cross was 
completely painted dead black. The glass windows were fixed in position by 
screwing brass caps on to the ends of the tube. Thick rubber washers were placed 
between the metal and the glass so as to distribute the pressure and to make the 
whole air-tight. The ends of the cap were further coated with a cement made of a 
mixture of rosin and wax so as to prevent any leakage. The air-tightness of the 
whole apparatus was tested, and it was found that there was a leakage of about 
10 cm of mercury in one hour. It was, however, thought not advisable to spend 
time in making it more perfectly air-tight, as the gas could be passed for a 
sufficiently long time to ensure that all air was driven out, and also as the 
observations were all made visually in a short time. P and Q are the ends for the 
entrance and exit of the stream of gas. 
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As mentioned above, brilliant sunlight concentrated by an 18 cm aperture 
object-glass combined with a short focus lens was used. By suitable diaphragms 
stray light can be entirely cut off and prevented from entering the cross-tube. In 
order to make quantitative observations and to determine the ratio of the two 
components of polarization of scattered light, it is very essential that the eye 
should be properly screened from all outside light and must be able to see only the 
two patches of light. For this purpose a small dark room made of thick canvas 
stretched on wooden supports was built up in front of the observation window of 
the cross-tube. A hole of just the size of the diameter of the cross-tube admitted a 
little of the observation arm of the cross into the room and the photometric 
apparatus—that is, the double-image prism and the nicol—were mounted 
within it. The room could be made perfectly dark, and when the eye had been for 
some time accustomed to the darkness, the two patches of light seen through the 
double-image prism could be easily made out. Even in the case of hydrogen, 
which scatters only about a fourth as much as air, there was no great difficulty 
experienced in seeing the two tracks. 

The method employed to measure the imperfection of polarization was to use 
the double-image prism and a square-ended nicol. The double-image prism when 
properly oriented gave the two images, which had intensities in the same ratio as 
the polarized components of the scattered light. These two intensities were then 
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equalized by the nicol. This method is very convenient, as continuous adjust¬ 
ments can be made. In working with the prisms, there are, as pointed out by 
Rayleigh, two possible sources of error. One is, that it might be possible that, 
starting with the unpolarized light, the double-image prism would not produce 
two images of equal intensity within the desired limits of accuracy, and hence the 
ratio of the intensities with partially polarized light could not be taken as a true 
measure of the constitution of the light; and the second is, that it might be possible 
that the tan2 6 law does not hold. For accurate determination it is therefore very 
essential to know that these sources of error do not conspire to produce errors 
beyond the desired limit of accuracy. 

The following method was therefore adopted to test the behaviour of the 

is sis 

prisms. A ground-glass screen was illuminated by an electric lamp, and a black 
screen with a rectangular aperture was placed in front of it. The aperture gave 
perfectly unpolarized light, and could be viewed through the double-image prism 
and nicol to be tested. In front of the double-image prism another nicol was 
mounted to polarize the light in any desired orientation, and the test was carried 
out by determining the ratio of the vertical and horizontal components of 
polarization of the beam transmitted through it in different orientations. Both 
nicols were mounted at the centres of accurately divided circles so that their 
orientations could be read off very accurately. Preliminary tests with the 
unpolarized light showed that the double-image prism produced images of 
practically equal intensity. The double-image prism was then adjusted so that the 
two images were just touching each other and were in a line. This secured that the 
direction of vibrations in the images were approximately horizontal and vertical. 
The polarizing nicol was then mounted in front of the double-image prism, and 
the orientations in which one of the two images vanished were noted. They 
differed by 90°, as was to be expected. The nicol was then set at a definite 
orientation 4> with the vertical, the double-image prism remaining fixed, and the 
ratio of the intensities of the vertical and the horizontal components in the beam 
passed by it was determined by rotating the second nicol and equalizing the 
brightness of the two images. The ratio was found to be tan2</> without 
appreciable error. 

Measurements were also made with a few vapours of organic liquids such as 
benzene, ether and pentane. These have a large vapour-pressure at ordinary 
temperatures, and consequently also a large scattering power, and were also 
found to have no tendency to form fogs or decompose under the action of light. As 
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these vapours either act on or are absorbed by the paint used inside the cross¬ 
tube, another cross-tube of the same dimensions was used. The inside was not 
painted with any substance, but was merely chemically blackened. The back¬ 
ground in this case was not of course as perfect as in the cross-tube used for the 
gases; but as the vapours have relatively a very large scattering power, it was 
thought that the background could not have introduced any appreciable error. 

3. Preparation and supply of gases and vapours 

The gases experimented upon were oxygen, hydrogen, carbon dioxide, nitrous 
oxide and air. Of these, oxygen and carbon dioxide were bought in compressed 
cylinders and were nearly quite pure. As hydrogen and nitrous oxide could not be 
had in cylinders at Calcutta, they were prepared in the laboratory in the usual 
way. Hydrogen was prepared from pure H2S04 and pure zinc in a Kipp’s 
apparatus. The gas was passed in succession through potassium hydroxide and 
strong sulphuric acid. Nitrous oxide was prepared by heating ammonium nitrate, 
with the usual precautions. The gas was passed in succession through potassium 
hydroxide and strong sulphuric acid. During the whole time of observation the 
gases were passed at a slow rate so as to get always fresh gas under observation 
and thus avoid the formation of any fog, though there was no evidence of such 
formation. The cross was first exhausted, and the gas was then allowed to stream. 
In each case, before any observations were taken the gas was allowed to pass for a 
sufficiently long time to ensure that all air had been driven out. The gases were 
dried over phosphorus pentoxide before they entered the cross. 

As the dark glass plate cemented to the bottle was not meant to stand any 
outward pressure, precautions had to be taken in filling the cross with the gas to 
see that at no time did the pressure inside exceed one atmosphere. To do this the 
entrance-tube was connected to a glass T-tube. Through one arm the gas was 
allowed to stream, and the other arm was connected to a long narrow tube 
dipping in mercury. Thus the pressure in the cross-tube could be registered, and at 
the same time, if the pressure inside exceeded one atmosphere, the gas could 
escape freely. As soon as the pressure was one atmosphere the manometer-tube 
was closed and the exit-tube opened. 

In the case of vapours the cross-tube was connected to a small quantity of pure 
liquid and exhausted. The tube was filled with the vapour by the evaporation of 
the liquid. 

4. Adjustments and results 

The cross was mounted in position and the two lenses arranged to give a beam of 
light parallel to the axis of the cross-tube. The adjustments could be made by 
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observing the patches of light at the two windows. The double-image prism and 
the nicol were mounted in front of the observation window so as to be in the 
direction of the axis of the tube. The double-image prism was so adjusted that the 
duplicate images were just touching and in continuation of each other. The patch 
of light under observation was nearly rectangular, and was of fair width. As stated 
before, a slight error in setting the double-image prism involves only a negligible 
error in the measurements. To set the double-image prism accurately in position, 
measurements of the ratio of the intensities were made near and on either side of 
the correct position of the double-image prism by altering its position slightly and 
by trial the position which gave the minimum ratio was determined. This gave the 
correct position for the double-image prism. 

Before starting the measurements, the blackness of the background was tested 
when the light was on by pumping out all the gas. Further, of the gases chosen, 
hydrogen scattered least, and showed an imperfection of polarization of less than 
4%. The weaker component due to hydrogen should thus be excessively feeble. It 
was found that even this faint track could be easily seen as a bright patch against a 
perfectly dark background, provided of course the eye was sufficiently accus¬ 
tomed to darkness. There was thus no reason to suspect that the background was 
defective in any way. Measurements were accordingly made with confidence. In 
the case of vapours, the scattered light was many times brighter than in gases, and 
the observations were distinctly more easy. 

A large number of readings (not less than fifty) were taken for each gas and the 
mean of all these was taken to calculate the ratio. The following table gives the 
final results. 

Ratio of weak to strong component in percentages 

Authors 

Rayleigh’s 

later results 

Rayleigh’s 

earlier results 

H2 3-6* 3-83 

o2 8-4 9-4 

co2 10 6 11-7 

Air 4-37 50 

n2o 14-3 15-4 

Benzene 6-8 60 

Pemtane 2-8 1*2 
Ether 30 1-7 

*It may be remarked that the imperfect polarization determined visually for H2 agrees very closely 

with the value deduced by Havelock from dispersion theory (Proc. Roy. Soc., May, 1922, p. 164). 
Philos. Mag. S. 6, Vol. 46, No. 273, Sept. 1923. 2F. 
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It will be seen from the above figures that the values obtained for the 
imperfection of polarization of gases are much higher than any of those of 
previous investigations except those obtained in Rayleigh’s final work, and that 
in the case of the five gases studied, Rayleigh’s final values are distinctly higher 
than ours. The cause of the discrepancy is not entirely clear. It will be noticed that 
Rayleigh worked with an arc lamp and by photographic photometry, whereas we 
used the visual region of the spectrum and direct eye observation. To determine 
whether a difference in the effective wavelength has an effect on the state of 
polarization, a series of observations were made with colour filters. The effect was 
carefully looked for in carbon dioxide, oxygen and air. For getting different 
wavelengths, Wratten colour filters were interposed in the path of the light, and, 
as before, a large number of readings were taken for each colour. It was found that 
throughout the visible region the polarization was practically constant, and it 
would seem therefore that the difference cannot be attributed to this cause. We 
are of opinion that the visual method is particularly direct and simple, and that 
the results given by it are entitled to considerable weight. In regard to the three 
vapours studied, Rayleigh’s results obtained in his earlier work are, we think, 
decidedly too low. 

210 Bowbazaar Street, Calcutta 
22 March 1923 
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1. Introduction 

The investigation described in this paper was undertaken in order to test theories 
of light-scattering by quantitative observations on carbon dioxide, under 
pressures ranging from 1 to 100 atmospheres, and temperatures from 0° C to 
50° C. The work includes a study of the following cases: (1) the scattering of light 
by the unsaturated vapour; (2) by the saturated vapour in thermal equilibrium 
with the liquid; (3) by the liquid under the pressure of its own vapour; (4) by the 
liquid under impressed pressure higher than the vapour tension; (5) by the 
substance in the vicinity of the critical state; and (6) by the substance in 
the gaseous state above the critical temperature.* * 

Carbon dioxide was chosen as a suitable substance for a comprehensive study 
of this kind for several reasons. The fact that it can be obtained commercially in 
cylinders in a practically pure condition greatly simplifies the experimental 
technique, and any pressure within the limits mentioned can be obtained without 
the use of special compressors. Then, again, the necessary pressure-volume data 
for the vapour and the gas are available from the work of Amagat1 and for the 
liquid from that of Jenkin,* and the variation of its refractive index with density 
has also been fully studied by various investigators, notably by Phillips.5 The 
existence of these data makes a theoretical calculation of the light-scattering 
possible. Further, carbon dioxide at atmospheric pressure shows a marked 

*The cases in which the fluid is superheated or supercooled and is in metastable equilibrium are not 
dealt with here. 

f Amagat, Ann. Chem. Phys. (1893) (6), 29, p. 52. 

*Jenkin, Proc. Roy. Soc. (London) A, 98, 170. 

§ Phillips, Proc. Roy. Soc. {London) A, 97, 225. 
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imperfection in the polarisation of the transversely scattered light, the ratio of the 

weak to the strong component of polarisation in the visual region of the spectrum 

being 106%. Hence, it is a very convenient substance for studying the effect of 

variations of temperature and pressure on the state of polarisation of.the 

scattered light. 

Another reason why we felt impelled to take up a careful study of the scattering 

of light in carbon dioxide was that certain results obtained by Lord Rayleigh with 

this gas* were, as has already been pointed out by us,* anomalous and stood in 

need of explanation. Rayleigh determined the intensity of the light scattered by 

carbon dioxide vapour contained in a steel cross-tube provided with glass 

windows and kept in communication with a steel cylinder containing liquid C02 

at 21° C. He found the scattering to be 102 times stronger than that of C02 at 

atmospheric pressure and inferred that the scattering power was proportional to 

the density within the limits of experimental error. According to the Einstein- 

Smoluchowski formula, however, the scattering power should have been much 

larger, about 800 times that of C02 at atmospheric pressure. 

With regard to this discrepancy, it should be mentioned that Rayleigh’s 

assumption that the density of the gas in his observation tube was equal to that of 

the saturated vapour at 21° C, is open to question. It is mentioned in his paper 

that the observation tube was leaky, and that a gauge in the communication tube 

from the supply cylinder indicated only 50 atmospheres, while according to the 

measurements of Andrews the saturation pressure at 21° C is 60 atmospheres. 

From the diagram given in Rayleigh’s paper, it is noticed that after passing the 

pressure gauge the gas had to filter through a steel tube tightly packed with 

cotton-wool, which must have greatly impeded the inflow of the gas into the 

observation tube to replace that lost by leakage, and hence the density of the gas 

whose scattering power was measured was in all probability considerably less 

than that of the saturated vapour. If we assume that the pressure in the 

observation tube was somewhat less than that shown by the gauge and was, say, 

45 atmospheres, the scattering power, if it were proportional to the density, would 

only have been about 60 times that of C02 at atmospheric pressure at the same 

temperature, while according to the Einstein-Smoluchowski theory of scattering, 

it would be about 125 times. The experimental result, rightly interpreted, thus 

tends to support the Einstein law of scattering and not the Rayleigh law. The 

matter, however, appeared sufficiently important to justify a careful re¬ 

examination, with apparatus so designed that no uncertainty as to the actual 

density of the vapour arises. 

*Lord Rayleigh, Proc. Roy. Soc. (London) A, 95, 155. 
f Molecular Diffraction of Light (Calcutta University Press), p. 61 (1922); also Philos. Mag. (1923) 

Jan., 113. 
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2. Experimental arrangements 

In the present investigation, two distinct series of observations were made. In the 
first set, the scattering medium was C02 (vapour or liquid as the case may be) 
enclosed in sealed glass bulbs, thus avoiding all uncertainty regarding the density 
of the fluid used. A spherical bulb a little over 1 cm in diameter was blown at one 
end of a stout walled capillary tube with rather a wide bore. The tube was 
carefully dried and exhausted, and dry C02 was introduced into it while 
immersed in liquid air. When the requisite quantity of carbon dioxide snow had 
condensed, the tube was sealed off leaving about 5 cm attached to the bulb as a 
stem. Separate bulbs were prepared for the liquid and the vapour containing 
respectively an excess of the liquid and of the vapour. To prevent the bulbs 
bursting when the temperature is raised, sufficient volume for expansion is 
allowed in the stems attached to them. On removal from the liquid air, the carbon 
dioxide liquefies under the pressure. 

The bulb and attached stem are completely blackened over with paint except 
for two tiny windows, one on either side of the bulb, for entry and exit of a narrow 
but powerful pencil of sunlight, and an aperture at the base of the bulb for 
observation of the scattered light. The stem with its bore forms a black cave 
against which the track of the beam through the C02 liquid or vapour, as the case 
may be, can be conspicuously observed. The bulb is completely immersed inside a 
water-bath with plate-glass slides, the rear-walls being blackened so as to provide 
a dark field for observation. The temperature of the bath is regulated by adding 
either lumps of ice or hot water as desired. The brightness of the track of light is 

B 
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compared with that in another sealed tube containing a suitable dust-free liquid, 
like ether or benzene, or in a slab of optical glass, which serves as a standard and is 
also immersed in the bath, the same pencil of light passing through both. A 
rotating sector photometer with double disc placed in front of the cell enables the 
visual intensities of the two tracks to be equalised and their ratio thus to be 
determined. 

Sealed bulbs, while convenient in many ways, are rather unsatisfactory 
optically when feeble light-scattering has to be measured, owing to the 
unavoidable reflections from the walls of the small-sized bulbs, which alone can 
sustain the high pressures. They are, therefore, not suitable for unsaturated 
vapours. It is also not possible with bulbs to work at pressures higher than the 
vapour-tension at the given temperature. Further, owing to the convergence of 
the light by the spherical walls, errors are also introduced in the photometry. In 
order to avoid these difficulties, in the second series of experiments, the simple 
form of apparatus shown was developed by the authors. This can safely withstand 
very high pressures and is suitable for the study of light-scattering in gases and 
liquids. 

The observation tube consisted of a massive solid steel cylinder, 20 cm long and 
6-5 cm in diameter, in which were drilled two cylindrical conical-ended holes, A 
and B, one axial and the other diametral. Two thick glass windows were ground 
in at A and B, the former to admit the primary beam of light and the latter for the 
observation of the scattered track. After the glass windows had been ground in, a 
tube with apertures for the entry of the primary beam and observation of the 
scattered light was put in place within the steel cylinder. This tube and the steel 
cylinder were enamelled black, a pin-valve was fitted to the end D, and the 
opening at C was closed up. To secure a good black background, a plate of black 
glass was fitted at an angle of 45° inside the cylinder as shown. The observation 
tube could be connected to a pressure gauge and to the supply cylinder 
containing C02. Stopcocks placed on either side of the pressure gauge served to 
cut off its connection either with the observation tube or the supply cylinder as 
desired. 

That the readings of pressure given by the gauge were reliable was tested in 
the following manner. The observation cylinder was partly filled with liquid and 
kept in communication with the gauge, the connection with the supply cylinder 
being cut off. The readings of the gauge were taken corresponding to different 
temperatures of the observation cylinder and were found to agree with the 
saturation pressures at those temperatures given by Amagat. The supply cylinder 
(which had been tested to stand 200 atmospheres) was placed in a vessel 
containing water, and by adjustment of the temperature of the water, pressures up 
to 100 atmospheres could be reached. The observation tube was placed in a 
rectangular glass vessel containing water, and its temperature could be kept 
constant at any desired value between 5° C and 50° C. The observation cylinder 
and connecting tubes were evacuated before admission of carbon dioxide. The 
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evacuation and re-admission of C02 were repeated until the track appeared a 

good blue with no evidence of dust particles. 
For measurements of the scattering in saturated vapour, a shallow 

layer of liquid was allowed to condense at the bottom of the observation 

cylinder and the pin-valve at D closed. After a sufficient time had elapsed for the 
attainment of equilibrium, the intensity of the scattered light was compared with 
that in a standard substance as usual. For observations in the liquid in 
equilibrium with the vapour, the liquid was allowed to fill up more than three- 
fourths of the observation cylinder. The measurements of the scattering power in 
these two cases gave results in conformity with those obtained with the sealed 
bulbs. 

3. Experimental results: Intensity of scattering 

(a) Unsaturated vapour: For experiments on unsaturated vapour, the steel 
observation tube was cut off from the supply cylinder, and by blowing off gas 
through an auxiliary outlet, any desired pressure below that of saturation could 
be got. The following table gives the intensity of scattering at different pressures at 
30° C in terms of the scattering of C02 at 0° C and 76 cm pressure. 

Table I 

Pressure 
in 

atmospheres 

Density Reciprocal 
of compres¬ 

sibility in 
atmospheres 

Density 
scattering 
(Einstein 
formula) 

Density 
scattering 

corrected for 
anisotropy 

Observed 
scattering 

Density at 
N.T.P. 

15 14 5 13-5 17-2 21-3 22 
20 200 18-7 23-4 290 33 
30 32-1 230 49 59 54 
40 47 29-4 65-2 77 83 
50 64-5 31-5 123 144 140 
55 75-7 30-2 180 207 197 
60 89-7 27-9 276 315 307 
65 109 22-9 514 576 665 
68 127 191 847 940 1078 

It will be noted from columns 2 and 6 that the observed scattering is much 
larger than in proportion to the density. The values in column 4 are calculated 
according to Einstein-Smoluchowski formula. When the molecules are ani¬ 
sotropic there is an extra scattering, the “orientation scattering,” whose 
magnitude depends on the properties of the molecule and on the state of 
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aggregation of the fluid. Its value has been worked out in a recent paper,* and the 
total intensity at a distance d of the light transversely scattered by a unit volume of 
the fluid in any condition is given by 

n2RTp 

18 
(fi2 - l)2 (n2 + 2)2 + 

2 rc024 
(M2 - l)2 

r i(9 + 4y) 
6 — lrx 

where n0 is the number of molecules per unit volume in the fluid, is the ratio of 
the weak component to the strong in the light transversely scattered by the 
substance in the state of vapour at very low pressures, and y denotes 

RTp {n2 + 2\2 

N U°\ 3 ) 

The other symbols have their usual meanings. The total scattering given by this 
formula is given in column 5 for comparison with the observed intensity of 
scattering given in column 6. The agreement is good except in the vicinity of the 
critical temperature, where uncertainties in temperature and impurities in the 
substance have a very great effect. 

Table II 
(b) Saturated vapour: 

Tem¬ 
perature 

Density Reciprocal 
of 

compres¬ 
sibility 

Density 
scattering 
(Einstein 
formula) 

Density 
scattering 

corrected for 
anisotropy 

Observed 
scattering Remarks 

Density 
at N.T.P. 

0° 48 20-6 92 106 
5° 57 21-5 120 140 102 Bulb 

10° 68 21 9 180 205 195 59 

15° 80 210 300 340 347 95 

20° 96 19-7 560 620 567 99 

24° 112 160 920 1000 1010 59 

1050 Cylinder 
25° 121 150 970 1067 1190 Bulb 
26° 126 13-7 1210 1330 1920 99 

1860 Cylinder 
28° 140 100 2010 2190 3630 Bulb 

3490 Cylinder 

o
 

O
 

m
 169 5 9 (?) 5100 5500 8000 Bulb 

*K R Ramanathan, Proc. Indian Assoc. Cultiv. Sci. (1923) viii, pp. 1-22. 
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Table III 
(c) Liquid in equilibrium with vapour: 

Tem¬ 
perature 

Density Reciprocal 
of compres- 

sibility in 
atmospheres 

Density 
scattering 
(Einstein 
formula) 

Density 
scattering 

corrected for 
anisotropy 

Observed 
scattering Remarks 

Density 
at N.T.P. 

5° 448 700 380 494 360 Bulb 
10° 432 530 480 600 463 99 

500 Cylinder 
15° 411 372 618 760 630 Bulb 

730 Cylinder 
20° 387 220 905 1086 980 Bulb 

1000 Cylinder 
23° 369 146 1240 1450 1280 99 

25° 355 110 1540 1786 1880 Bulb 
IT 340 65 2340 2620 2950 99 

29° 317 25 5080 5590 6200 99 

30° 302 15 7500 8350 11000 99 

31° 271 4 28700 31000 35000 99 

The compressibilities at temperatures higher than 20° were obtained in the 
following way. The reciprocals of the compressibility at the saturation points at 
temperatures below 20° C (taken from Jenkin’s paper) were plotted against the 
temperature, and taking the reciprocal of the compressibility at the critical point 
to be zero, a smooth curve was drawn through these points. 

Table IV 
(d) Liquid C02 at higher pressures: 

Temp¬ 

era¬ 

ture 

Pressure 

in atmos¬ 

pheres 

Density 

Reciprocal 

of compres¬ 

sibility in 

atmospheres 

Density 

scattering 

(Einstein 

formula) 

Density 

scattering 

corrected for 

anisotropy 

Observed 

scattering Remarks 

Density 

at 

N.T.P. 

15° 51 416 387 618 760 663 

68 430 567 458 575 522 

76 436 674 374 482 470 

82 440 773 354 464 428 

25° Saturation 355 110 1540 1786 2100 

68 373 195 976 1122 1650 

74 383 243 827 968 1200 

83 397 309 678 834 778 

92 407 486 483 599 600 

30-5° , Saturation 289 10 10400 11300 22500 

72-5 314 35 3600 3900 5480 T These cal- 

76-5 343 83 1880 2106 2610 l culated 

840 366 155 1185 1351 1097 j values 

86 5 372 179 1063 1220 940 J refer to 

30° C. 
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(e) Scattering above the critical temperature: 

Table V. (i) Scattering at 35° at different pressures 

Pressures 
in 

atmospheres 

Density Reciprocal 
of compres¬ 

sibility in 
atmospheres 

Density 
scattering 
(Einstein 
formula) 

Density 
scattering 

corrected for 
anisotropy 

Observed 
scattering 

Density 
at N.T.P. 

61 85 33-5 220 253 290 
67 104 27-6 401 453 680 
72 125 21 2 780 866 1170 
77-5 177 13-3 2580 2830 3200 
81 275 13-8 5170 5220 4230 
87 330 72-1 2010 2250 1750 
91 1430 

Table VI. (ii) Scattering at constant density (0-320 gm/cc) at different temperatures above the 
critical temperature 

Tem¬ 
perature 

Density Reciprocal 
of compres¬ 

sibility in 
atmospheres 

Density 
scattering 
(Einstein 
formula) 

Density 
scattering 

corrected for 
anisotropy 

Observed 
scattering 

Density 
at N.T.P. 

32° 165 8-4 3420 3730 4550 
35° 165 141 2060 2266 2730 
40° 165 19 1550 1705 1620 
50° 165 22 1380 1520 1410 

4. Polarisation of the scattered light: Theory and experimental 
results 

In previous papers,* the authors have discussed the influence of the physical 
condition of the substance on the imperfection of polarisation of the transversely 
scattered light. An exact investigation of the problem has been worked out+ on the 
assumption of anisotropic molecules with three principal axes. It leads to the 
formula 

f + yg' 

where r is the ratio of the weak component to the strong in the transversely 

*C V Raman and K Seshagiri Rao, Philos. Mag., 45, 625. K R Ramanathan, loc.cit. 

fK R Ramanathan, loc. cit. 
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scattered light, and y has the meaning already indicated in the previous section. 
When the substance is in the gaseous state at low pressure and Boyle’s law holds 
good, y = 1 and r assumes the value 2//(/ + g) which has been already denoted 

by rv 
Also 

4 9 (g2-IV 

^ 3 16n2riQ \/i2 + 2/ 

The formula indicates that when the scattering is very large, e.g. in the 
neighbourhood of the critical point, it is almost completely polarised; while in 
other cases, e.g. when the substance is in the liquid state much below the critical 
temperature, the polarisation is markedly less perfect than in the scattering by the 
vapour at low pressures. While these indications of theory are in qualitative 
agreement with facts, it is found that in the case of many liquids, there are 
considerable differences between theory and observation in the quantitative data, 
indicating that the assumption of a random orientation of the molecules made in 
the theory is not generally valid. This makes it all the more important that as 
many different substances as possible should be examined. 

The problem of determining accurately the state of polarisation of light 
scattered by a fluid under high pressures is not without serious experimental 
difficulties. The principal source of error is the unavoidable strain and consequent 
aelotropy of the glass walls or the glass window through which the scattered light 
is observed. If the strain were perfectly symmetrical about the direction of 
observation no error would arise, but this condition is not easy to secure, 
especially when a conical glass window has to be pressed home into a metal recess 
provided for it to make it perfectly leak-tight. Small sealed bulbs are also not 
quite suitable in this type of work, owing to the very imperfect background which 
they furnish for observing the fainter component of polarisation. In view, 
however, of the fact that even an approximate determination of the state of 
polarisation under,different conditions would be of interest, attempts were made 
to measure the effect with the apparatus used by the authors. The vapour or liquid 
inside the chamber was illuminated by a narrow horizontal beam of sunlight and 
on examination with a double-image prism set so as to transmit vertical and 
horizontal vibration, it was found that even near the critical point both images 
were bright, but that across the weaker one there was an intense black band 
running obliquely. The glass window was obviously under strain, but by isolating 
the portion of the glass wall transmitting the central portion of the black band 
alone by means of a narrow slit (nearly 1 mm wide) placed in contact with the 
window, measurements of polarisation were made as usual with a double-image 
prism and nicol. 

The following tables contain a summary of the results. 
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5. Imperfection of polarisation 

Table VII 

(i) Unsaturated vapour at 30° C 

Weak component 
Ratio:- 

Strong component 

Pressure 
in atmospheres Observed Calculated 

Per cent Per cent 
30 9 8 
40 8 6 
50 6 4-9 
60 4-5 31 
65 4 2 

(ii) Saturated vapour 

Weak component 
Ratio:- 

Strong component 

Temperature Observed Calculated 

15° 5-8 2-6 
20° 4 21 
25° 3 1-2 

o
 

O
 

co 1-5 0-3 

(iii) Liquid in equilibrium with vapour 

Weak component 
Ratio:- 

Strong component 

Temperature Observed Calculated 

10° 14 10-5 

15° 10 7 

20° 8 6 

25° 5 3-8 

28° 3 1-4 
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(iv) Liquid under higher pressures 

Weak component 
Ratio:- 

Strong component 

Temperature 

Pressure 

in atmospheres Observed Calculated 

20° 92 13 14 

80 10 9 

25° 90 9 8 

The observed values are uniformly a little too high. This is probably due to the 
fact that the slit used has a finite width, and transmits light to a small distance on 
either side of the centre of the black band. The actual course of values, however, 
follows the indications of theory. 

6. Summary and conclusion 

The paper describes a simple form of apparatus which enables the intensity and 
state of polarisation of the light scattered by gases and liquids at high pressures to 
be measured. Results obtained with carbon dioxide are given, the noteworthy 
features being the following: 

(1) The scattering in carbon dioxide in the condition of unsaturated vapour 
below the critical temperature is not proportional to the density, but increases 
much more rapidly as the saturation pressure is approached, and the polarisation 
of the transversely scattered light becomes sensibly more and more perfect. 

(2) The scattering in the saturated vapour and in the liquid phase in 
equilibrium with it has also been studied. When the liquid is further compressed 
by application of pressure in excess of the vapour tension, its light-scattering 
power shows a striking diminution, and the polarisation becomes markedly more 
imperfect. 

(3) Above the critical temperature, the scattering power at first increases with 
rise of pressure, reaches a maximum, and diminishes again. 

(4) Except very close to the critical temperature, the experimental results agree 
well with the Einstein-Smoluchowski theory of scattering when the effect of 
molecular aelotropy is taken into account. 

We have, in conclusion, to express our cordial thanks to Messrs The Lightfoot 
Refrigeration Company, Calcutta, who gave us much assistance in fitting up the 
high-pressure apparatus and in other ways. 
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The scattering of light by anisotropic molecules 

Prof. L V King’s interesting letter on this subject in Nature of May 19, p. 667, calls 
for comment, as his results do not seem to be acceptable in the light of the work 
carried out at Calcutta in this field during the past two years. 

Any proposed scattering formula should satisfy two simple tests, namely, that 
for a fluid consisting of isotropic molecules it should reduce to the Einstein 
formula, and that for a sufficiently rarefied fluid it should become the Rayleigh 
law of scattering. Prof. King’s formula (3) satisfies neither of these tests, as can 
easily be seen on putting p = 0 in it. The appearance of the adiabatic 
compressibility in the formula is inconsistent with thermodynamic principles. 
Einstein has very clearly pointed out that the expression for scattering must 
involve the isothermal and not the adiabatic compressibility. Further, the 
omission by Prof. King of the factor (p2 + 2)2/9 which appears in Einstein’s 
formula, cannot be reconciled with the acceptance of the Lorentz refraction 
formula for a fluid consisting of isotropic molecules. 

Prof. King’s explanation of the diminution in the depolarisation in the case of 
liquids, which occurs as the critical temperature is approached, as due to the 
breaking up of crystalline aggregates, seems inappropriate in view of the fact that 
a precisely similar effect is shown by vapours, where obviously the conception of 
crystalline aggregates is entirely out of place. Mr Ramanathan’s paper on the 
scattering of light in benzene vapour at high temperatures, which is appearing in 
the Physical Review, clearly illustrates this. The effects observed both in liquids 
and vapours have been very simply explained without recourse to artificial 
hypotheses in my papers in the Philos. Mag. for January and March, where 
quantitative data strongly supporting Einstein’s formulae are set out. 

The fundamental error in Prof. King’s reasoning seems to arise at the point 
where he suggests that a fluid consisting of comparatively stationary anisotropic 
molecules, with equally probable orientations in all directions, would scatter only 
polarised light. This is certainly not the case. It can easily be seen on resolving the 
effect due to an aelotropic molecule oriented arbitrarily that the components 
perpendicular to the light vector in the incident wave are affected with a sign 
which may be either positive or negative at random, i.e. irrespective of the 
position of the molecule in space, and hence, in finding the total components in 
these directions, we have to add the intensities, not the amplitudes. A fluid 
consisting of anisotropic molecules oriented at random must therefore necessari¬ 
ly scatter unpolarised light in proportion to its density, and as remarked in my 
letter in Nature of March 31, p. 428, considerations similar to those which enter 

159 
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into the Lorentz refraction formula introduce a further factor (/j2 4- 2)2/9, which 
increases the unpolarised scattering to be expected. The whole question will be 
found elaborately discussed in a paper by Mr Ramanathan in the Proc. Indian 
Association for the Cultivation of Science, vol. viii.. Part I, just published. 

I think I should make it clear that the suggestion made in my letter in Nature, 
March 31, and endorsed with some modifications by Sir William Bragg, 
regarding the relations between the liquid and the crystalline states, is very 
different from that put forward by Prof. King. In my opinion, neither the facts 
regarding the scattering of light nor the X-ray data require the assumption of the 
existence of crystalline aggregates in liquids. All that the experimental facts 
suggest is that the molecules in a liquid influence the orientations of their nearest 
neighbours to a sensible extent, and that this results in the amount of unpolarised 
light scattered being somewhat smaller than on the hypothesis of random 
orientations of the molecules. 

C VRAM AN 

210 Bowbazaar Street, Calcutta 
15 June 
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The structure of molecules in relation to their optical 
anisotropy 

As is well known, the light scattered transversely when traversing a column of gas 
or vapour is not completely polarised, the defect of polarisation depending on the 
nature of the substance. The explanation of this phenomenon as developed by the 
late Lord Rayleigh, Born, Sir J J Thomson and others is that the molecules which 
scatter the light are optically anisotropic, that is, have different refractivities in 
different directions, and are oriented arbitrarily in space. From the point of view 
of dispersion-theory, the interpretation usually given is that the electrons 
responsible for the refraction of light are anisotropically bound in the molecule. 

This way of regarding the matter, though perhaps not formally incorrect, does 
not hold out much hope of progress in interpreting the experimental results, 
owing to the scantiness of our knowledge regarding the manner in which the 
dispersion-electrons are bound in complex molecules. Recently, under the 
writer’s direction, a series of accurate measurements have been made in his 
laboratory of the scattering of light in some thirty different gases and vapours by 
Mr A S Ganesan, and in more than sixty different transparent liquids (chiefly 
organic compounds) by Mr S Krishnan, and the empirical knowledge thus 
accumulated of the relation between light-scattering and chemical constitution 
emphasised the unsatisfactoriness of the position of the subject on the theoretical 
side. Thus, for example, the observations showed that molecules containing 
elongated chains of CH2 groups and therefore highly unsymmetrical in shape are, 
optically, much more nearly isotropic than benzene, toluene and other com¬ 
pounds of the aromatic series. 

These and other results stand in need of explanation, and it is the purpose of 
this note briefly to indicate a method of dealing with the matter which is at least a 
useful working hypothesis. The suggestion is that the optical anisotropy of the 
molecule is due, in the main, to the mutual influence of the electric doublets 
induced by the external field in its constituent atoms, the latter, individually, 
being themselves more or less completely isotropic. A similar idea has recently 
been used very successfully by W L Bragg to explain the doubly-refractive 
character of substances in the solid crystalline state, e.g. calcite and aragonite. 

Following up the working hypothesis indicated, Dr K R Ramanathan has, at 
the suggestion of the writer, calculated the degree of optical anisotropy to be 
expected theoretically for the molecules of a number of substances in the gaseous 
state and obtained most encouraging results. The fullest test of the theory will be 

161 
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that furnished by the series of organic vapours studied; the detailed calculations 
necessary for this purpose have been undertaken. Qualitatively, it is not difficult 
to see that the closer packing of the atoms in the benzene rings compared with 
that in the chain compounds would enhance their mutual influence, and that, 
consequently, the greater anisotropy exhibited by the compounds of the aromatic 
series is what we should expect on the hypothesis suggested. 

C VRAM AN 

s.s. Kaisar-i-Hind, near Marseilles 
19 June 
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The scattering of light by liquid and solid surfaces 

It is a well-known fact of observation that most reflecting surfaces usually also 
scatter a little light and are thus rendered visible. The effect is usually dismissed, 
however, as due to dust or imperfect polish of the surface, and little attention has 
been given to the problem of determining whether, when these disturbing factors 
are eliminated, any scattering by the surface persists. Experiments carried out by 
the writer in collaboration with Mr L A Ramdas to test this matter have led to 
some interesting results. 

Freshly split cleavage faces of crystals show extraordinarily little scattering. In 
fact, it is found that a clean good piece of mica has surfaces which are invisible 
even when placed at the focus of a lens illuminated by sunlight against a dark 
background. This is what one would expect theoretically. Cleavage surfaces of 
rock-salt and Iceland spar are also good, though not so perfect. The conchoidal 
fracture-surfaces of quartz are relatively very imperfect optically. Blocks of thick 
plate glass when freshly broken open exhibit surfaces which apparently are quite 
smooth, but when illuminated by sunlight they show a blue superficial 
opalescence. Freshly-blown bulbs of glass when held in a strong light also show 
this surface opalescence very well. 

Coming to liquids, the most interesting case is that of metallic mercury. After 
carrying out a series of chemical purifications, washing and drying the mercury 
and then distilling it in vacuum from one bulb to another and transferring it back 
again repeatedly, Mr Ramdas succeeded in obtaining surfaces which were dust- 
free and chemically clean. When sunlight is concentrated on such a mercury 
surface in a vacuum, the focal spot shows a bluish-white opalescence, the 
scattered light when observed in a direction nearly parallel to the surface being 
very strongly polarised with the electric vector perpendicular to the surface and of 
nearly similar intensity in all azimuths. The opalescent spot when examined 
under a microscope appears perfectly structureless, showing that it is a true 
molecular phenomenon. 

To test whether the surface-opalescence exhibited by mercury is due to the 
mobility of the dispersion-electrons usually assumed to exist in metals, or 
whether it is due to the rugosities of the surface caused by molecular 
bombardment, observations were also made with transparent liquids in enclosed 
bulbs made dust-free by repeated distillation. Various liquids tried, e.g. ether, 
alcohol, benzene, carbon tetrachloride, liquid carbon dioxide, all showed the 
surface-opalescence conspicuously under strong illumination. The character of 
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the effect in these cases was, however, quite different from that shown by a clean 

mercury surface. 
The surface-scattering by transparent liquids in undoubtedly due to the effect 

of molecular bombardment of the surface. It is much more intense when observed 
in directions adjacent to that of regular reflection and refraction than in other 
directions. It is less blue than the internally-scattered light, and shows remarkable 
changes in its state of polarisation with varying angles of incidence and 
observation. There were notable differences in this respect between the cases in 
which the light is incident respectively within and outside the liquid on the 
interface. There is a rapid falling off in the intensity of the surface opalescence 
when the angle of incidence is increased much beyond the critical angle. These 
facts clearly indicate that the effect shown by transparent liquids is essentially due 
to the imperfect planeness of the surface. The scattering by a metallic liquid 
surface, on the other hand, has probably a different origin, as suggested above. 

The interface between two non-miscible dust-free liquids also shows strong 
opalescence under illumination. For the particular case in which the interfacial 
tension is very small or negligible, the opalescence becomes greatly exaggerated. 
Some observations by Mandelstamm (Ann. d. Phys. vol. 41, 1913) on the critical 
state of liquid mixtures are of interest in this connexion. 

The experimental observation of the surface-opalescence of water presents 
special difficulties owing to the great ease with which this liquid catches dust and 
grease. The difficulties have, however, been successfully overcome and the effect 
satisfactorily demonstrated, both with water rendered dust-free in sealed bulbs 
and with the water-film on a clean block of melting ice kept free of dust by a gentle 
stream of gas blowing upon it. 

210 Bowbazaar Street, Calcutta 
28 June 

C V RAMAN 
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Relation of Tyndall effect to osmotic pressure in 
colloidal solutions 

C V RAMAN, F.R.S. 

1. Introduction 

Recent investigations have shown clearly* * that the scattering of light in ordinary 
liquids arises from the local fluctuations in optical density due to molecular 
agitation. The simple Rayleigh theory of scattering, in which each molecule is 
regarded as an independent scattering particle, is valid only in the special case of 
an ideal gas and ceases to be applicable when, as in dense fluids, it is no longer 
permissible to postulate an absolutely chaotic ordering of the molecules in space. 
Likewise, in fluid mixtures and solutions,* the scattering observed is found to be 
due to local fluctuations of density and concentration and the varying 
orientations of the molecules. In view of these successes of the fluctuation theory 
in the region of molecular optics, it appears natural to apply it also in the field of 
colloid optics. Colloidal solutions often contain particles so numerous and finely 
divided that the Tyndall cone cannot be resolved into discrete specks of light and 
is very similar in general appearance to that observed in strongly scattering 
molecular solutions. Even when the separate particles can be resolved by the 
ultra-microscope, it does not follow that it would necessarily be justifiable to treat 
them as independent sources of scattered radiation. It must be remembered that 
the particles are only secondary sources scattering the same primary waves, and 
hence their aggregate effect is to be determined in accordance with the principles 
of interference and not by simple addition of intensities. The resultant effect may 
be greater than, equal to, or less than that of the individual particles taken 
separately, depending entirely on the distribution of the particles in space. 

An excellent illustration of the effects of interference in colloid optics is 
furnished by the recent observations of Sogani* on the halos exhibited when a 
source of light is viewed through a chromatic emulsion which had been 
homogenized by settlement. He found that the source of light viewed through the 
emulsion appeared surrounded by sharply defined diffraction rings separated by 

*C V Raman, Molecular Diffraction of Light, Calcutta University Press, Feb. 1922. 

fC V Raman and K R Ramanathan, Philos. Mag. 1923, 45, 213. 

*C M Sogani, Philos. Mag. 1926,1, 321. 
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dark spaces; the emulsion, in fact, gave rise to effects which were analogous to 
those produced by a diffraction-grating and so were clearly due to a regularity in 
the space-grouping of the particles contained in it. 

When the mean distance between neighbouring particles is sufficiently small, 
diffraction-rings will not arise, but the total intensity of the scattered light will be 
determined by the character of the space-grouping of the particles. If they are 
arranged with a high degree of regularity, the intensity of the Tyndall cone will be 
small, while on the other hand if they tend to form clusters or groups, the Tyndall 
effect would be greatly increased. The principle of interference, in fact, when 
applied to the determination of the aggregate effect of separate scattering 
particles, leads to results practically identical with those obtained from the 
application of the fluctuation theory to a continuous optical medium. Thus, there 
is reason to think that at least in the case of solutions in which the dispersed 
material exists in the form of very fine and numerous particles, the phenomena of 
colloid optics should show close analogies to those observed in molecular 
scattering of light and that we can apply to them thermodynamic 
reasoning of the same type. 

2. Relation to osmotic pressure 

The most convenient approach to the theory of fluctuations in a colloidal 
solution is by way of the osmotic pressure, which it may be remarked, also plays a 
fundamental role in Einstein’s theory of the Brownian movement. We proceed to 

evaluate the work necessary to change the masses m1 and m2 respectively of the 
dispersal medium and the dispersed material present in unit volume of the 
solution, in an isothermal and reversible manner. This may be done in the 
following way. Consider a cylinder of very large volume with a small side-tube 
attached to it. The solution is enclosed between the two pistons A and £, the latter 
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being in the side-tube. Initially the whole solution is at uniform concentration 
and at atmospheric pressure, the pistons A and B being assumed to be held at rest 
by suitable external forces. The cylinder and side-tube are then separated by a 
semi-permeable septum through which only the dispersal medium can pass. The 
volume of solution present in the side-tube is initially taken to be unity. The 
piston B is then pushed in to an infinitesimal extent, and the piston A 
correspondingly pushed out so as to diminish the volume in the side-tube by At;, 
and the mass of the dispersal medium present in it by A ml. We write Amt = pk Av. 
The concentration k = m2/ml of the dispersed phase is increased in this process 
by A/c, and the resultant work done in this process is 

1 dP 

2 ~dk 
•A/c-Ar 

1 dP m1 

2 dk kpk 

^ a(Ak)2 (say) 

where P is the osmotic pressure of the solution. 
The semi-permeable septum is then replaced by a rigid and impermeable 

septum and the piston B is further pushed so as to compress the solution to an 
infinitesimal extent, the piston A being at the same time allowed to move at 
constant pressure so as to keep the total volume of the solution constant. The 
work done in this process is 

\pm2 (2) 

where ft is the compressibility of the solution and Ap the increase of pressure in the 
side-tube produced by the compression. The total work done is thus 

l-a(Ak)2 A-PiAp)2 

Following an argument very similar to that used in the paper on liquid 
mixtures by Raman and Ramanathan cited above, it is easily shown that in a 
direction at right angles to the incident beam, assumed to be unpolarised and of 
unit intensity, the intensity of the scattered light is 

ip n2RT 

r2 2NX* ' 

where ip is the volume of the solution scattering light, r = the distance from it of 
the receiving screen, R/N = Boltzmann’s constant, e = the optical dielectric 
constant of the solution, oc = (dp/dk)-m1/kpk, ft = compressibility of solution, 
pk = reciprocal of shrinkage of volume of solution by removal of unit mass of 
dispersal medium, p = hydrostatic pressure and X = the wavelength. 
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Instead of expressing the scattering in terms of the osmotic pressure of the 
dispersed material, we can of course, also express it in terms of the vapour 
pressure of the dispersal medium. For this purpose, we alter the concentration by 
evaporating a mass Am1 of the dispersal medium from a large volume of solution, 
and then condense the vapour isothermally and reversibly into a unit volume of 
solution and thus lower its concentration. The work gained in the first part of the 

process is 

P(v-VPkY*mi 

where p is the pressure and v the specific volume of the vapour. In the second-half 
of the process, the jvork to be done would be 

\ 

1 d 
p(v - l/pt)Ami + --(v - l/p,t)-Ami. 

The difference between the works done would be thus 

1 (_Sp 

2\ 8k 

We thus obtain as an alternative expression for a in (4) 

a = (-|r)(«- l/Pk)m,/k. (6) 

From equation (4), we see that the scattering consists of two parts, the first 
being due to fluctuations of concentration and the second due to fluctuations of 
density. The latter is inversely proportional to the compressibility of the solution, 
and in colloidal solutions should usually be quite negligible in comparison with 
the first. As in the theory of molecular scattering, we should also have to include a 
third type of scattering, which, unlike the two considered above, is practically 
unpolarised and is caused by the varying orientations of the molecules of the 
dispersal medium and of the colloidal particles. If the latter are highly 
unsymmetrical in shape, this term would be important, even when the particles 
are very finely dispersed. 

Our equations (4) and (6) will be found to become identical with those given by 
Raman and Ramanathan in the paper on liquid mixtures already cited, when one 
of the components is assumed to be non-volatile. In making the comparison, it 
should be remembered that we have taken the concentration k to be the ratio of 
the mass of the non-volatile to the volatile component, while in the paper of 
Raman and Ramanathan, it is the reciprocal of this quantity that is denoted by k. 

In another paper, we shall consider the application of the foregoing theory to 
the explanation of the optical behaviour of various actual colloids, of the 
influence of coagulating and peptising agents on the Tyndall effect, and specially 

j-(»- i/AK/MAfc)2. 
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i 

the influence of hydrogen-ion-concentration, temperature and other factors on 
the opalescence of protein solutions. 

3. Summary 

In this paper, it is proposed to apply the theory of fluctuations to the elucidation 
of the optical behaviour of colloidal solutions. It is pointed out that the treatment 
usually given, in which each particle is regarded as an independent source of 
scattered radiation, is based on the assumption of a completely random 
distribution of the dispersed material in space; such an assumption would not 
always be valid. An expression is derived from the light-scattering power in terms 
of the variations of osmotic pressure and refractive index with concentration. 

Calcutta 
20 June 1927 
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The scattering of X-rays in liquids 

In various notes published last year I dealt with the scattering of light in 
transparent media, and showed that its study initiated by the late Lord Rayleigh 
in his theory of the colour of the sky has other fascinating applications in the 
explanation of the colour of the sea and other transparent waters, and of the 
colour of ice on glaciers. The thermodynamic theory of “fluctuations” developed 
by Smoluchowski and Einstein formed the starting-point in the discussions, but I 
was careful to emphasise the important complications arising from the ani¬ 
sotropy of the molecules in fluid media and showed how the necessary corrections 
in Einstein’s theory may be made. A considerable measure of success was attained 
in attempting to correlate the behaviour of substances in the liquid and gaseous 
states in this respect, and in predicting the effects due to alterations of 
temperature and pressure. The study of the changes in the intensity and states of 
polarisation of the scattered light in passing from the liquid to the solid crystalline 
state and their explanation forms another important line of inquiry in which 
some progress has also been made. 

The purpose of the present note is to point out the relation between the optical 
effects referred to above and the very interesting recent work of Keesom and 
Smedt, who have obtained Laue photographs of various liquids traversed by a 
homogeneous pencil of X-rays (Proc. Roy. Soc. Amsterdam, 1922, page 119), and 
the similar work by Hewlett (Physical Review, December 1922, page 702), who 
used the ionisation method. Keesom and Smedt found that many of the liquids 
studied gave a well-marked diffraction ring at a considerable angle with the direct 
pencil. With liquid oxygen and argon, the first ring was formed at an angle of 27°. 
A weak second ring was also observed at 46° with oxygen and at 49° with argon. 
With water, on the other hand, the second ring was very broad and diffuse and 
practically abutted on the first. 

Keesom and Smedt have attempted to explain their results by various special 
assumptions regarding the relative positions of the neighbouring molecules, 
while Hewlett suggests that liquids possess something of a crystal structure. To 
the present writer it appears that the experimental results may be explained 
without any such special assumptions. As in the optical case,- the liquid molecules 
may be regarded as the diffracting centres which are arbitrarily oriented and 
distributed uniformly in space subject only to such variations as give rise to 
density fluctuations in accordance with the Einstein-Smoluchowski formula, 

RTp 2 

—'p0 
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where p0 is the mean density, (Ap)2 the mean square of its fluctuations, R the gas 
constant, T the absolute temperature, p the compressibility of the liquid, and V 
the elementary volume under consideration. When traversed by a homogeneous 
pencil of X-rays the wavelength of which is smaller than the average molecular 
distance, such a structure must give rise to diffraction rings which are more or less 
wpll defined according as the fluctuations of density are small or large. If in the 
expression for the density fluctuation, we take V to be a small cube with a 
molecule at each of its corners, the average fluctuation in its size and the resulting 
weakening of the diffraction pattern can be calculated somewhat on the same 
lines as in Debye’s theory of thermal effect in X-ray reflection by crystals. In 
Keesom and Smedt’s experiments, the low temperature in the case of liquid 
oxygen and argon, and the consequently diminished fluctuations of density must 
have helped in improving the definition of the diffraction ring of the second order. 

C V RAMAN 

210 Bowbazaar Street, 
Calcutta 

/ 
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The nature of the liquid state 

In his recent lecture to the Chemical Society on “The Significance of Crystal 
Structure,” Sir William Bragg has described and discussed the extremely 
important results obtained in his laboratory by the X-ray analysis of various 
carbon compounds, notably those belonging to the aromatic series. The special 
feature brought to light by the investigations is that the ultimate unit of crystal 
structure or elementary parallelepiped is not the chemical molecule, but, 
generally speaking, is a complex formed by the union of two, three or four 
molecules. Further, the symmetry of the crystal tends to increase with the number 
of molecules in the unit and also with the symmetry of the molecule itself. In fact, 
there are simple quantitative rules, first stated by Shearer, connecting these 

quantities. 
The question naturally arises whether when a crystal is melted and passes into 

the liquid state, the units in the latter condition are the same as in the crystal, or 
whether these break up further into the individual molecules. A method of 
investigating this very fundamental point is furnished by studies on the 
molecular scattering of light. If the units in the liquid state are the chemical 
molecules, that is, the same as in the condition of vapour, there should be a simple 
quantitative relation between the amount of unpolarised light (due to optical 
anisotropy) scattered by equal volumes of liquid and vapour and the densities in 
the two states of aggregation. This relation was indicated in my letter in Nature of 
July 1,1922, but the method of calculation there given has to be amended to make 
allowance for the fact that the electric polarisation within a fluid is, according to 
the Lorentz-Mosotti formula, greater than in free space. When this correction is 
made, it is found that the amount of unpolarised light actually scattered is 
considerably smaller than that indicated by the calculation. The conclusion thus 
appears to be forced upon us that the ultimate unit in the liquid state is not the 
same as in the state of vapour. On the other hand, if we adopt the view that the 
ultimate unit is the same in the liquid state as in the crystalline state, a way is 
opened for a satisfactory explanation of the observed result. For, according to 
Shearer’s rule, the symmetry of the unit is always greater than that of the 
molecule, and hence the amount of unpolarised light scattered by it should be 
diminished, as is actually observed. 

A further consideration which suggests that the ultimate unit in the liquid state 
is the same as in the crystalline solid is the existence of those remarkable 
substances, known as liquid crystals, studied by Lehmann and others. If a liquid 
be conceived of as a collection of elementary crystal parallelepipeds which are 
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ordinarily prevented from thermal agitation from forming regular arrays, it is 
easier to understand how in favourable circumstances, such arrays come into 
existence temporarily and as quickly disappear. This conception appears to fit in 
very well with the mathematical framework of the kinetic theory of liquid crystals 
recently developed by Oseen (Stockholm Academy, Handlingar, 1921). 

The same conception also appears to furnish a satisfactory explanation of the 
tendency shown by many liquids to refuse crystallisation and to pass into a highly 
viscous or glassy condition when supercooled. We have only to suppose that the 
units gradually join up, but in an irregular way, and form an optically 
heterogeneous structure. This conception of the constitution of vitreous solids is 
supported by the results of an extensive series of observations on the scattering of 
light in optical glasses and in supercooled organic liquids carried out under the 
writer’s direction. 

Finally, it may be remarked that the conception suggested does not, so far as 
the writer can see, appear to be inconsistent with any other known facts regarding 
the physical properties of liquids. 

C V RAMAN 

210 Bowbazaar Street 
Calcutta, India 
22 February 
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The diffraction of X-rays in liquids, liquid 
mixtures, solutions, fluid crystals and amorphous solids* * 

C V RAMAN, M.A., D.Sc. (Hon) 
(Palit Professor of Physics, University of Calcutta) 

and 
K R RAMANATHAN, M.A. 

(Assistant Lecturer in Physics, University College, Rangoon) 

1. Introduction 
2. Comparison with the optical scattering problem 
3. X-ray scattering at very small angles with the primary beam 
4. Explanation of the X-ray diffraction-halo of liquids 
5. Analysis of molecular positions in a liquid and in mixtures and solutions 

6. Calculation of the intensity of X-ray scattering 
7. Comparison with observations 

8. Liquid crystals 
9. Amorphous solids 

10. Summary and conclusion 

1. Introduction 

When a narrow pencil of homogeneous X-rays passes through a thin layer of 
liquid and is received on a photographic plate, it is found that with a sufficient 
exposure, besides the central spot given by the undeviated pencil, there appears 
on the plate also a circular diffraction halo surrounding the centre and separated 
from it by a relatively clear space. This somewhat surprising observation was 
made by Debye and Scherrer+ in the course of their work on X-ray diffraction. 
The same result has also been obtained in some recent X-ray studies by Hewlett* 
in which the ionisation' method was employed. Keesom and Smedt§ have also 

*A preliminary note in which the theory developed in this paper was indicated appeared in Nature 

(London) Feb. 10, 1923, 185. 

+Nachichten Gottingen 1916. 

*C W Hewlett: Phys. Rev. 1922 XX, 688. 
§ Keesom and Smedt: Proc. Roy. Soc. (Amsterdam) 1922 XXV, 118 and 1923 XXVI 112. 
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studied the phenomenon in the case of several liquids by the photographic 
method and find that in some cases there is a weak second halo outside the first 
and even the suspicion of a third. 

The behaviour in this respect of the special class of substances known as liquid 
crystals and studied by Lehmann and others is obviously of much interest. At the 
suggestion of Prof. Debye, observations were made by Huckel* * with several of 
these substances, particularly with p-azoxyanisol and cholesteryl-propionate 
which were studied in (1) the solid crystalline, (2) the liquid crystalline, and (3) the 
liquid isotropic conditions. In the solid crystalline state, several sharp rings 
similar to those of other crystal powders were obtained, but remarkably enough, 
there was no notable difference shown by the photographs obtained with the 
isotropic and crystalline liquid states. In both cases a single diffraction halo 
appeared as in the case of ordinary liquids. It may also be mentioned that 
observations by Freidrichf on the scattering of X-rays by wax and other 
amorphous solids and by Jauncey* on the scattering by glass similarly show a 
maximum at a considerable angular distance from the undeviated pencil. It thus 
appears that in the three cases of an isotropic liquid, of a liquid crystal and of an 
amorphous solid, we have essentially similar phenomena exhibited. 

From the survey of the literature, it would appear that no satisfactory 
explanation of the appearance of the diffraction halo in these tases has so far been 
put forward. One view that has been suggested^ is that the halo might be a 
diffraction-effect arising from the finite size of the molecule or the cooperation of 
the different atoms in it. This suggestion however must be negatived in view of 
Keesom and Smedt’s observation that a liquid J.ike argon which presumably has 
monatomic molecules shows the phenomenon in much the same degree as 
substances with more complex molecules. Another view that has been put 
forward by Hewlett" is that ordinary liquids possess something resembling crystal 
structure. The idea that in a liquid there are large groups of regularly arranged 
atoms is also put forward by A H Compton' in his recent report on X-ray 
scattering when referring to observations by Hewlett and Duane. These 
hypotheses by Hewlett and Compton appear to us to be somewhat artificial; they 
have obviously been introduced in order to explain the observed effects, but lack 
independent justification. Keesom and Smedt have attempted to interpret their 
results as due to the interference of the effects of two neighbouring molecules, 
using for this purpose a formula proposed by Ehrenfest. Their theory, however, 

* Huckel, Z. Phys. 1921, 561. 

+ Freidrich: Z. Phys. 1913 14 317. 

*Jauncey: Phys. Rev. 1922 XX 405. 

§Debye: referred to by Huckel. 

llLoc. cit. 
1 Bulletin, National Research Council, U.S.A., No. 20, p. 14. 
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appears to us inadequate. The essential features of the phenomenon are the 
region of the relatively very small intensity of scattering surrounding the central 
spot, and beyond this a moderately sharp diffraction-halo, having a much greater 
intensity than the scattering at large angles. Neither of these features is indicated 
by Ehrenfest’s formula. To make the point clear we give below in figure 1C the 
curve of intensity for benzene reproduced from Hewlett’s paper, and in figure 1A 
for comparison with it a graph of the intensity calculated from Ehrenfest’s 
formula. It will be seen that there is little in common between them. Finally we 
should mention an attempt which has been made by L Brillouin* to explain the 
phenomena of X-ray diffraction in liquids and amorphous solids on the basis of 
the quantum theory of specific heats. We give in figure IB a graph of the intensity 
in different directions drawn from his final formula. It will be seen that it bears no 
resemblance whatever to the observed result given in figure 1C. 

We propose in this paper to approach the problem from an entirely different 
standpoint. In a series of publications* that have appeared in the course of the last 
two years, the authors and their co-workers have discussed the optical problem of 
the scattering of light in liquids under various conditions and shown that the 
experimental evidence amply confirms the statistical-thermodynamical theory of 
light-scattering developed by Smoluchowski and Einstein. The essential idea of 
ihe Einstein-Smoluchowski method is to treat a fluid as a continuous substance 
subject to local changes of density determined by thermodynamical consider¬ 
ations. Leaving out of account the effects due to the anisotropy of the molecules, 
the theory leads in the optical case to precisely the same results as those given by a 

*Ann. Phys. Jan-Feb. 1922, pp. 88-122. 

1. Notes by C V Raman in Nature (London) November 10, 1921, and several subsequent issues. 

2. Molecular Diffraction of Light by C V Raman, Calcutta University Press, February, 1922. 

3. The Molecular Scattering of Light in Water and the Colour of the Sea by C V Raman, Proc. Roy. 

Soc. (London) April 1922, pp. 64-80. 

4. The Molecular Scattering of Light in Vapours and in Liquids and its Relation to the 

Opalescence observed in the Critical State by K R Ramanathan, Proc. Roy. Soc. (London) 1922 102 
pp. 151-161. 

5. The Molecular Scattering of Light in N-pentane by R Venkataraman, Trans. Chem. Soc. 1922, 
121, p. 2655. 

6. The Molecular Scattering of Light in Liquid Mixture by C V Raman and K R Ramanathan, 

Philos. Mag. Jan, 1923, pp. 213-224. 

7. The Molecular Scattering and Extinction of Light in Liquids and the Determination of the 

Avogadro Constant by C V Raman and K S Rao, Philos. Mag. March 1922, pp. 635-640. 

8. Electromagnetic Theory of Scattering of Light in Fluids by K R Ramanathan, Proc. Indian 

Assoc. Cultiv. Sci. VIII Part I, pp. 1-22. 

9. The Visual and Photographic Albedo of the Earth by K R Ramanathan, Astrophys. J. April 

1923. 
10. The Molecular Scattering of Light in Benzene Liquid and Vapour by K R Ramanathan, Phys. 

Rev. 1923. 

11. The Molecular Scattering of Light in Liquid Mixtures by J C. Kameswar Rao, Phys. Rev. 

1923 And other forthcoming papers. 
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more explicitly molecular treatment. This is due to the circumstance that the 
length of light waves is vastly greater than the scale of molecular dimensions, and 
hence the assumption involved in treating the substance as a structureless 
continuum does not lead to any appreciable error. The case is different however 
when we deal with the problem of diffraction of X-rays. The wavelength here is 
less than the average distance apart of the molecules, and in applying the 
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statistical-thermodynamical considerations developed by Smoluchowski and 
Einstein, we have explicitly to take into account the fact that the medium is not 
continuous, but consists of a finite number of discrete particles. When this is done, 
the experimental results are explained quantitatively in a satisfactory manner. 
Figure ID gives the graph of intensity calculated from the formula we have 
developed in this paper. When account is taken of the imperfect homogeneity of 
the X-rays used by Hewlett, it will be seen that his experimental curve reproduces 
with remarkable fidelity the indications of theory. 

2. Comparison with the optical scattering problem 

In order more clearly to appreciate the relations between the optical and X-ray 
problems, it is desirable here to give a brief outline of the theory of the former case. 
In figure 2, let ABCDE represent a unit volume of fluid (supposed of refractive 
index only slightly differing from unity) on which a parallel pencil of light is 
incident. Let n be the total number of molecules in it and let PPPP represent the 
in-falling rays and QQQQ the scattered rays in the particular direction under 

consideration. The volume ABCDE may be divided into a very large number of 
slices by a series of equidistant planes perpendicular to the plane of the paper and 
equally inclined to the incident and scattered rays. It is assumed that each slice is 
thick enough to be several molecules deep and yet very thin compared with the 
wavelength of the incident light. It is obvious that with these assumptions the 
scattered waves arising from the molecules in each slice may be taken to be all in 
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identical phases. Let, A,B,C,D, etc be successive planes which are situated at such 
intervals that the path differences of the scattered rays arising from layers 
adjacent to them differ by one wavelength. Each of the slabs AB, BC, etc thus 
contains a considerable number, say r of the thin slices into which the medium 
was supposed to be divided. Then AB = BC = CD = DE = A/2 sin 1/2 6 where 6 is 
the angle of scattering and A is the wavelength of the incident radiation. Since the 
effects of all the molecules in a given slice, say the pth, of any one slab are taken to 
be in the same phase, they also agree in phase with those from the pth slice of every 
other slab. The amplitudes of the scattered waves arising from all the molecules 
lying in the pth slices of all the slabs may then be added up; and their resultant 
amplitude is proportional to the total number of molecules contained in the slices 
thus added together; denote this by np. The whole scattering may then be found 
by summing up the effects proportional to n1, n2,... np... nr of the successive slices, 
due regard being had to their respective phases, which are distributed at regular 
intervals from 0 to 2it. If = n2 = ... np = ... rcr, the effects of the different slices 
would completely extinguish each other by interference. This corresponds to the 
case of a completely homogeneous medium, that is, a crystal at the absolute zero 
of temperature for waves of length great compared with its grating constant. In 
every other case, nx, n2 etc. would show fluctuations in value and part of the 
incident energy would appear as scattered or internally reflected radiation. We 
know that nx + n2 + ... np + nr = n and hence, denoting n1—n/r = Anl, n2 — n/r 

= An2 so on, the resulting effect would simply arise from the quantities Anl, An2 

etc. which represent the fluctuations from the mean density, the part due to the 
mean density itself disappearing by interference. 

We can now consider the magnitude of the fluctuations Anu An2, etc. in 
different cases. We take first the case of an ideal gas which has been discussed by 
H A Lorentz,* Here the distribution of the molecules is a purely random one and 
the average expectation of magnitude of the fluctuations Anl, An2, etc. can be very 

simply shown from probability considerations to be Jn/r. If further, we make the 
assumption which is a priori justifiable in the case of an ideal gas—that the 
quantities Anl9 An2 etc. are as often positive as negative and vary quite 
independently of each other, then to find their aggregate effect, we add up not 

their amplitudes in their respective phases, but their intensities without regard to 

phase. The total scattering will thus be proportional to r(^/n/r)2 or simply n, that 
is, to the total number of molecules in the fluid per unit of volume. This is the well- 
known Rayleigh law of scattering. 

We next consider the case of a gas not obeying Boyle’s law in which the 
distribution of molecules is no longer a random one. Here, applying Boltzmann’s 

principle of entropy-probability, we find the mean value of A n1 to be, n^RfiT/Nr 

*Proc. Roy. Soc. (Amsterdam) 1910 13 92. 
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where R and N are respectively the gas constant and Avogadro constant for a 
gram-molecule, T is the absolute temperature and p is the isothermal compressi¬ 
bility of the fluid. Assuming as in the case of an ideal gas that Anl9 An2, may be as 
often positive as negative, and that their values are quite independent of each 
other, we get the total scattering by squaring and adding their intensities. The net 
result is thus proportional to 

n2RTp/N (1) 

and is thus proportional to the compressibility and to the absolute temperature 
and to the square of the density. For a gas obeying Boyle’s law, /? is the reciprocal 
of the pressure and it is easily seen that the expression reduces to n, which is the 
Rayleigh law of scattering. 

For a liquid or very dense vapour of which the refractive index is sensibly 
greater than unity, the discussion proceeds on exactly the same lines as above, 
except that the local electro-magnetic field due to the molecules themselves 
cannot be neglected in comparison with the field due to the incident wave and 
must be taken into account as in Lorentz’s theory of dispersion. This increases the 
intensity of the scattered light without affecting its state of polarisation as shown 
in the paper (8) by Ramanathan quoted above. The scattering due to a unit 
volume is now proportional to 

(2) 

where n is the refractive index of the fluid. When /u is sufficiently nearly equal to 
unity, (2) reduces to (1). 

3. X-ray scattering at very small angles with the primary beam 

It will be seen that the simple treatment given above depends essentially on the 
possibility of dividing up the medium into slabs of thickness A/2 sin^0 which can 
be further subdivided into several slices, each of which is many molecules thick, so 
that the fluctuations of density in any slice can be assumed to be independent of 
those in neighbouring ones. This, in general, is obviously possible only when A is 
large, which is true in the optical case. When A is comparable with molecular 
dimensions, and 6 has any moderate value, each slab of thickness A/2 sin would 
be only a few molecules thick, and it would no longer be possible to assume that 
when it is subdivided into thinner slices, the fluctuations in the different slices are 
uncorrelated, i.e. independent of each other. In fact, it is easy to see that when the 
volume of the liquid is divided into very thin slices each only a molecule or so in 
thickness, any excess of density in one slice necessarily involves a deficiency in the 
adjoining slices and vice-versd. The simple summation of the intensities of the 
scattered waves due to the density-fluctuations in the different slices, thus ceases 
to be admissible. 
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In one case, however, the Einstein—Smoluchowski theory may be applied as it 
stands to the problem of X-ray scattering. This is when the angle of scattering 9 is 
very small. The thickness A/2 sin \9 of the slabs AB, BC, CD, is then appreciable 
and may be made as large as we please by sufficiently decreasing 9. For instance if 
A = 0-71 A.U., and 9 = 10' of arc, A/2 sin\9 = 239 A.U. and each of the slabs AB, 
BC, etc. would, if we take the case of benzene liquid, be about 50 molecules thick. 
This thickness should be ample to enable the Einstein—Smoluchowski theory to 
be applied. The isothermal compressibility /? being 90 x 10 12 dynes per cm2 for 
benzene, it is easily shown by calculation that the scattering given by formula (1) 
is 1/40 times smaller than in proportion to the number of molecules per unit 
volume. The scattering of X-rays at these small angles by liquids is thus almost 
negligible. Even for an angle of scattering of 2 degrees, a layer A/2 sin \9 thick 
would be about 5 molecules deep and though the Einstein-Smoluchowski theory 
would not be strictly valid, it could still be applied as a rough approximation, and 
the result indicated, viz that the scattering is very small would hold good. 

It is thus seen to be a simple consequence of thermodynamics that in respect of 
scattering of X-rays through small angles, ordinary liquids stand in a position not 
very dissimilar to that of a complete crystal or of a crystal powder. The principal 
point of difference is that, in crystals, the compressibility is even smaller than in 
liquids and the scattering at small angles is therefore practically evanescent. 

4. Explanation of the X-ray diffraction-halo of liquids 

As the angle of scattering 9 is gradually increased, a stage is arrived at when the 
slab A/2 sin \9 is only one or two molecules thick, and it is clear that the 
thermodynamical theory based on the idea that the fluid is a structureless 
continuum must then be modified. The essentially new feature that must be taken 
into account is that the fluctuations of density in neighbouring slices are no 
longer uncorrelated. Without going very deeply into the mathematical theory, it 
is easy to understand in a general way the nature of the results to be expected. For 
simplicity, we shall consider the case of a liquid which has only a very small 
compressibility, and in which consequently the thermal fluctuations of density 
are very small; this means again that the molecules tend to be distributed in space 
in a manner approaching uniformity, and not chaotically as in a gas. If, as before, 
there be n molecules per unit of volume, it is convenient to regard as the mean 
molecular distance a length A0 given by the formula 

A0 = kn~ 1/3 

where k is a number of the order of magnitude of unity; regarding the exact value 
of k, we shall have more to say hereafter. Further, let the angle of scattering 9 be 
such that A = 2A0 sin^fl. Then each of the slabs AB, BC, etc. would on the average 
be just one molecule thick. It is obvious that in such a case, as has already been 
remarked, the supposition that when each slab is further subdivided into a 
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number of slices, the effects of the molecules contained in the different slices would 
practically cut each other out by interference, would be entirely wide of the mark. 
In the first place, the number of the molecules in the different slices, would show 
fluctuations of relatively considerable magnitude. Further, instead of these 
fluctuations of density being entirely uncorrelated, they would be almost 
completely correlated in the direction of amplifying the total observed effect. For 
assuming that out of the r slices into which the slab AB is divided, the middle slice 
contains at any instant an excess number of molecules, the chance that at the 
same instant the slices near the face A or B contain a corresponding deficiency in 
molecules is very large. Since the scattered waves due to molecules in the middle 
and the outer faces of the slab differ in path by 2/2, the effects due to the excess in 
one slice and the deficiency in the others, would have identical phases, and their 
amplitudes would thus add up. Thus a very large scattering may be expected in 
the direction referred to, in fact many times greater than if the different molecules 
were regarded as scattering centres in random distribution of phase. 

Theory thus leads us to expect a very large scattering in the direction 6 where 
2 = 220 sin ^0, 20 being the mean molecular distance. Since as we have seen, the 
scattering is almost nothing at small angles, it follows it should increase rather 
abruptly as 6 increases and approaches the value 2sin^12/220. On the other 
hand, when 6 reaches and passes this special value, we should expect a fall of 
intensity which is somewhat less rapid. For, as the angle of scattering is increased, 
the quantity 220sinbecomes greater than 2, and hence the fluctuations of 
density in the different slices begin to neutralise each other’s effects by 
interference, but not perfectly, owing to the want of correlation. At large angles, a 
considerable effect would be left over as the result of this incomplete correlation, 
and this may be expected to be still much greater than the Einstein scattering 
obtained in directions nearly parallel to the primary beam. 

The theory thus clearly indicates that the diffraction-halo should be fairly 
sharp at its inner edge, and rather diffuse at its outer margin. These features are 
well shown in Hewlett’s ionisation curves and Huckel’s photographs already 
cited. 

5. Analysis of molecular positions in a liquid and in mixtures 
and solutions 

In order to present the theory of the X-ray diffraction-halo exhibited by liquids as 
outlined above in a more complete mathematical form, we have to see how the 
theory of density-fluctuations which is based on the idea that a fluid may be 
regarded as a continuum should be modified so as to take into account its actual 
coarse-grained structure. From general thermodynamical considerations, it is 
clear that the distribution of the molecules in any small volume of liquid can 
neither be absolutely uniform and geometrically regular and periodic as in a 
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perfect crystal, or absolutely chaotic as in an ideal gas. The character of the 
distribution as influenced by the thermal agitation and other factors must in fact 
be intermediate between these two extreme types. The density of matter present 
must fluctuate from place to place and these fluctuations of density may be viewed 
in twb rather different aspects. The first way of regarding them is that adopted by 
Einstein and Smoluchowski, that is, to ignore the independent existence of 
discrete molecules and confine attention to the total quantity of matter present in 
volumes which are small enough to be beyond the limit of microscopic 
observation, but large enough to contain a great number of molecules. This is 
quite sufficient for the purpose of dealing with the optical problem and also the 
X-ray scattering at very small angles. The second way of regarding the matter is to 
take cognisance of the individual molecules and of their movements in order to 
discuss and analyse the fine structure of the liquid, and this is necessary when we 
discuss the scattering of X-rays at larger angles. When we consider the 
fluctuations of density from the first point of view, their magnitude may be 
predicted completely from a knowledge of the compressibility of the matter in 
bulk, and it is unnecessary to know either the weight of the molecules or their size 
and shape. The fine structure of the liquid on the other hand can only be fully 
determined if we know the properties of the individual molecules. The thermal 
agitation is one of the factors that must be considered in carrying out this analysis 
of the positions of the molecules in any state of aggregation of matter, but that it is 
not the only factor is a fairly obvious proposition. To realise this, we have only to 
recall the extreme case of a crystal at the absolute zero of temperature. Here we 
have no “thermal” fluctuations of density, but the structure exhibits complex 
periodic fluctuations of density that do not vary with time. 

As a preliminary to the more complete analysis of positions of molecules in a 
liquid, we shall first set out clearly the theory of density-fluctuations in a liquid in 
the simpler form sufficient for the optical problem. 

Thermal fluctuations of density: Let us assume that the fluid is enclosed in a 
cube of edge-length L each way in the fluid, the co-ordinates of any point within 
this volume lying between the limits 

0 < x < L 

0 < y < L 

0 < z < L. 

Let the density of the liquid in any small region be denoted by 

p, where p = p0 + A 

p0 being the average density and A the fluctuation. The work done in compressing 
the fluid contained in any small volume V so that its density is increased by A is 

2 
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and putting this equal to 

iRT/N, 

we get at once for the mean square of the fluctuation 

A2 = pl'RTp/NV. 

The same result may also be derived by assuming that the medium is traversed by 
plane sound-waves of different wavelengths, whose energy is distributed in 
accordance with the equipartition principle. Following Einstein,* we may write 

l m n 

cos 2nl — cos 2nm cos 2nn 
2 L 2 L 

z 

2L 

where /, m, n are positive integers. The potential energy in the sound-wave whose 
amplitude is Blmn when integrated over the volume L3 is easily shown to be 

r 3 d2 i 
Dlmn A 

16 pi p 

The law of distribution of each Blmn is thus 

f — N L3 Bfm 

exp)RT 16 pi 

where C is a constant, and it follows that the mean value 

?BL = pl-RTp/Nl? 

which is identical with that given above, since 

A 2 __L d2 
— 8 Dlmn- 

This method of analysing the irregular distribution of molecules in a fluid into 
a system of sound-waves in a continuous medium is of course merely a convenient 
mathematical artifice. Einstein adopts it in his paper and shows that for each 
given direction, it is sound-waves of a particular wavelength that are chiefly 
responsible for the scattering of light; this wavelength is connected with the 
angle of scattering 6 and the wavelength of the light k inside the fluid by the 
formula 

A = 2k1 sin^0. 

The wavelength of the sound-waves which are chiefly effective is thus, except for 
very small angles of scattering, of the same order of magnitude as the wavelength 
of the incident radiation. 

*Ann. Phys. 1910 Band 33 1283. 
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In order that the thermal energy of the fluid may be identified with the energy of 
propagation of sound-waves in it, it must, as is well known, be assumed that the 
sound-wave spectrum is limited on the short wavelength side, the smallest 
permissible wavelength X2 being given by the expression 

H18-n~1/3. 

It is thus clear primd facie that Einstein’s method of considering the problem of 
scattering must fail when the wavelength of the incident radiation and the 
direction of observation considered are such that the sound-waves chiefly 
responsible for the scattering have a wavelength equal to or less than this limiting 
wavelength which is determined by the structure of the medium. We have already 
shown however, that even before this limit is reached, the influence of the discrete 
structure begins to be felt and the conception of sound-waves in a continuous 
medium ceases to be appropriate as a method of dealing with the scattering 
problem. 

Analysis of fine structure of liquids: In the foregoing application of the Fourier 
analysis to the determination of the thermal fluctuations of density, it was tacitly 
assumed that apart from these fluctuations, the fluid itself could be regarded as a 
uniform continuum. This limitation must now be dispensed with, and the Fourier 
analysis applied to the determination of the actual distribution of matter in the 
fluid. The result of the analysis would depend on the manner in which the 
molecules, or rather the eletrons in them responsible for the scattering of X-rays, 
are dispersed in space. If they formed a regular space-lattice—(this contingency 
cannot of course arise in any actual liquid) the analysis would indicate a definite 
periodicity in the distribution of matter with wavelength equal to the grating 
constant of the lattice. Actually, of course, we cannot expect such sharply-defined 
periodicities or “structural line-spectra” in a liquid. We should rather expect to 
get as the result of the analysis, a “continuous structural spectrum” having its 
chief peak of intensity at a wavelength equal to or comparable with the mean 
distance between neighbouring molecules. We have to find a formula which will 
indicate the distribution of intensity in the “structural spectrum”. This cannot of 
course be done completely without a knowledge of the special characteristics of 
the molecules under discussion. But, by considering only the essential features of 
the case, it would appear that the problem can, at least approximately, be solved 
with a knowledge of only the general thermodynamic properties of the fluid. 

Let us imagine a cube in the fluid, which is normally of edge-length x0 
distended or compressed into a cube of edge-length the work done in the 
process is given by the expression 

where f is the isothermal compressibility of the fluid. Actually as the result of 
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thermal agitation, the cube might change shape as well as volume. If we take the 
cube to remain always a rectangular parallelopiped, the three edge-lengths may 

each be either greater or less than A0. It is only one chance in eight that all the 
edge-lengths would be greater (or less as the case may be) than A0. The average 
work corresponding to a change of one of the edge-lengths from A0 to Ax may thus 
be taken to be 

and its thermodynamic probability may in accordance with Boltzmann’s 
principle be written as 

where A is a constant. If be taken to represent a wavelength in the Fourier 
analysis of the distribution of matter in the fluid, the expression just written is the 
formula for “the distribution of intensity in the structural spectrum”. The 

expression gives a peak at the wavelength A! = A0 with intensity falling off more 
or less rapidly on either side of the peak. It will be understood that here we are 
dealing with real periodicities in the distribution of matter, and not merely with 
fictitious mathematical periodicities as in the discussion of the thermal fluctu¬ 
ations of density. Further, these structural waves pass through the fluid in all 
directions, and we may more appropriately write as the expression for the 
intensity in the structural-spectrum, 

where B is another constant, and dH is the elementary solid angle. 
The problem is now to determine the wavelength A0 of the peak in the 

“structural spectrum.” Primd facie, we shall not be appreciably in error if we take 
A0 to be identical with the mean distance between neighbouring molecules in the 
fluid. The evaluation of this mean distance is a very important problem in kinetic 
theory which does not appear as yet to have been adequately discussed. For an 
ideal gas. Hertz* has shown the mean distance between neighbouring molecules 
to be 0-554 n~1/3 where n is the number of molecules per unit of volume. For a 
regular cubical arrangement of molecules, A0 is evidently equal to ln~1,3, and for 
the closest possible packing A0 = 21/6-n~1/3 = l-123w“1/3. In a liquid, the 
arrangement of the molecules is intermediate in type between the absolutely 

*Math. Ann. 1909 67, 387. 

+Jean’s Dynamical Theory of Gases, 3rd Edition, p. 330. 
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chaotic distribution characteristic of an ideal gas and the regular arrangement 
characteristic of a crystal. Gans* has attempted to take into account the finite 
volume of the molecules in the calculation of the mean molecular distance, and 
found that with increasing density of the fluid, X0 increases from 0.554 n” 1/3 to 
n~ 1/3 and even more. His treatment is however open to certain criticisms, and the 
numerical values given by him cannot be accepted as correct. The problem is 
considered afresh in a separate paper by one of us, and the general result emerges 
that for a liquid, X is k, n~ 1/3 where k is a fraction ranging from about 0-8 to 1-0 
according to the nature of the liquid and its condition as to temperature, pressure, 
etc. X0 may also be expressed in terms of the mean linear dimension or diameter o 

of the molecule under consideration. The theoretical discussion indicates that in 
liquids under ordinary conditions X0 is of the same order of quantities as er but 
may be some 10% to 20% greater. 
Liquid mixtures and solutions: As we have just seen, the “structural spectrum” of a 
liquid consisting of only one substance is determined principally by the mean- 
distance between neighbouring molecules and by its compressibility. Passing on 
to the case of mixtures and solutions, it is not difficult to see that the structural 
spectrum should, like many other physical charcters, be at least roughly an 
additive property. For, to a first approximation, the volume of a mixture is the 
sum of the volumes of its components, and hence it is legitimate to assume that 
the mean distance between two molecules of the same kind in a mixture does not 
differ notably from what it is in the pure components. Thus if we have a succession 
of at least three molecules of one kind 

AAA 

or three molecules of the other kind 

B B B 

in a line, we have periodicities which are the same as those in the pure 
components. On the other hand, if we have at least four molecules forming a chain 
in which the two kinds of molecules alternate, 

A B A B 

or 

BABA 

we would have wavelengths corresponding to the sum of the two just considered. 
In the conditions subsisting in a fluid, the formation of periodic arrays of four or 
more molecules of this special type is relatively an improbable event, and hence 
we are justified in assuming that the “structural spectrum” of a mixture or 

*Z. Phys. 1922 XXIII 109. 
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solution would contain principally only those wavelengths which occur in the 
pure components. The same reasoning indicates that the distribution of 
“intensity” in the structural spectrum in the neighbourhood of these principal 
wavelengths would be much the same as in the pure components. Hence we may 
as a first approximation take the structural spectrum of a mixture to be 
determined by simple addition of the structural spectra of the pure components 
taken in the proper proportions. 

A more exact discussion of the case of mixtures and solutions would involve a 
consideration of the changes of density and of compressibility which occur when 
the two substances are mixed, and the influence on the structural spectrum of the 
local spontaneous fluctuations of density and composition; the precise magni¬ 
tude of these fluctuations may be determined thermodynamically from the data 
for the compressibility and partial vapour-pressures of the mixture. Prima facie, 
the local fluctuations of composition of the mixture would have very little 
influence on the structural spectrum. For, we are only concerned with the average 
effect corresponding to the mean composition of the whole liquid. If the two 
components make up the structural spectrum in proportion to their respective 
concentrations, the average effect would be the same as if the liquid was uniform 
throughout and exhibited no fluctuations of composition. The fluctuations of 
density on the other hand are all-important, as in the case of a pure liquid. The 
compressibility of the mixture therefore enters in a fundamental way in the 
problem and where this shows marked deviations from the additive rule,* the 
distribution of intensity in the structural spectrum would differ from that given by 
a simple superposition of the spectra of the two components. Any notable change 
of volume on mixture may also be expected to result in a shift of the positions of 
the peaks in the spectra. 

6. Calculation of the intensity of X-ray scattering 

Having analysed the distribution of matter in the fluid into a “Structural 
spectrum,” in other words, into a number of superposed periodic distributions of 
different wavelengths, we proceed to determine the X-ray scattering at different 
angles by this structure. We ignore the periodicities of larger wavelength which 
may be identified with sound-waves traversing the medium and which, as we have 
seen, are only of importance when we discuss the scattering in directions nearly 
identical with the primary beam. For larger angles of scattering, the periodicities 
of shorter wavelengths which arise from the discrete structure of the medium are 
the only ones that need be considered. It is obvious that each of the periodic 

*For data regarding the compressibility of mixtures and solutions, see Cohen and Schut’s Piezo- 
Chemie, Leipzig, 1919, pp. 113-142. 
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distributions of matter into which we have analysed the structure of the fluid 
would cause an internal reflection or enhanced scattering of the incident 
X-radiation in the direction given by the Bragg formula 

2X, sin]-6 = X 
2 

where X is the wavelength of the incident X-radiation and Xx is the wavelength 
under consideration in the structural spectrum. Since the structural waves 
traverse the fluid in all directions, the enhanced scattering or internal reflection 
corresponding to the wavelength X1 would occur in all directions coinciding with 
the generators of the cone of semi-vertical angle 6. Since X0 is the wavelength 
giving the peak of intensity in the structural spectrum, the special value of 6 given 
by the relation 

2X0 sin\o = X 
0 2 

gives the cone of greatest intensity of the scattered X-rays, and the scattering 
would be considerably less both for larger and smaller values of 9. The formation 
of a fairly well-defined circular diffraction-halo in the X-ray scattering by liquids 
is thus clearly explained on the conception of the structural spectrum. 

From the standpoint of the electromagnetic theory, the problem of determin¬ 
ing the effect of the periodic distributions of the matter forming the structural 
spectrum on the propagation of radiation through the substance is very similar to 
that solved by Einstein in his paper on light-scattering in fluids except that the law 
of distribution of intensity in the “Structural spectrum” is different from that in 
the “Sound-wave spectrum.” In fact, we can obtain an expression for the 
scattering due to the “Structural spectrum” merely by a slight modification of 
Einstein’s treatment for the “Sound-wave spectrum.” In the optical problem, we 
have light-scattering of the same intensity in all azimuths when the incident wave 
is assumed to have its electrical vector perpendicular to the plane of observation. 
This is due to the fact that the sound-waves of different wavelengths which, as 
explained above, are each separately responsible for the scattering in different 
directions, are all, in accordance with the equipartition principle, of the same 

intensity. In the “Structural spectrum,” on the other hand, the periodic 
distributions of matter of different wavelengths follow the special exponential law 
of intensity 

A exp 

Observing, as before, that each periodic distribution of wavelength Xlt is 
responsible for scattering in a specific direction, the distribution of intensity in the 
diffraction-halo should obviously follow the law of the structural spectrum very 
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closely. We may therefore write the intensity of the scattered radiation in any 

direction 9 to be simply 

where Xx is given by the Bragg formula 

X = 2X1 sin jO 

and C1 is a numerical factor. 
A useful verification of the formula is obtained by considering the case of a fluid 

of great compressibility, e.g. a gas. In such a case, p is very large and the formula 
indicates, as is otherwise to be expected, that the scattering is of equal intensity in 
all directions perpendicular to the direction of the electric vector in the incident 
rays. If the incident X-rays are unpolarised, we should multiply the numerical 
factor Cx by (1 + cos0) exactly as in the ordinary theory of light-scattering. 

The numerical factor Cx may be evaluated in the following way. In experiments 
on X-ray scattering, the wavelength X is generally much smaller than the mean 
distance between neighbouring molecules. The concentration of the scattered 
radiation in the form of a diffraction-halo is due to the arrangement of the 
molecules not being a random one, and hence there existing a correlation of the 
phases of the waves scattered by neighbouring molecules—agreement of phase 
and increased intensity in certain directions, disagreement of phase and 
diminished intensity in others. The problem is analogous to that of the diffraction 
of light by a large number of fine holes arranged in a roughly uniform manner in 
an opaque screen. We know that in such a case, the integrated intensity of the 
diffracted light in all directions together is simply equal to the energy transmitted 
by any one aperture multiplied by the number of apertures. Exactly the same way, 
C1 may be found by integrating the energy of the scattered radiation in all 
directions and putting it equal to the scattering by one molecule multiplied by the 
number of molecules in the volume under consideration. 

7. Comparison with observations 

In order to test the indications of the foregoing theory by comparison with 
experiments on the scattering of monochromatic X-radiation by liquids, we 
require to know the compressibility ft of the liquid and the mean distance X0 

between neighbouring molecules in the liquid. The latter quantity may be 
roughly estimated from the known molecular mass M and the density d of the 
liquid; the best way of finding it is however from the X-ray scattering itself. As is 
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evident, the formula 

Cx exp 
1 N 

16RTp 

when graphed gives a strongly pronounced maximum at the wavelength Xx = X0, 

and the general shape of the curve reproduces with striking accuracy, the 
experimental curves obtained by Hewlett by the ionisation method. (See figure 
1C and figure ID above, in comparing which allowance should be made for the 
imperfect monochromatism of the X-ray pencil used by Hewlett). From the 
known wavelength of the X-rays used and from the angle of scattering 90 for 
maximum intensity, X0 may be found by using the Bragg formula 

X = 2X0 sin j0o. 

That X0 thus determined is of the same order of quantities as the value of the mean 
molecular distance otherwise found is seen from the following table: 

Table 

Substance X 0o X0 
Im 

4-n1/3 

Results of Hewlett 

Benzene 0-712A 8-5° 4-80A 5-27A 0-911 

Octane ii 8-1° 5-04 A 6-45A 0-781 

Mesitylene ii 6-5° 6-28A 6-13 A 1-024 

Results of Keesom and Smedt—First paper 

Oxygen 1-54 A IT 3-30A 3-59A 0-919 
Argon ii 27° 3-30A 3-61A 0-914 

Benzene ii 18° 4-92A 5-27A 0-934 
Water 11 29° 3-08A 309A 0-997 

Aethyl alcohol ii 22° 4-04A 4-57A 0-884 

Aethyl aether ii 19° 4-67A 5-55A 0-841 

Formic acid ii 24° 3-70A 3-96A 0-934 

Results of Keesom and Smedt—Second paper 

Oxygen 0-712A 12-5 3-27A 3-59A 0-911 

Argon i ii 130 3-15A 3-61A 0-873 

Water ii 13 44 3-04 A 3-09A 0-984 

Nitrogen ii 11 34 3-60A 3-85A 0-935 

Carbon disulphide ii 13-23 3 09A? 4-63A? 0-667 
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The mean distance 20 between neighbouring molecules found from the X-ray 
data is in every case of the same order of magnitude as n~1/3 where n is the 
number of molecules per unit of volume. The last column gives the value of k 

where 20 = k-n~1/3. It is seen that k is generally about 0-8 or 09 as is indicated by 
theory. It is noteworthy that of the 5 common liquids reported upon by Keesom 
and Smedt in their first paper, water which has the smallest compressibility has a 
value of k which is practically unity, while for ether which is highly compressible, 

k has the relatively low value 0841. 
The compressibilities of the three liquids for which Hewlett has given scattering 

curves are respectively as follows: 

Benzene 90 x 10 12 dyne/cm2 

Octane 120x10“12 

Mesitylene 75 x 10“12 

The differences between these are distinctly too small to produce any notable 
variation in the sharpness of the halo according to the formula. Strictly speaking, 
however, the halo for octane may be expected to be slightly less sharp than that 
for benzene or mesitylene. Hewlett’s curves seem to indicate that this is actually 
the case, though owing to the width of the slit used and other complications, the 
data cannot be regarded as sufficiently precise on the point. Accurate data are as 
yet not available for any other liquid. It would be of interest to find 
experimentally whether liquids of high compressibility, e.g. ether, exhibit a more 
diffuse halo than others, and whether any effect is produced by raising the 
temperature of the liquid towards the critical point; with rise of temperature and 
consequently increase of both land /?, the halo may be expected to broaden, and 
since 20 would increase with rise of temperature, the halo should also approach 
more closely the direction of the primary rays. The scattering at small angles 
should also increase in accordance with the Einstein-Smoluchowski formula. 
These indications of theory remain to be tested by observation. 

The preceding calculations are based on the analysis of the fine structure of the 
liquid into a continuous “structural spectrum” having the mean distance 20 
between neighbouring molecules as its dominant wavelength. While this analysis 
no doubt correctly represents the facts in broad outline, it leaves out of account 
the special features arising from the structural peculiarities of the individual 
molecules and their influence on the distribution of matter in a closely packed 
assemblage. Other periods, particularly those with wavelengths much smaller 
than A0, may conceivably become prominent when a dense aggregation of matter 
is analysed. In such a case, fainter diffuse haloes may arise outside the principal 
one. Then again, anomalies may arise in the case of highly asymmetrical 
molecules in which, instead of a single value of 20, we may have two or even three 
separate values of the mean distance depending on the special relative configur- 
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ation of neighbouring molecules. The principal halo would then itself exhibit a 
complicated structure which might become better defined at lower temperatures 
when the thermal agitation and its diffusing influence are minimised. 

A convenient way of visualizing the complications that may arise in individual 
cases is to consider the powder diffraction-haloes obtained by the Debye- 
Scherrer method with the same substance in the solid crystalline state. It is well 
known that with the finest powders in which the individual particles are 
microscopic or ultra-microscopic crystals, the diffraction-rings obtained by this 
method are relatively diffuse.* * If we imagine the process of subdivision of the 
individual crystals continued gradually, a stage would be reached when the outer 
rings would practically all have merged into a diffuse general blackening of the 
photographic film and even the first few intense rings would have broadened out 
and merged into a single halo. If we imagine all the crystals broken up into 
individual molecules, we should still get a halo, because, as we have already seen, 
thermodynamic considerations ensure a certain degree of uniformity in the 
spacing of the molecules. In view of this analogy, it may be expected that some of 
the less prominent details of the powder-halo may also survive and find their 
counterpart in the liquid-halo, though diffused and modified by the expansion or 
contraction which takes place on melting. 

The considerations indicated above suggest that it would be of great interest to 
compare the diffraction-halo shown in the liquid state with that shown by the 
same substance in the state of crystalline powder below its melting temperature. 
Unfortunately, as yet, sufficient experimental material is not to hand for making 
such a comparison. In two cases, however, that of water and benzene respectively, 
the necessary data are available. X-ray powder photographs of ice have been 
obtained by Dennison1 and the results have been discussed theoretically by Sir 
W H Bragg,1 who has pointed out a Refect in the experimental technique of 
Dennison’s work. The spacings observed in A.U. are chiefly, 3-92, 3-67, 3-44, 2-68, 
2-26, 2-07, 1 *96, 1-92, 1*53, 1-37, 1-30, 1T7. The first four roughly group about a 
mean 3-42 A.U. and the next four which are nearly coincident give a strong halo at 
2 05 A.U. Allowing for the contraction and re-arrangement which takes place on 
melting, these spacings are in general agreement with the first and second 
diffraction haloes found for liquid water by Keesom and Smedt. The X-ray 
powder photograph of solid crystalline benzene taken by Broome5 shows 
extremely strong haloes corresponding to spacings of 4-90 and 4-46 A.U., a second 
prominent group of haloes corresponding respectively to spacings of 3*71, 3*44 
and 3*11 A.U. and a third group corresponding to a spacing of about 2 00 A.U. 

*See, Szigmondy’s Kolloid Chemie, Appendix on the X-ray analysis of colloids by Scherrer. 

f Phys. Rev. Jan, 1921. 

*Proc. Phys. Soc. 1922, p. 101. 

§Z. Phys. March 1923, Plate VI. 
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The first prominent halo of liquid benzene corresponds to a spacing of 4-80 A.U., 
while Hewlett’s curves also show distinct bumps corresponding to spacings of 
3-40 A.U. and 2-04 A.U. The agreement appears significant. 

Finally, it may be remarked that observations on the X-ray diffraction by 
liquids consisting of molecules with extended chains of CH2 groups and the like, 
e.g. the fatty acids would be of interest. No data appear to be available regarding 
these. 

Leaving now the case of pure liquids, we may refer in passing to the case of 
liquid mixtures and of solutions. Wyckoff* has studied mixtures of benzene and 
carbon tetrachloride, water and glycerol, methylene iodide and carbon tetra¬ 

chloride, and also aqueous solutions of potassium chloride and of alum. The X- 
ray diffraction-effects shown by the liquid mixtures tried were found by him to 
be more or less merely superpositions of the effects shown by the components 
separately. Those due to the aqueous solutions were practically similar to that of 
pure water. The results for mixtures are in agreement with the approximate 
theory already indicated. In the case of aqueous solutions, the dissolved material 
was probably insufficient in quantity to appreciably influence the observed 
results. Wyckoff has not studied the case of partially miscible liquids. It would be 
of interest to examine some cases of this kind, special attention being paid to the 
phenomena observed in the immediate vicinity of the critical solution tempera¬ 
ture and for small angles of scattering. 

8. Liquid crystals 

Hiickel’s result, already cited in the introduction, that no notable difference is 
observable between the diffraction haloes shown by “turbid” and “clear” 
anisotropic liquids readily receives explanation in the light of the foregoing 
theory and of the ideas regarding the constitution of these bodies put forward by 
Oseen in two recent memoirs.1 Oseen considers separately two types of 
interaction between the molecules, (a) forces tending to alter the relative positions 
of their centres of gravity, and (b) couples tending to alter their relative 
orientation. The equation of state of the fluid is derived by statistical- 
thermodynamical considerations on the basis of the assumed laws of interaction 
between the molecules. Both theory and observation indicate that in the turbid 
anisotropic liquids, there are regions whose dimensions include many wave¬ 
lengths of visible light over which the molecules are (at least approximately) 
similarly oriented. Similarity of orientation does not however necessarily 

* Am. J. Sci. 1923 Vol. V 455. 

Stockholm Academy, Handlingar, Band 61, No. 16 and Band 63, No. 1, 1921. 
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involve any special regularity of spacing* beyond what may be expected on known 
thermodynamical principles from the compressibility of the liquid. It is probable 
also that the orientations are not exactly identical but that there is only a mean 
direction about which they oscillate. The absense of rigidity clearly shows that the 
definite space-lattices characteristic of solid crystals do not exist in the “turbid” 
fluids. Since the X-ray pattern is determined by the spacing of the molecules, and 
since what is observed in the experiments is the aggregate effect of groups oriented 
in all possible directions, it is clear that the diffraction-halo of a turbid anisotropic 
liquid would differ little from that of the clear liquid.1 The observations of Hiickel 
are thus readily understood. 

A detailed comparison of the X-ray photographs for the solid crystalline, 
anisotropic liquid, the isotropic fluid states for p-azoxyanisol and cholesteryl- 
propionate reproduced with Hiickel’s paper is instructive. For both substances, 
the diameter of the liquid halo is approximately the same as that of the most 
intense group of rings in the crystal-powder photograph. Further, the haloes 
for the anisotropic and of isotropic liquids state, though very similar, are not 
absolutely identical and show slight differences in detail. This is not surprising in 
view of the fact that the compressibility, and other physical properties depending 
on the molecular arrangement are not identical for the two states. Further studies 
in regard to this would be well worth undertaking. 

The recent studies of Friedel and Royer1 and of Friedel* on anisotropic liquids 
with equidistant planes are of great interest in this connection. Friedel 
characterises as the ‘smectic’ state an arrangement in which the molecules besides 
having a common direction are in addition arranged in equidistant parallel layers, 
and which is thus intermediate between the amorphous and crystalline states of 
matter. To use the phraseology of our present investigation, the “smectic” state is 
a state of aggregation for which the “structural spectrum” for a particular 
direction is similar to that of a crystal, but for perpendicular directions is similar 

*In this connection, it is of interest to refer to the experiments of Barker (J. Chem. Soc. 1906 89 1120) 
and Beilby on the influence of a set of regularly arranged molecules on the crystal formation of an 

isomorphous substance. Barker found that if a thin film of NaN03 be allowed to dry on a polished 

surface of calcite, the crystals of NaNOa had their edges parallel to those of calcite. Beilby has shown 

that even when there are intervening films of foreign material, the orienting influence was exerted 
through the films provided they were sufficiently thin. Therefore the existence of an orienting influence 

does not necessarily connote a definiteness of spacing. (Beilby—Aggregation and Flow in Solids, 

p. 102). 

fThe X-ray method of observation is thus in a sense less powerful than the optical one in this 
particular field. Detailed studies of the scattering of ordinary light by “turbid” anisotropic fluids in 

different directions and at different temperatures would be of interest in relation to the varying size of 

the molecular groups. 

JComptes Rendus Dec. 1921, June 1922. 

5Ann. Phys. November, 1922. 
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to that of a liquid. The X-ray diffraction by the “smectic” state of matter would 
thus simultaneously exhibit the characters of a crystal and of a liquid in different 

directions. The observations of De Broglie and Friedel* on the X-ray diffraction 
by oleate films, and of Piperf and Grindley on the X-ray diffraction by soap-curds 
may be explained on this basis. 

9. Amorphous solids 

It is well known that many liquids and liquid mixtures when freed from dust may 
be cooled much below the ordinary melting temperature without crystallization 
occurring, and that they then pass into a highly viscous or glassy condition.1 The 
view has therefore gained general acceptance that vitreous or amorphous solids 
are really super-cooled liquids, the softening temperature being higher than that 
of observation. We have already seen that even in liquids, the positions of the 
molecules are not distributed at random but with a certain degree of regularity 
depending on the compressibility of the substance. Since, by lowering of 
temperature, the compressibility of a liquid generally diminishes, it follows that 
when the substance reaches the highly viscous condition, the molecules are 
arranged with not less than the degree of regularity characteristic of the ordinary 
fluid condition. The statement frequently made that in an amorphous solid, the 
molecules are disposed at “random” is therefore certainly erroneous. It is true we 
do not have that complete regularity of spacing and orientation characteristic of a 
crystal. Since an amorphous solid is optically isotropic, it follows that the 
orientation of the molecules does not lie in any particular direction. But the 
spacing of the molecules has a considerable degree of regularity. The “structural 
spectrum” of an amorphous solid is therefore very similar to that of a liquid. 

A valuable confirmation of the views expressed above is furnished by 
observations on the scattering of light in amorphous solids such as optical glass 
and in supercooled liquids. Observations with liquids such as salol (phenyl 
salicylate) which may be converted into glassy solids by sufficiently cooling them 
show that the light-scattering power in the glassy condition remains of the same 
order of quantities as in the fluid state. The fact that the optical behaviour of an 
amorphous solid is very similar to that of a liquid is a justification for inferring 
that in regard to X-ray diffraction as well, they should behave similarly. The 
observations of Jauncey by the ionisation method referred to in the introduction, 

*Comptes Rendus, March 12, 1913. 

fPhys. Soc. (London) August 1912, p.269. 

:See for instance, G. Tammann, “Aggregat Zustand” Leopard Voss, Leipzig, 1922. 
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and of Wyckoff(lC) show in fact that ordinary glass gives a diffraction-halo very 
similar to that of a liquid. This does not, as has sometimes been suggested, 
indicate that glass possesses a rudimentary crystalline structure. The diffraction- 
halo observed is truly characteristic of the amorphous or non-crystalline 
condition. The sharpness of the halo is a measure of the regularity in the spacing 
of the molecules. An extensive series of observations of the X-ray diffraction-halo 
given by liquids which are supercooled and made to pass into the vitreous 
condition would be of interest in order further to elucidate the nature of the 
amorphous condition, and particularly to determine whether, when the tempera¬ 
ture is taken below the softening point, any further rearrangement of the 
molecules takes place or not. 

Incidentally, it may be remarked that the conception of the “structural 
spectrum” may also be usefully extended to the case of solids and of solid 
solutions which are not truly amorphous but consist of microscopic or ultra- 
microscopic crystals packed together. The smaller the crystals, the more diffuse 
and weaker would be the lines of the “structural spectrum” and the more nearly 
would the X-ray scattering approximate to that characteristic of a truly 
amorphous body. 

10. Summary and conclusion 

The paper considers the explanation of the diffraction-haloes observed when a 
pencil of monochromatic X-radiation passes through a film of liquid and is 
received on a photographic plate. Explanations previously suggested are 
discussed and are shown to be inadequate. 

(1) The explanation of the phenomenon is shown to depend on the consider¬ 
ation that the positions of the molecules in liquids are not at random but possess a 
certain degree of regularity which can be estimated thermodynamically from the 
compressibility of the fluid. 

(2) The Smoluchowski-Einstein theory of light-scattering in fluids cannot be 
applied as it stands to the problem of the X-ray scattering owing to the fact that it 
practically treats the fluid as a continuum, an asumption which is justifiable in the 
optical case but not in the X-ray problem where the wavelength is much smaller; it 
is essential here to take into account the discrete structure of the medium. 

(3) For very small angles of scattering, however, the Einstein-Smoluchowski 
theory is applicable even in the X-ray problem, and an explanation is readily 
forthcoming why liquids scatter very little at such angles. 

(4) For larger angles of scattering, the discrete structure of the medium is taken 
into account by analysing the distribution of matter in the fluid into a continuous 
“structural spectrum” which has its peak of intensity at a wavelength equal to the 
mean distance X0 between neighbouring molecules. The law of the “structural 
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spectrum” is exponential and is given by 

f 1 N 
A exp 

l 16RTP 

(5) The X-ray scattering in different directions is obtained very simply by 
combining the law of the structural spectrum with the Bragg formula, 

X — 2Xi sin^6 
2 

and this gives a diffraction-halo with its maximum intensity in the directions for 
which = X0. The curve of intensity of the scattering in different directions 
agrees well with the experimental results of Hewlett, and the mean molecular 
distance X0 with the value deduced from kinetic theory. 

(6) A discussion of the case of liquid mixtures indicates that the X-ray 
diffraction-halo should be practically a simple superposition of the haloes due to 
the separate components, as has been observed by Wyckoff. 

(7) Diffraction by anisotropic liquids is discussed and the experimental results 
obtained by Hiickel and by De Broglie and Friedel are explained. 

(8) Very similar arguments explain the X-ray diffraction-halo shown by 
amorphous solids. 

(9) Some of the finer details of the halo observed in the experiments are also 
discussed and are shown to be intelligible in the light of the theory set out. 
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On the mean distance between neighbouring molecules 
in a fluid 

C V RAMAN* 

1. Introduction 

• • * 

In connexion with the theory of the scattering of X-rays in fluids developed by the 
author and Dr Ramanathan in a recent paper1, it was found that the evaluation of 
the results required a knowledge of the mean distance between neighbouring 
molecules in a fluid. On reviewing the literature of molecular theory, it was found 
that the problem of finding this distance had been attempted, but not in an 
entirely adequate or satisfactory manner1. It is proposed, in this paper, to 
consider the question and it will be found that the discussion raises some points of 
interest in relation to the kinetic theory of fluids. 

2. Ideal gases 

The theory of dimensions suggests that the mean distance X between neighbour¬ 
ing molecules could be expressed in terms of the number n of the molecules per 
unit volume of the fluid by a formula of the type kn~ 1/3 = X, where k is a pure 
number. If we could postulate that the molecular centres occupy the corners of a 
cubical space-lattice, then obviously k= 1. Actually, however, in a fluid, the 
arrangements of the molecules cannot be so definite, and k must, therefore, in 
general, differ from unity. For the case of an ideal gas, in which the distribution of 
the molecules is absolutely chaotic, X may be evaluated in a perfectly rigorous 
manner. Consider any specified molecule A, and denote by P(r)dr the probability 
that the nearest neighbour of A lies at a distance between r and r + dr from it. 
Then the mean distance X between A and its nearest neighbour is obtained by 
averaging, thus: 

*00 

X= rP(r)dr (1) 
Jo 

*Communicated by the Author. 
+ Proc. Indian Assoc. Cultiv. Sci., 1923, viii, part 2. 

♦P Hertz, Math. Ann., 1909, lxvii, p. 387; R Gans, Phys. Zeit., 1922, xxiii, p. 109. 
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P(r) dr may be evaluated very simply by the use of Boltzmann’s principle. The 
work W required to evacuate a spherical volume of radius r is pdv = 4/3nr3nRT. 

The probability that a sphere of radius r surrounding A contains no other 
molecules is therefore exp( — W/RT\ that is exp( — 4/3nr3n). The differential of 
this quantity with respect to r and with a minus sign prefixed is obviously that 
probability that the nearest neighbour of A lies at a distance between r and r + dr 
from it. Hence P(r)dr = exp( — 4/3nr3n). 4nr2-ndr. 

Multiplying this by r and integrating, we have 

* 00 

2= exp(—4/3nnr3)-4nr3-ndr. 
Jo 

Writing x = 4/3nnr3, this may be evaluated thus 

1/3 (*oo 

JO 

x113 exp(— x) dx = 

(2) 

0.554n-1/3. (3) 

The same result is obtained by Hertz and by Gans in a different way (loc. cit.). 

An approximate value of X may be obtained very simply as follows: The 
probability that a molecule will be found at a distance between r and r + dr from 
molecule A is 4nr2n-dr. For small values of r we may, without serious error, take 
the probability of just one molecule being found within a sphere of radius r drawn 
round A as centre to be simply §r04nr2n-dr. The mean distance between A and its 
neighbour is the radius of the sphere for which this probability is unity. Thus 
X = r, where 4/3nnr3 = 1. Hence X — (3/47in)1/3 = 062n~1/3, which does not 
differ very greatly from the accurate value given above. 

3. The case of dense fluids 

The preceding discussion makes it clear that for the same density a chaotic 
distribution of the molecules gives a considerably smaller value for the mean 
distance between neighbours than a regular ordering in space. According to the 
thermodynamic theory of density fluctuations in fluids developed by Smolu- 
chowski and Einstein, a highly compressible fluid, e.g. a gas, exhibits greater 
relative fluctuations of density—that is, greater irregularities in the space- 
arrangement of the molecules—than a relatively incompressible one, e.g. a liquid 
at ordinary temperatures and pressures, and the study of the scattering of light 
and of X-rays in fluids fully substantiates this. Hence, it is seen that, in the formula 
X = k-n~1/3, k should have a larger value for the liquid than for the gaseous state; 
it may indeed be expected that the value of k in liquids approaches pretty closely 
the value unity characteristic of a cubical ordering in space. 

For dense fluids, as in gases, we have 

*00 

rP(r)dr. 
J 0 
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The problem is to find the form of the function P(r). If o be the diameter of a 
molecule, P(r) obviously vanishes when r <g, hence we may write 

m qo 

rP(r)dr. 
J a 

Let W(r) denote the work required to create a spherical cavity of radius r with the 
molecule A at its centre. W(r) vanishes when r = o. Applying Boltzmann’s 
principle, we have, as before, P(r)dr = exp(— W(r)/RT)-W'(r)/RTdr, and 

r°o 

2 = rexp(- W(r)/RTyW'(r) -^- dr. 
RT 

(5) 

If we denote the pressure per unit area on the wall of the cavity by RT </>(r), then 

and 

W'(r)dr = Anr2-RT(j){r)-dr, 

”00 

X = exp 
Jo- 

*r 

Anr2(j){r)dr 
J a 

• 4nr3 (j)(r)dr. 

The total pressure 4nr3 - (p(r)- RT on the surface of the spherical cavity is 
obviously due to, (a) the impact of the molecules outside the cavity on its 
boundary, and (b) the resultant of the attractions of the molecules outside the 
cavity on each other and on the molecule at its centre; in a dense fluid, owing to 
the proximity of the molecules, these attractions may be very considerable, as is 
well known. To enable n to be evaluated, we may as a first approximation take 
</>(r) to be equal to a constant O. We then write 

m 00 

X= exp( — 4/37r(r3 — <73)d>)-47cr3-0-dr. (7) 
J 

Putting 4/37ir3-0 = £ and 4/37rcr3 0 =rj, we have 

r oo 

A = exp (rj) rex p(-{)d{ 
1/3 

exp (r/) 
4nO 

= a-exp(rj)/(rj1/3) 

00 

r/3-exp(-£)d£ (8) 

°V'3exp(-{)d{. (9) 

The simplest way of evaluating (8) and (9) is by graphical and mechanical 
integration. The figure gives a graph of the function under integration between 
{ = 0 and £ = 6, from which it is seen that, except for very small values of the 
argument, the trend of the curve is practically exponential. When rj =0, the 
integral is simply T(4/3). 

For small values of 17, the integral is best determined by finding the integral 
jj{1/3 exp(— {)d(J from the graph by aid of a planimeter and subtracting it from 
T(4/3). For large values of rj, the integral may be found directly from a graph of the 
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Figure 1. Graph of £1/3exp( — £) as a function of 

exponential part of the curve drawn on a suitable scale. The table gives the values 
of 2 thus determined for different values of ry. 

Table of mean distances 

471 
<73<t> 

3 
00 0-2 0-4 0-6 0-8 1-0 2-0 3-0 4-0 50 5-92 

2-01/3 0-554 0-618 0-663 0-698 0-735 0-763 0-880 0-970 1 07 M2 1-17 

X/a 00 1 70 1-45 1-34 1-28 1-23 1-13 1-09 1-08 1-07 1-06 

For an ideal gas, O — n, and we have from the table 2 = 0-554 x n_1/3 as 
already found. It is also seen that for increasing values of $, 2 diminishes at first 
rather rapidly and later quite slowly as to approach the same value as the 
molecular diameter o. How closely the mean distance between neighbouring 
molecules tends to approach the molecular diameter depends on the value of r\, 
i.e. on <&{r)RT, which is the pressure per unit area on the walls of a spherical cavity 
of radius r surrounding a specified molecule. As already remarked, the pressure is 
determined by the molecular impacts and also by the molecular attractions, and, 
in view of the uncertainty regarding the actual laws of attraction between 
molecules in the immediate vicinity of each other, any estimate of the magnitude 
of d) is necessarily provisional. In any case, we are probably not very wide of the 
mark in taking <I> to be generally of the same order of magnitude as n, the number 
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of molecules per unit of volume. If this assumption be justifiable, rj is comparable 
with 4/37rcr3 • m, that is, with eight times the space occupied by the molecular 
spheres in unit volume; the second horizontal row of figures would give 
approximately the value of/c, where 2 = k-n~l/3. For a closely packed assemblage 

of spheres, we know independently that n-o3 = x/2 and 4/3no3-n = r\ — 5-92, and 
that 2n1/3 = l-123, and also that 2/cr = 1-00. These values agree with the 
corresponding figures given in the table to within a few per cent. 

4. An alternative method 

The problem may also be dealt with by the aid of Boltzmann’s distribution law. In 
an ideal gas, the probability that a molecule will be found within the space 
between two contiguous concentric spheres of radii r and r + dr respectively is 
4nr2-n-<3r. In a dense fluid, the probability in question is the same, if the centre of 
the spheres be an arbitrarily chosen geometrical point. If, however, the centre be 
the instantaneous position of some specified molecule, its presence must influence 
the distribution of molecules in its immediate neighbourhood. Let \j/(r) be the 
work necessary to bring two molecules from infinity to a distance r apart. Then 
the probability of their being found at a distance r apart is less than the 
probability of their being out of range of each other’s action in the ratio 
exp(— \l/(r)/RT). Thus we are led to modify the expression 4nr2-n-dr and write it 
in the form 4nr2nx(r)dr, where /(r) as a first approximation may be taken to be 
exp (—ip(r)/RT); from the nature of the case it is clear that when r<o, x(r) 

vanishes, and that for large values of r, x(?) becomes unity. 
Considering now a particular molecule, let P(r)dr be the probability that the 

distance between it and its nearest neighbour is between r and r + dr. Then the 
probability that there are no molecules at a distance between 0 and r from it is 
1— JoF(r)dr. The probability that there is a molecule between r and r + dr 
distant from it is 4nr2-n-x(r), where x(r) is a function of r depending on the 
intermolecular forces and the density of the fluid as remarked above. We may 
take the probability that the nearest molecule lies between r and r + dr to be equal 
to the product of the probabilities that there are no molecules between 0 and r, 
and that there is one molecule between r and r + dr. Therefore 

1 P(r)dr 4nnr2x(r)dr = P(r)dr. 

This is the equation from which we may determine P(r). Differentiating with 
respect to r, we have 

P(r) P{r) 

dr 4nr2-nx(r) 4nr2nx{r) 
4nnr2x(r). 
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Integrating again, we have 

P(r) = 4nr2-nx{r)’Qxp 

The value of the constant of integration is evidently 1, as, when r is small, 

P(r) = 4nnr2x{r). It follows that 

— 4nnr2x(r)dr I x constant. 

r oo 

2 = 

rr 

4nnr3x(r)-exp[ — 4nnr2x{r)dr ) • dr. 

It will be noticed that the expression is of the same general form as that obtained 
previously, and the numerical discussion proceeds on identical lines. 

If we make the special assumption that the molecular centres are distributed 
more or less uniformly in available space, even in the immediate neighbourhood 
of the specified molecule under consideration, then x(r) — 1 and 

A = 
00 

exp( — 4/3nn (r3 — a3))-4nrvr3-dr. (10) 

We have already discussed the evaluation of this integral (see (7) above). As in the 
case of an ideal gas, values of A agreeing pretty closely with those given by the 
complete formula may be obtained in the following way. The available space for 
the centres of other molecules within a sphere of radius r round the centre of a 
specified molecule is 4/37i(r3 — a3). The probability of a molecule being found 
within this space is 4/37rn*(r3 — a3). The particular value of r for which this 
probability is unity gives the mean distance A between neighbouring molecules. 
Thus 

/ 3 V/3 
4/3nn(A3 — a3) = \ and A = \--ho-3) . (11) 

\4nn J 

For small values of-the density, this gives A = 0-62*n~1/3 and for great values of 
the density A = a. The following table shows how closely the values of A obtained 
from formulae (10) and (11) agree with each other: 

Comparison between (10) and (11) 

4/3 7W a3 00 0-2 0-4 0-6 0-8 1-0 2-0 3-0 4-0 5-0 5-92 

X x n1/3 
(10) 

(11) 

0-554 

0-620 

0-618 

0-659 

0-663 

0-694 

0-698 

0-725 

0-735 

0-754 

0-763 

0-781 

0-880 

0-894 

0-970 

0-984 

1-07 

1-06 

1-12 

1-13 

1-17 

1-18 

Xjo (10) 00 1-70 1-45 1-34 1-28 1 23 M3 1-09 1-08 1 07 1 06 

(11) oo 1-82 1-52 1-38 1-31 1-26 1-14 1-09 1-08 1-06 1-04 

It will be noted that the rough formula gives practically the same values for A as 
the more elaborate calculation. 
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5. Remarks on Gans’s paper 

Finally, a few words will not be out of place regarding the treatment of the 
problem by R Gans in the paper already cited. He takes the molecules to be 

spheres of diameter a and takes the probability that two molecules will be found 
at a specified distance r apart to be given by the expression 

4nr2-ndr 

where 

j+A+f/TY+oW* 
v &\vJ + 

b 

V 
-Tina' 

This expression, as is well known, was obtained by Boltzmann, Happel and 
others on the assumption that r is practically identical with o, that is for two 
molecules in collision, and is inapplicable when r > a. Gans also ignores the effect 
of the van der Waal’s attractive or cohesive forces on the relative position of the 
molecules in space. That this is not justifiable is, prima facie, clear from 
Boltzmann’s distribution law; that the ordering of the molecules in the space 
occupied by a fluid is not determined merely by its density as contemplated by 
Gans is made sufficiently evident by the facts regarding the scattering of light in 
liquids and in vapours, and especially by the phenomenon of the opalescence 
which develops as the critical temperature is approached. The discussion given in 
the foregoing pages indicates that the theory of density-fluctuations in fluids and 
the problem of the mean distance between neighbouring molecules are closely 
related to each other. 

6. Summary and conclusion 

(a) The paper considers the problem of determining the mean distance in 
question by two distinct methods. In the first, Boltzmann’s thermodynamic 
principle of entropy-probability is applied, and the chance that the nearest 
neighbour of a given molecule is situated at a specified distance from it is 
expressed in terms of the work done in creating a spherical cavity round the 
molecule in question. In the second method, Boltzmann’s distribution law for the 
molecular positions in space is employed. Expressions for the mean distance 
which are formally analogous are given by the two methods. 

(b) The mean distance X between neighbouring molecules is given by the 
formula /c-n~1/3, where n is the number of molecules in unit volume and k is a 
fraction which varies from 0-554 for an ideal gas up to M2 for the closest packing. 
The value of k for actual liquids may range from about 0-8 to 1-0. For dense fluids, 
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l is of the same order of quantities as the molecular diameter, but may be 10% 
to 20% greater. 

(c) Tolerably accurate values of 2 may be obtained by a very simple 
mathematical treatment. 

The author’s thanks are due to Mr N C Mazumdar for assistance in the 
numerical calculations. 

Calcutta 
10 October 1923 
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[Plate 1] 

1. Introduction 

The conception, introduced by Hardy and Langmuir, that a layer of orientated 
molecules forms the boundary of a liquid and determines its surface-tension, 
suggests some interesting questions for investigation regarding the optical 
properties of liquid surfaces. Should not the orientated molecular layer (assuming 
it to be real) be doubly refractive? How is the configuration of the molecules at the 
boundary of a clean liquid surface influenced by the thermal agitation, and how is 
this related to the surface-energy of the fluid? Is the surface-layer capable of 
producing (by reason of the thermal agitation or its optical anisotropy or other 
cause) the observed elliptic polarisation of the light reflected by liquid surfaces 
(clean or contaminated as the case may be) at the Brewsterian angle? The present 
paper is the first of a series describing the results of work undertaken to find 
answers to the questions raised here. 

In various papers published previously, the internal scattering of light in 
transparent fluids has been discussed, and it has been shown that it is 
quantitatively connected with the spontaneous fluctuations in density arising 
from the thermal agitation of the molecules within the fluid. This internal 
scattering is a volume-effect and is quite distinct from another and very important 
type of light-scattering which may be expected, namely, that which occurs at the 
boundaries of reflecting and refracting media, and is a surface-effect, due to the 
agitation of the boundary. So far as we are aware, very little experimental work 
has been hitherto published on the subject of this surface-scattering by^perfectly 
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clean liquid surfaces.* That a substance in the special circumstances of the critical 
state when it has a vanishingly small surface-energy may exhibit an observable 
surface opalescence in addition to the familiar body opalescence, was suggested 
by Smoluchowskif in his paper of 1908, on the thermodynamics of the critical 
state. Nothing seems to have been done to follow up this suggestion till 1913, 
when Mandelstam* 1 published some observations on the special case of the light 
incident on the boundary between the two layers of a mixture of carbon 
disulphide and methyl alcohol near the critical solution temperature, at which the 
liquid develops a milky opalescence. Mandelstam noticed that in directions not 
greatly removed from that of regular reflection from the interface there was also 
some scattered light, and conjectured from his somewhat meagre and qualitative 
observations, that the effect was analogous to that predicted by Smoluchowski 
for the critical state of a single liquid. Early in 1923, the present authors took up 
the general problem of the light-scattering from optical boundaries and 
succeeded in observing the bluish opalescence of the clean surfaces of transparent 
and metallic liquids and discovered the special polarisation effects exhibited for 
large angles of scattering. A preliminary communication was published in 
‘Nature,’ August 25,1923. Since then, the subject has been extensively developed, 
no fewer than sixty liquids being studied, and quantitative observations made of 
the intensity and polarisation of the scattered light fo-r the widest range of angles 
of incidence and observation and for different physical conditions of the fluid. The 
work has established a quantitative relationship between the surface-opalescence 
and the surface-tension of liquids. In paper I of the series, the case of metallic 
liquids will be dealt with. In paper II, transparent fluids will be considered. In 
paper III, the effect of contamination on the surface-opalescence of water and the 
special phenomena of the critical state will be described. In paper IV, the theory of 
the phenomena will be discussed. A recent (purely mathematical) paper, by 
Gans,§ which appeared about a year after our preliminary announcement was 
published, may be mentioned in this connection. 

* Contaminated surfaces when illuminated, usually show a copious scattering of white light which, 

indeed, is why they are visible to the eye. This is a familiar observation; see, for instance, F Jentsch 

(Ann. Phys. 39, p. 997 (1912)) who remarks that a surface of metallic mercury or fused alloy is easily 

seen in this way. As will appear later from our paper, this is far from being true when the surface has 

been rigorously cleansed. The residual scattering by a really clean mercury surface indeed requires 
very special arrangements to be perceived at all, and is of a beautiful bluish white colour. 

+ Ann. Phys. 25, p.228 (1908). 

lAnn. Phys. 41, p. 609 (1913). 
SR. Gans Ann. Phys. 74, p. 231 (1924). 

" For some observations on the surface-scattering by clean solid surfaces, see L A Ramdas, Proc. 

Indian Assn. Sci. (1925) IX, Part II p. 129. 
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2. Preparation of clean liquid surfaces 

If a pencil of sunlight be concentrated by a lens on the surface of mercury in an 
open vessel, the focal spot usually shows a film of some kind or other, covering the 
metallic surface, besides numerous dust particles floating upon it and strongly 
illuminated by the incident light. It is possible, however, to obtain a clean mercury 
surface in vacuo which does not exhibit these contaminations. For this purpose, 
the mercury, if not pure to start with, should first be chemically treated to remove 
dissolved impurities, then cleaned, washed and thoroughly dried. A suitable 
quantity of the mercury is then transferred into a distilling apparatus consisting 
of two fairly large bulbs, connected by a communicating tube which has itself 
been thoroughly cleaned, washed and dried. The apparatus with the mercury is 
then put under the pump, warmed, thoroughly exhausted and then sealed off. The 
mercury is transferred to one of the two bulbs which is then placed on a sand- 
bath, and slowly distilled over to the second bulb; when sufficient mercury has 
distilled over it is then shaken back into the first bulb. Repeating this process half- 
a-dozen times, all the dust present in the apparatus may be concentrated in the 
first bulb, and mercury having a perfectly clean surface may be obtained in the 
second bulb. Sunlight is then concentrated by an achromatic lens upon the 
metallic surface, and such parts of the walls of the bulb are covered over outside 
by black paint as is necessary to secure a dark background for observation. The 
focal spot is then distinctly visible and exhibits a characteristic bluish-white 
opalescence. Examined under a microscope, this is seen to be perfectly 
structureless, uniform and continuous. The appearance under the microscope 
and the perfect reproducibility of the phenomenon are convincing evidence that 
we are here dealing with an effect which is truly characteristic of the metallic 
liquid surface. The method of repeated distillation described above is also used in 
the case of transparent liquids to obtain them dust-free and with a clean surface. 

The phenomena of surface-scattering observed with metallic and transparent 
liquids differ notably in several respects. One obvious point is that the surface- 
effect which is observed at the boundary is always accompanied by the volume 
scattering in the interior in the case of transparent liquids, while in the case of 
metallic liquids, the penetration of the light into the fluid is so small that the 
volume effect does not exist, or at any rate is indistinguishable from the surface- 
effect. This difference is clearly indicated by the photographs reproduced in Plate 
1, of which figs 1 to 5 were obtained with dust-free hexane in an enclosed bulb, 
and fig. 6 with a clean mercury surface in vacuo. 

3. Surface-scattering by clean mercury 

(a) Normal incidence of unpolarised light: In this case the focal spot exhibits no 
striking variation of intrinsic brightness as the direction of observation is 
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gradually altered from the vertical to a line inclined at, say, 15° to the horizontal. 
In directions more nearly grazing the surface, the apparent brightness seems to 
fall off, but whether this is a real effect or only due to the excessive foreshortening 
of the patch of light is an open question. Seen nearly vertically, the spot exhibits 
no polarisation, but as the line of observation is more and more inclined towards 

the horizontal, the two images of the spot seen through a double image prism 
suitably held become of unequal brightness, until finally one of them is of very 
small intensity in comparison with the other. The light scattered in a direction 
grazing the liquid surface is almost completely polarised, the principal compo¬ 
nent of the electric vector being then perpendicular to the surface. The notable 
feature is thus that the light scattered through 90° has its electric vector 
perpendicular to the wave-front of the incident light, instead of being parallel to it 
as in the Rayleigh scattering by small particles. 

(b) Normal incidence of polarised light: In this case, the intensity as well as the 
state of polarisation varies greatly with the azimuth of observation, particularly 
when the focal spot is viewed in directions more or less nearly horizontal. Here 
again, contrary to the ordinary experience in the Rayleigh scattering by small 
particles, we find that the scattered light is of greatest intensity in the azimuth 
containing the electric vector of the incident waves and of minimum intensity 
perpendicular to it. In the latter case, it practically vanishes when viewed nearly 
parallel to the liquid surface. In the azimuth of greatest intensity the electric 
vectors lie in the plane containing the incident and scattered rays, while in the 
azimuth of minimum intensity they are perpendicular to it and are therefore 
horizontal. To make this clear and also to indicate the intensity and polarisation 
of the scattered rays in other azimuths, diagram 1 is drawn. Here the thick short 
double-headed arrows represent the electric vibrations in the scattered rays for 
the directions of observation corresponding to different points on the 
hemisphere. 

Diagram 1. Normal incidence of polarised light. 
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The length of the arrow is in each case a rough indication of the relative 
intensity of scattering in the corresponding direction. The twisting round of the 
electric vector in any given azimuth from a nearly vertical to a horizontal position 
as the angle of observation is increased from 0° to 90° is a characteristic and 
interesting phenomenon.* 

(c) Nearly grazing incidence of unpolarised light: A very surprising effect 
observed in this case is that the light scattered forward (that is, in directions 
adjacent to the reflected rays) is actually much smaller in intensity than that 
scattered backwards (that is in azimuths adjacent to the incident rays). The 
vertically-scattered light is strongly but not completely polarised, with the electric 
vector of the stronger component in the plane of incidence. As we move down 
from the vertical to the horizontal direction in all azimuths from 0° (the plane of 
incidence) up to, say, 150° (30° away from the plane of incidence on the side of the 
reflected rays), the polarisation generally improves and the electric vector turns or 
twists round, so as ultimately to become perpendicular to the liquid surface. In 
the azimuth 0° the electric vector merely turns round from the horizontal to the 
vertical position, remaining throughout in the same plane. In other azimuths, 30°, 
60°, 90°, and so on, there is also a rotation of its plane, which is one right angle, 
and a little less than two right angles for azimuth 150°. The nicol held in the hand 
of the observer has, in fact, to be rotated about its axis through almost two right 
angles to keep the spot quenched in this azimuth in passing from the vertical to 
the horizontal direction of observation. As we approach azimuth 180° (the one 
containing the regularly-reflected rays) this effect, however, becomes less distinct, 
owing to the scattered light becoming less and less perfectly polarised as the 
direction of regular reflection is approached; finally, in azimuth 180° the principal 
component of the electric vector lies always in the plane of incidence. 

(d) Nearly grazing incidence of polarised light: The remarkable effects described 
in the preceding paragraph become intelligible if we study the case in which the 
incident light is itself plane-polarised. It is noticed at once that both the intensity 
of the scattered light and its distribution in different directions depend very 
greatly on the primitive plane of polarisation. To casual observation, in fact, it 
seems as if the scattered light is practically quenched in all directions when this 
plane coincides with the plane of incidence; that is, when the electric vector is 
parallel to the liquid surface. A closer examination shows that this is not actually 
the case, and that when the light vector in the primary waves is horizontal, there is 
a small but quite definite scattering in the forward direction and very little 
backward, whereas when the light vector is in the plane of incidence—that is, 
nearly vertical—there is a weak scattering forward and a much more intense 
scattering backward. When the relative intensities of these two types of scattering 

*Thus, here again we have a reversal of the usual rule determining the polarisation in the scattering by 

small particles. 
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and their states of polarisation in different azimuths are considered, their 
superposition is easily seen to lead to the effects described under (c) above, for the 

case of the unpolarised incident light. 
Diagram (2) illustrates the relative intensity and polarisation of the scattering 

in different directions when the primary waves have their electric vector in the 
plane of incidence. The intensity diminishes steadily as we pass round from 
azimuth 0° to azimuth 180°. It is seen from the diagram (2) that the electric vector 
in the light scattered along the surface also turns round from the vertical to the 
horizontal position, first slowly and then more quickly. In the azimuth 180° it, 
however, again returns to the vertical position. 

Diagram 2. Grazing incidence of plane polarised light. 

[The incidence is in the plane of the paper. The azimuths of observations are referred to in the same 
way as marked in diagram 1]. 

When we have the electric vector in the primary waves horizontal, we have 
results very different from those shown in diagram (2). The whole effect is very 
small and sensible only in azimuths between 180° and 120°. In the plane of 
incidence—that is, in azimuth 180°—the scattered waves have their electric 
vectors horizontal, and, as we move from azimuth 180° to 150°, the vector twists 
round and becomes vertical. Theoretically, in azimuth 0°, it should have become 
horizontal, though practically it is not possible to trace the scattered light in this 
case beyond azimuth 120°. Combining the effects noticed and described above, 
the results obtained for incidence of unpolarised light—that is, the partially 
polarised or unpolarised scattering in azimuth 180°—and the twisting round of 
the electric vector through nearly two right angles in azimuth 150° are both 
readily understood. 

(e) Incidence at 45° of unpolarised light: From a knowledge of the results for the 
cases of normal and grazing incidence, it is possible, at least in part, to foresee 
what we should expect for moderately oblique incidence of unpolarised light. The 
following are the principal features actually noticed in this case. For observation 
normal to the surface the focal spot appears distinctly brighter than for oblique 
observation, and is partially polarised, the stronger component of the electric 
vector being in the plane of incidence. For observation parallel to the surface the 
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scattered light does not exhibit any striking variation of intensity with azimuth; in 
all azimuths it is strongly polarised with the electric vector vertical. In azimuths 
between 0° and, say, 145°, the degree of polarisation improves as we pass from the 
vertical to the horizontal direction of observation, while in azimuths from 145° to 
180° this is not the case. In azimuth 180°, the polarisation actually becomes 
weaker and disappears in the vicinity of the regularly reflected rays, and then 
reappears, becoming strong again parallel to the liquid surface. The twisting 
round of the principal component of the electric vector from the horizontal to the 
vertical in other azimuths, which was remarked upon in para (c), is also noticed in 
the present case, but is a less striking phenomenon here owing to the imperfection 
of the polarisation. 

(/) Incidence at 45° of plane polarised light: The changes in intensity and 
polarisation of the scattered light observed in this case when the plane of 
primitive polarisation is rotated are very remarkable, and interesting. We have to 
consider three cases: (1) when the incident light vector lies in the plane of 
incidence; (2) when it is perpendicular to it and therefore horizontal, and (3) 
intermediate positions. 

Case 1: Referring to diagrams 1 and 2, we notice that as we pass from normal to 
grazing incidence, the azimuth of minimum intensity shifts from 90° to 180°. We 
may expect, therefore, that for moderately oblique incidence an azimuth of 
minimum intensity would be found in an intermediate direction, and this is 
actually the case. The scattered light is most intense backwards, that is, in azimuth 
0°, slowly diminishes in brightness and nearly disappears in azimuth 135°, and 
then increases again quickly to a second but feebler maximum in azimuth 180°. 
(From considerations of symmetry it is easily seen that 225° would also be a 
second azimuth of minimum intensity). As in the case of normal and very oblique 
incidence, the azimuths of minimum intensity are planes in which the electric 
vector is horizontal, and as we move away from this plane on either side, the 
electric vector twists round from the horizontal to the perpendicular position, 
quickly if the observation is along the liquid surface and more slowly in directions 
inclined to it. In azimuths 0° and 180°, the electric vector is everywhere in the 
plane of incidence. 

Case 2: In this case, again, the intensity varies greatly with the azimuth of 
observation, the effects, however, being approximately the reverse of those 
noticed in case 1. There is practically no scattering backwards, that is, in azimuth 
0° and in nearly horizontal directions. As we pass from azimuth 0° to.azimuth 
180° there is first a steady increase in intensity which reaches a maximum 
somewhere about 135°, and then a distinct fall as we approach azimuth 180°. The 
scattering in azimuth 180° is, however, quite appreciable in magnitude. In the 
plane of incidence, that is, in azimuths 0° and 180°, the electric vector is 
everywhere perpendicular to it, and is therefore horizontal. As we move parallel 
to the liquid surface from azimuth 0° to 180°, the electric vector which is 
horizontal in azimuth 0°, twists up and becomes nearly vertical in the range from 
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45° to 135°. It then twists further again into the horizontal position as we pass 

from azimuth 135° to 180°; this time much more quickly. 
Case 3: When the electric vector in the infalling waves is neither parallel nor 

perpendicular to the plane of incidence but is inclined to it, say, at 45°, the 
curious feature noticed is that the scattering is not symmetrical with respect to the 
plane of incidence, but is much more intense on one side of it than on the other. 
There may be little or no scattering to be observed in azimuths from 45° to 135°, 
and quite strong scattering in azimuths from 225° to 315°, or vice versa; and when 
the polarising nicol is rotated about its axis, the azimuths of minimum intensity 
swing round in a remarkable way. Further details of these effects may be reserved 

for later consideration. 

4. Measurement of the intensity of the light scattered by 
mercury surface 

The intensity of light scattered by the mercury surface when a beam of sunlight is 
focused on it is an exceedingly small fraction of the intensity of the incident beam. 
To enable the ratio to be determined, one or more intermediate standards have to 
be used for purposes of comparison. A smooth white surface of plaster of Paris 
scatters practically the whole of the light falling on it. As an intermediate 
standard, it was found convenient to use a small quantity of black varnish which, 
when poured on a piece of black paper, presents a surface of very small scattering 
power. The brightness of the illuminated mercury surface was compared with 
that of the black varnish and the latter with the plaster of Paris. The photometric 
comparisons were made visually, a suitable colour filter being held in front of the 
eye to neutralise the differences in tint of the surfaces observed. 

The experimental method used may be indicated as follows. Two discs of 
plaster of Paris were set side by side, and two pencils of sunlight were focused 
upon them by means of suitable mirrors and lenses. The apertures of the lenses 
used could be varied in such a way that the focal spots on the discs appeared of 
equal brightness. One of the discs was then replaced by a fresh surface of the black 
varnish, and by altering the apertures of the lenses and by interposing a rotating 
sector in the path of the pencil focused upon the other disc, the surfaces of the 
varnish and the plaster of Paris were equalised in brightness. The apertures used 
determined the ratio of the scattering powers. The mercury surface and the black 
varnish were then compared in the same way. A clean mercury surface 
illuminated normally with unpolarised light in the green part of the solar 
spectrum and viewed at 45° is found to have only 5-7 x 10"7 times the brightness 
of a plaster of Paris surface viewed under the same conditions. The colour of the 
opalescent spot is bluish, but not perhaps such an intense blue as the internal 
scattering in liquids. 
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4. Summary 

{a) Perfectly clean liquid surfaces when illuminated strongly are found to 
scatter light appreciably in all directions, the effect being attributable to the 
irregularities of the surface resulting from thermal agitation as controlled by the 
surface tension of the fluid. Photographs of the phenomenon are published. 

(b) The bluish-white opalescence shown by illuminated metallic mercury 
surface has been very fully studied and measurements made of its intensity. Some 
very remarkable effects have been observed in respect of the polarisation and 
distribution of intensity of the scattered light in different directions, and these are 
described in detail. 

(c) At the suggestion of the senior author, some observations were made at the 
Norman Bridge Laboratory of Physics (Pasadena), by Mr B C Burt, with clean 
surfaces of molten sodium obtained in vacuo by electrolysis through glass, and 
these exhibited phenomena similar to those described by mercury, but somewhat 
more conspicuously. 

(d) The case of transparent liquids has also been studied and will be treated in 
the succeeding instalment of the paper. 

1 2 

Plate 1. (See also next page.) 

Figure 1. The bright patch at the centre of the feeble cross is the opalescent spot at the surface of the 
liquid (dust-free hexane) viewed from below in an azimuth perpendicular to the plane of incidence in a 
direction making 30° with the surface. The lower arms of the cross are due to the tracks of the incident 

and reflected beams, while the upper arms are their images seen by reflection at the surface. The light is 

incident at the critical angle. 

Figure 2. The opalescent spot at the surface is seen here as a bright cap at the top of the normally 
incident beam. The photograph is taken from above and the incidence also is from above. 
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3 4 
Plate 1. (Contd.) 

Figure 3. The conditions are the same as in figure 2, but the photograph is taken from below. The 

opalescent spot is seen at the centre of the vertical track, the upper half of which is the reflection of the 

lower half at the liquid surface. 

Figure 4. In this figure the elliptical, intense patch is the surface scattering viewed nearly in the 

direction of the totally-reflected beam when light is incident at the critical angle. The more intense of 

the two tracks is that of the reflected beam. 

5 

Figure 5. Is similar to figure 2, but the incidence is from below. 

Figure 6. Shows the scattering by the pure mercury surface as observed through a double-image 

prism. The brighter of the two elliptic patches has the electric vector vertical. The light is incident 

normally and the direction of observation is nearly parallel to the surface. 
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1. Introduction 

In the first paper, a description was given of the scattering of light by metallic 

liquid surfaces, particularly of the manner in which the intensity and state of 
polarisation of the scattered rays vary with the angle'of incidence of the primary 
rays and the direction of observation. We now proceed to consider the 
phenomena observed when the clean and dust-free surface of a transparent liquid 
is strongly illuminated. Whereas in the case of metals we have a very few 
substances which are liquid at ordinary temperatures, an enormous variety of 
transparent liquids is available for the purpose of the present study. In fact, at the 
time the investigation was taken up, an extensive collection of pure organic 
chemicals had been obtained from Kahlbaum, and bulbs containing some 64 
different liquids, rendered dust-free by repeated distillation in vacuo, were ready 
for a programme of quantitative studies of the internal light-scattering. This 
collection naturally proved very convenient also for the purpose of the 
comparative study of the surface-scattering, and the extended observations made 
possible by its aid served to bring out very clearly the influence on the 
phenomenon of the surface tension of the liquid, and thus to establish its 
molecular nature. 

As already remarked in the first paper, in the case of transparent fluids, the 
surface-scattering is accompanied by the internal-scattering within the liquid 
when a pencil of light is concentrated upon the surface, but the two effects are 
distinguishable from each other in several particulars. By using a good 
achromatic lens to focus a well-defined image of the sun on the boundary, the 
surface opalescence appears as a sharply bounded circular or elliptic disc of light, 
whose aspect varies very much with the direction of observation while that of the 
internal-scattering does not. The colour of the surface opalescence is also much 
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less blue than that of the internal-scattering, and, indeed, by contrast with it 
appears nearly white. Green, yellow and red filters held in front of the eye 
diminish the brightness of the volume effect much more (in increasing order) than 
they do that of the surface effect, and hence assist greatly in studying or 
photographing the latter phenomenon. The brightness of the surface-scattering 
also varies with the direction of observation, while that of the internal-scattering 
in dust-free liquids is practically invariable. In the case of oblique incidence of the 
primary beam, the surface-opalescence is conspicuously brighter when viewed in 
directions adjacent to those of the reflected or transmitted pencils than in other 
directions. In fact, it then stands out very clearly, and may be distinguished even 
with liquids such as carbon disulphide or nitrobenzene, in which the internal¬ 
scattering is so strong that it usually overpowers the surface effect. 

2. Comparative study of the surface-scattering with different 
liquids 

The following is a list of the substances studied: 
Paraffins and Hydrocarbons: Normal pentane, iso-pentane, hexane, heptane, 

octane, and iso-amylene. 
Bromides: Ethyl, propyl, iso-butyl, allyl and ethylene bromides. 

Chlorides: Normal propyl, iso-propyl, iso-butyl, allyl, methylene and ethylene 
chlorides, chloroform, carbon and silicon tetrachlorides. 

Sulphides: Carbon disulphide, methyl and ethyl sulphides. 
Fatty acids: Formic, acetic, propionic and butyric acids. 
Oxides and anhydrides: Acetic and propionic anhydrides, ethyl-ether and 

water. 
Benzene derivatives: Benzene, toluene, ethyl-benzene, ortho-, meta- and para- 

xylenes, benzyl and benzal chlorides, chlorobenzene, bromo-benzene, nitro¬ 
benzene, ortho-nitro-toluene and meta-nitro-toluene. 

Alcohols: Methyl, ethyl, normal propyl, iso-propyl, normal butyl and iso-butyl 
alcohols, trimethyl carbinol, amyl, allyl and benzyl alcohols. 

Esters: Methyl, ethyl and propyl formates, ethyl and propyl acetates. 
Aldehyde and ketones: Acetaldehyde, di-methyl, methyl-ethyl, di-methyl and 

methyl-propyl ketones. 

All these liquids show the phenomenon of surface-opalescence, but in varying 
degrees. In the entire list of substances studied, water, by reason of its high 
surface-tension and the ease with which it acquires a surface contamination, 
stands in a special position; the observations made on its surface-scattering will 
be described separately. The results obtained with the other liquids will now be 
summarized. 
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The lighter paraffins have a low surface-tension (15 to 20 dynes/cm) and are 
found to show the surface-opalescence conspicuously. Not only is the effect 
intrinsically bright, but it is also seen well in contrast with the internal-scattering, 
which is of very moderate intensity in these substances (about five times the 
internal-scattering in dust-free water). Ethyl bromide shows the effect moderately 
strongly. Some of the other bromides are liable to decomposition by the action of 
light and hence are not very suitable. The surface-scattering is found to be rather 
inconspicuous in ethylene bromide, which has a high surface tension (37 
dynes/cm), and also a large internal-scattering. All the chlorides studied show the 
surface-scattering conspicuously, carbon tetrachloride being specially strong. 
Carbon disulphide has an enormous internal-scattering (about 50 times that of 
pure water), and the surface-scattering can hardly be distinguished except for 
certain favourable directions of incidence and observation. Methyl and ethyl 
sulphides, on the other hand, show the effect quite strongly, their internal¬ 
scattering being relatively small. 

The fatty acids afford a very interesting study. Formic acid has practically the 
same internal-scattering as acetic, propionic and butyric acids, but shows the 
surface-scattering much less conspicuously than those other acids. As the surface- 
tension of formic acid is notably higher than that of its three homologues, this 
furnishes a striking illustration of the relation between surface-tension and 
surface-opalescence. Ethyl-ether has a low surface-tension, about 15 dynes/cm, 
and the fact that it exhibits a strong surface-opalescence is another illustration of 
the general principle. The benzene derivatives all have a very strong internal¬ 
scattering, which tends to make their surface-opalescence somewhat incon¬ 
spicuous. The alcohols (except benzyl alcohol) show the effect tolerably well, 
though not so strongly as ethyl-ether for instance. Acetaldehyde shows a 
conspicuous effect, while the esters show an effect of the same order of magnitude 
as the alcohols. The ketones are liable to decomposition, but such of them as can 
be obtained clear and dust-free (e.g. acetone) show a conspicuous surface¬ 
scattering. 

The comparative study of the effects shown by so many liquids, and the 
regularities and differences amongst them, afford the strongest possible 
demonstration of the molecular origin of the phenomenon and of its relation to 
surface-tension. 

3. Intensity and polarisation of the scattered light 

The intensity and the state of polarisation of the scattered light depends in a very 
interesting way upon the angle of incidence of the primary beam and the direction 
of observation. In order to save time and space, we shall give only a description of 
the phenomena noticed with a single liquid, ethyl-ether, which shows the surface- 



220 C V RAMAN: SCATTERING OF LIGHT 

scattering strongly and content ourselves with the general remark that other 
liquids show very similar effects. It is possible, of course, that further quantitative 
and detailed studies may reveal features depending in a special way on the nature 
of the liquid and not merely on its physical constants, namely the surface-tension 
and refractive-index, which determine the general features of the phenomenon. 

(a) Light incident normally from above: When unpolarised light is incident 
vertically on the horizontal surface of a liquid half-filling a spherical bulb, the 
surface-opalescence is barely visible from above, but is much more conspicuously 
seen from below the surface of the liquid. In the latter case, when viewed in a 
nearly vertical direction, the opalescent patch is quite distinct; as the eye is moved 
away to one side so as to view it more obliquely, there is no marked change in its 
intensity until the direction of observation is inclined to the vertical at an angle 
equal to the critical angle (sin-1 \/p) of the liquid, at which stage it suddenly 
brightens up. With further increase in the angle of observation there is a steady 
diminution in intensity until, for observation parallel to the liquid surface, the 
patch ceases to be visible. 

The scattered light in nearly vertical directions is unpolarised. With the sudden 
increase in intensity which occurs at the critical angle, there appears also a 
remarkably complete polarisation of the scattered light with the electric vector 
parallel to the liquid surface. In more oblique directions this polarisation 
becomes partial. 

(b) Light incident from above at the polarising angle: When the primary beam, 
instead of falling normally, is incident obliquely on the liquid surface, the 
scattered light exhibits a notable asymmetry in its distribution of intensity, 
becoming much more marked in directions adjacent to the plane of incidence and 
lying between the transmitted and reflected rays than in others more remote. It 
continues, however, to be appreciably more distinct below than above the liquid 
surface. The light scattered upwards exhibits a polarisation which, for small 
angles of incidence, is partial, but becomes complete with the electric vector 
parallel to the surface, when the incidence is at the Brewsterian angle, practically 
for all angles of observation. The light scattered downwards, on the other hand, 
exhibits quite distinct phenomena; it shows little or no polarisation in the plane of 
incidence, but in a perpendicular plane shows strong polarisation with the electric 
vector inclined to the liquid surface and practically transverse to the track of the 
primary beam within the liquid. 

(c) Light incident from above nearly grazing the surface: In this case, again, it 
becomes somewhat difficult to see the opalescent area except from below the 
surface. The light scattered downwards into the liquid by the surface shows 
polarisation effects very similar to those mentioned in the last sentence of (b) 
above. 

(d) Light incident from below nearly grazing the surface: In this case, of course 
the beam of light is totally reflected. No surface-opalescence can be observed 
except in directions very close to that of total reflection; it is then found to be 
completely unpolarised. 
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(e) Light incident from below at the critical angle: The surface-opalescence is 
found to be much more conspicuous than in case (d), and can, in fact, be easily 
seen in all azimuths from below the surface, being most intense, however, in the 
plane of incidence and in directions adjacent to the reflected rays. From above it is 
not so distinct, and is best seen in directions nearly parallel to the liquid surface in 
the plane of incidence. The polarisation of the scattered light is most conspicuous 
in a plane at right angles to the plane of incidence, and when viewed nearly 
parallel to the liquid surface; the principal component of the electric vector is then 
nearly vertical. In the plane of incidence, and in directions intermediate between 
the horizontal and the reflected rays, the scattered light is unpolarised. It is, 
however, partially polarised (with the electric vector horizontal) in directions 
intermediate between the vertical and the reflected rays. 

(/) Light incident from below at the polarising angle: As the angle of incidence is 
gradually altered from the critical to the Brewsterian angle for internal reflection, 
there is at first a remarkable increase, and then an equally remarkable diminution 
in the brightness of the opalescence as seen from above. At the polarising angle of 
incidence, the scattering is brightest seen from below; the changes in its state of 
polarisation with the angle of observation are then extremely striking. Viewed in 
the plane of incidence from vertically below, it is strongly but not completely 
polarised; as the direction of observation approaches that of the reflected rays, the 
intensity increases and at the same time the polarisation improves and becomes 
sensibly complete. On further increasing the angle of observation the scattered 
light brightens up rapidly further, but the polarisation becomes less perfect, and 
at the critical angle it nearly disappears. For directions of observation still more 
nearly horizontal, the scattered light is sensibly unpolarised. Viewed at right 
angles to the plane of incidence, the scattered light appears partially polarised, 
with the principal component of the electric vector inclined to the liquid surface, 
and practically perpendicular to the track of the primary beam within the liquid. 

(g) Light incident from below normally: The phenomena noticed in this case are 
practically the same as for normal incidence from above. 

Observations have also been made in the several cases noted above with the 
incident light polarised in or at right angles to the plane of incidence. A detailed 
description of them seems hardly necessary, as, except for directions of 
observation very remote from the plane of incidence, the character of the results 
in such as might reasonably be inferred from those noted above for the cases in 
which the incident light is unpolarised. The further consideration of the effect of 
polarising the incident light may, therefore, be deferred for the present. 

4. Measurement of the intensity of the surface-opalescence 

The scattering power of transparent liquid surfaces was compared with that of 
white plaster of Paris by the aid of suitable apertures and a revolving sector to 
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reduce the illumination of the latter, in much the same way as was done in the case 
of metallic mercury (Paper 1). In order to avoid errors due to the superposition of 
the internal-scattering, a case had to be chosen in which the surface-scattering 
was as intense as possible. For this purpose, the case in which the light was 
incident on the surface from below at the critical angle, was found to be the most 
suitable. The opalescence was most intense when viewed nearly in the direction of 
the reflected rays, and was brought into the field of view for comparison with the 
plaster of Paris with the help of a small silvered mirror suitably held. Two sets of 
measurements were made; the first was with methyl alcohol, to illustrate the 
manner in which the intensity of the opalescence varies with the azimuth of 
observation, the scattered light being always observed in a direction inclined to 
the vertical at nearly the critical angle (Table 1). In the second set of 
measurements, the scattering powers of different liquids were determined in terms 
of plaster of Paris, to illustrate the order of magnitude of the effect and its 
dependence on the surface-tension and the refractive index of the fluid used 
(Table 2). 

Table 1. Methyl alcohol and intensity in various azimuths 

Azimuth measured 

from plane of 

incidence 0° 10° 20° 30° 

o
 O

 
9

 

o
 O

 60° 75° 90° 
Intensity in terms 

of plaster of 

Paris x 106 18-8 14-1 6-3 5-6 51 41 3-5 2-1 1-4 

Table 2. Intensity measured with red light 

Substance 

Surface-tension 

in dynes/cm 
Refractive 

index 

Intensity as fraction 

of plaster of Paris 

Methyl alcohol 23 1-328 18-8 x 10~6 
Ethyl alcohol 22 1*360 21-3 x 10"6 
i-Propyl alcohol 21-3 1-376 21-3 x 10~6 
n-Butyl alcohol 24-4 1-400 25-8 x 10"6 
/-Butyl alcohol 22-8 1-395 33-4 x lO"6 
Tri-methyl-carbinol — — 51-2 x 10~6 
Amyl alcohol 23-7 1-406 51-2 x 10~6 
Allyl alcohol 25-9 — 54-5 x 10“ 6 
Benzyl alcohol — 1-536 38 0 x 10“6 
Ethyl-ether 15-3 1-352 43-4 x 10~6 
Pentane (normal) 150 1-359 39-3 x 10~6 
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In paper I the scattering power of mercury under approximately comparable 
conditions was given as 5-7 x 10 - 7 times that of plaster of Paris. The scattering 
power of methyl alcohol is thus about 33 times that of a metallic mercury surface. 
The surface-tension of mercury is some 547 dynes, and is thus about 23 times 
greater than that of methyl alcohol. Allowing for the fact that mercury reflects 
only about 70% of incident light, and taking into account its vastly higher surface- 
tension, its smaller surface-opalescence is readily understood. The greater the 
surface-tension, the more perfectly would the surface under thermal agitation 
approximate to a perfect optical plane, and the smaller would be the proportion 
of the incident light scattered by it in all directions. 

5. Summary 

The paper describes observations and measurements made on the scattering of 
light by the surface of transparent liquids. Some 64 different substances were 
studied. The main results of the work may be stated as follows: 

(a) Surface-scattering is most conveniently observed with liquids that show a 
small internal-scattering; the lighter paraffins, ether, and the alcohols may be 
cited as examples. 

(b) Other things being the same, a liquid having a higher surface-tension shows 
a smaller surface-opalescence and vice versa. Transparent liquids show an effect 
some 30 to 50 times more intense than that observed with metallic mercury. 

(c) The variation of the intensity and state of polarisation of the scattered light 
with the angles of incidence and direction of observation shows some very 
remarkable features which are fully set out in the paper. 

(,d) Studies of the scattering of light by pure and contaminated surfaces of 
water, by liquid carbon dioxide at and near its critical temperature, and by the 
interfaces between different liquids under various conditions will be described in 
a further instalment of the work. 
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[Plate 1] 

1. Relative scattering-power of water and other liquid surfaces 

In part II, the phenomena of the scattering of light by the surface of transparent 
liquids were described in detail. No reference was, however, made to the case of 
water, which stands in a special category owing to the exceptional properties of 
this liquid. Of all known transparent fluids at ordinary temperatures water has 
the highest surface-tension. Its refractive index is also low, and hence its surface- 
opalescence may be expected to be very feeble. Fortunately, however, the internal 
scattering in dust-free water is also very small, being in fact much less than that for 
any other known liquid, and hence, provided water is obtained dust-free and with 
an uncontaminated surface, there should be no difficulty in observing its surface- 
opalescence. This was actually found to be the case. By using water subjected to 
repeated slow distillation in vacuo in carefully cleaned pyrex glass bulbs, it can be 
obtained quite pure and dust-free. The surface-opalescence may then be 
observed, and in agreement with anticipation is found to be very feeble; it exhibits 
features of polarisation and intensity distribution in different directions very 
similar to those shown by other liquids. 

For inter-comparison of the surface-scattering power of different liquids, the 
following simple arrangement was adopted. A beam of sunlight from a large 
heliostat was used and reflected vertically upwards by a second mirror inclined at 
45°. The beam passed through two lenses of equal focal length, which were placed 
as near together as possible and formed images of the sun upon the surfaces of the 
liquids contained in bulbs, placed one above each of the lenses. By varying the 
apertures of the lenses, the brightness of the opalescent areas on the two liquid 
surfaces could be varied till they were estimated to be of equal brightness, as seen 
by the eye placed below the surfaces at approximately the same angle. The angle 
of observation chosen was in each case slightly greater than the critical angle, so 
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that the surface-scattering had maximum brightness. By taking the mean of a 
sufficient number of readings, fairly dependable measures could be obtained of 
the ratio of surface-brightness, at least in the case of liquids, for which the internal 
scattering was not so large as to interfere with the judgment of the eye. 

A check on the reliability of the measures is obtained by comparing liquid A 
with liquid B and liquid C, separately, and then comparing liquid B directly 
against liquid C and so on. The accuracy of the method could no doubt be greatly 
improved by using photographic photometry and correcting for the known 
intensity of the internal scattering, which appears as a superposed effect. 
Nevertheless, it is felt that visual measures which could be made much more 
rapidly are not without value and represent the truth with fair accuracy, 
considering the very difficult nature of the investigation. 

The table gives the relative surface-brightnesses of some thirty different liquids 
in terms of clean water as a standard, together with the surface-tensions and 
refractive indices (//f at 30° C) as given in Landolt’s tables. The last column gives 
the internal (volume) scattering for purposes of comparison from data obtained 
in the author’s laboratory by Mr K S Krishnan. 

The measurements show that, generally speaking, the intensity of the surface 
opalescence increases when the surface-tension is diminished or the refractive 
index is increased. There are, however, a few anomalous cases, the significance of 
which remains to be further investigated. 

2. Influence of greasy contamination on water 

As is well known from the investigations of Rayleigh, Langmuir, Adams and 
others, the surface-tension of water is greatly diminished when even a very minute 
quantity of oily matter contaminates its surface. It appeared therefore of great 
interest to determine how the surface-opalescence of water is altered in such cases. 
It would obviously be extremely tedious and difficult to carry out experiments on 
the effect of greasing and re-cleansing water-surfaces in vacuo. Fortunately, 
however, it is actually possible to make observations with water-surfaces in the 
open. Distilled water is poured into a carefully cleaned glass dish painted dead 
black outside, and the surface of the liquid is cleaned by blowing off the superficial 
layer. Sunlight is focussed upon the clean surface of the water at about 45°, and 
the eye is placed so as to view the surface in a direction nearly adjacent to the 
reflected rays. A screen with an aperture suitably placed is found very convenient, 
as it cuts off the regularly reflected light and all stray illumination, the 
illuminated water-surface being seen through the aperture. The internal scatter¬ 
ing in the water is considerably enhanced by the presence of motes caught by the 
water from the air. Nevertheless, the superficial opalescence by water clean 
enough to show vigorous camphor movements is readily observed with this 
arrangement as a greyish white cap terminating the bluish-white internal track. 
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Substance 
Surface 
Tension 

Refractive 
index 

Mf 

Intensity of 
surface 

scattering 
water = 1 

Intensity of 
internal 

scattering 
water = 1 

Water 72 1-336 1 1 

Paraffins and unsaturated hydrocarbons 
Pentane — 1-353 11-3 5-70 
i-pentane — 1-352 8-9 5-30 
Hexane 16-34 1-374 8-5 500 
Heptane — 1-387 8-8 500 
Octane 20 1-396 7-8 4-80 
/?-iso-amylene — 1-381 10-8 7-70 

Chlorides 
Ethylene chloride 30-10 1-445 3-8 7-20 
Chloroform 25-32 1-446 6-3 6-30 
Carbon-tetra chloride 24-60 1-462 12-6 5-10 
Silicon-tetra chloride 15-80 1-420 7-4 — 

Fatty acids 
Formic acid 35-75 1-372 4-6 6-10 
Acetic acid 23-50 1-373 4-9 5-95 
Propionic acid 26-6 1-387 5-8 6-20 
Butyric 26-7 1-397 6-3 5-95 

Oxides 
Ethyl ether : 15-27 1-352 7-4 5-00 

Alcohols 
Methyl alcohol 2300 1-329 4-0 — 

Ethyl alcohol 22-00 1-363 5-2 2-90 
i-propyl 21-34 1-380 7-2 300 
Butyl alcohol 24-40 1-400 7-4 3-25 
i-butyl alcohol 22-80 1-397 9-3 3-70 
Tri-methylcarbinol — 1-388 6-6 3-45 
Allyl alcohol 23-15 1-419 7-8 6 10 
Benzyl alcohol 39-70 1-547 10-0 12-35 

Esters 
Ethyl formate 22-00 1-359 5-2 5-00 
Propyl formate 22-20 1-379 7-4 4-70 
Propyl acetate 22-00 1-385 5-6 4-75 

Aldehyde and ketone 
Acetaldehyde — 1-329 4-9 4-45 
Methyl ethyl ketone — 1-378 5-3 4-00 
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Unless the air of the room is particularly free from dust, occasional dust-particles 
sail into view, are caught by the water surface and dragged down. 

The effect of greasing the surface is readily observed; with a very minute 
quantity of oleic acid, so small that camphor movements are only slightly 
affected, nothing noticeable happens; but when the quantity is just sufficient to 
stop camphor movements, the surface-opalescence brightens up appreciably, and 
is then more easily distinguished from the internal scattering. The increase of 
intensity, though quite clear and definite, is not very large, say about 100%. 

Figures 7 and 8 in plate 1 show the phenomenon, the former being obtained 
with clear water and the latter when the surface is greased in just sufficient 
quantity to stop camphor movements. Some dust tracks appear in the 
photographs, otherwise, however, the brightening of the surface-cap is evident 
enough on a comparison of the two pictures (see plate 1). 

Examined through a microscope, the greased surface showed no trace of 
structure, the opalescence being perfectly uniform and continuous. When, 
however, the oleic acid used is in excess of the minimum required to stop camphor 
movements, a remarkable change takes place. The opalescence of the surface 
brightens up enormously, perhaps a thousand-fold. At this stage, shown in figure 
9 in plate 1, the illuminated area on the surface is no longer continuous, as seen 
in a microscope, but is seen to contain an enormous number of micro-globules of 
oil. A micro-photograph of the surface at this stage is shown in figure 6 in plate 1. 

The light scattered by the film often exhibits colour which is different in 
different directions. 

The observations of surface-opalescence thus seem clearly to confirm the 
existence* at one state, as contemplated by Hardy, Langmuir and Adams, of a 
continuous film of the oleic acid of extreme tenuity, whose surface-tension is 
lower than that of water and whose light-scattering power is correspondingly 
larger. At a later stage, however, when the oleic acid is in excess, it forms micro¬ 
globules which appear to rest on a continuous film of the acid. Sometimes both 
stages can co-exist at different parts of the surface, as shown by observations of 
the scattering. A trace of palmitic acid in the molten condition allowed to spread 
on water shows similar effects. 

We shall, in a later paper of this series, go more fully into the question of the 
ellipticity of the light reflected from clean and contaminated surfaces of liquids at 
the Brewsterian angle, and consider its relation to the present investigation. 
Meanwhile, a few observations on the effect of greasy contamination on the 
polarisation of the light scattered by liquid surfaces may be noted here. As 
mentioned in Part II, when light is incident from above at the polarising angle on 
the clean surface of a liquid, the light scattered upwards is most conspicuous in 

*In opposition to the view of Taylor {Ann. Phys. 1924, p. 134), who studied the disintegration of oil- 

films on water by a less powerful method of investigation. 
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Plate 1 

Figures 1, 2 and 3 illustrate the scattering by the surface of liquid carbon dioxide at 30°, 30-35° 

and 30-6° respectively. 

Figures 4 and 5 show the scattering by the interface of carbon disulphide and methyl alcohol at 

28° and 40° respectively. 

Figure 6 is a microphotograph of the intense opalescent spot on a water surface contaminated with 

oleic acid when the film consists of microscopic droplets. 

Figures 7,8 and 9 illustrate respectively the scattering by a pure water surface, a water surface covered 

by a film of oleic acid just sufficiently thick to stop camphor movements and a water surface covered 

by a film with microscopic droplets. 

Figure 6 is a greatly enlarged picture of the effect seen in figure 9. The few streaks in figures 7 and 8 are 

due to the presence of a few dust particles on the surface, but the increased intensity of the spot in 

figure 8 is clear enough. 
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the plane of incidence, and is then almost completely polarised in all directions of 
observation in which it can be distinguished from the internal scattering. This is 
also found to be true for a clean surface of water. A contaminated surface of water 
covered by a continuous film shows an increased scattering, which in this case 
seems distinctly less perfectly polarised for directions of observation nearly 
normal to the surface than for observation inclined to or nearly parallel to the 
surface. The globular film shows this effect even more prominently. 

3. Surface-opalescence of liquid carbon dioxide: critical state 
phenomena 

As is well known, the surface-tension of a liquid diminishes continually and tends 
to zero as the critical temperature is approached. Carbon dioxide is a convenient 
illustration for which data are available from the measurements of Verschaffelt. 
This substance when liquified by pressure has a surface-tension of 9T2 dynes/cm 
at-24-30, which falls to 2-90 dynes at 8-90°, to 1*82 dynes at 15-2°, and to 1 dyne at 
20-9°. On plotting these values as a smooth graph and extrapolating to zero at the 
critical temperature 31-40°, it is seen that at 30° C, the surface tension is of the 
order of one-tenth dyne. At this temperature the liquid has still a density about 
twice as large as that of the saturated vapour above it, its refractive index being 
1-145, while that of the vapour is 1-074. At 20° C the refractive indices of the liquid 
and vapour respectively are 1-18 and 104. 

It is clear from these figures that even at 20° C we should expect liquid carbon 
dioxide to show a surface-opalescence some fifty or a hundred times more intense 
than that of clean water, and that as the temperature is raised to 30°we should 
expect it to increase even further. These anticipations have been tested by 
observation. A sealed bulb a little over 1 cm in diameter containing pure liquid 
carbon dioxide prepared for a quantitative study of its internal light-scattering* 
was available and was used for the purpose. Its temperature was regulated and 
maintained constant by immersion in a water-bath. On illuminating the liquid 
normally by a thin pencil, the surface opalescence could be easily seen at all 
temperatures, and at 20° C was certainly several times brighter than the surface- 
brightness of hexane under equal illumination. It brightened up notably as the 
temperature approached 30° C. With further increase of the temperature up to 
the critical point, the surface-opalescence increases in a most remarkable way and 
becomes an exceedingly conspicuous phenomenon.+ Figures 1,2 and 3 in plate 1, 

*Proc. Roy. Soc. (London) vol. 104, p.359 (1923). 

+Careful measurements recently made show that above 30.6°, the intensity of the surface-opalescence 

diminishes rapidly, the boundary between liquid and vapour becoming visibly ill-defined and ceasing 

to reflect light before the critical temperature is actually attained. 
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are photographs of the track of the light within the C02 at temperatures of 30°, 
30*35° and 30*6° respectively. The internal scattering in the liquid and vapour and 
the surface-opalescence separating them are clearly seen in the photographs. 

In a later paper of the series we shall offer quantitative measurements and 
comparison with theory of these changes in intensity. A few observations on the 
state of polarisation and distribution of intensity of the scattered light in different 
directions may now be noted. As we have already described the general character 
of the phenomena for ordinary liquids in some detail in part II of the series, it is 
only necessary to indicate the features observed with liquid carbon dioxide which 
are special for this case. The refractive index of the liquid does not differ so very 
much from that of the vapour above it. Consequently, the polarising angle for 
incidence on the liquid on either side does not differ very much from 45°, while the 
critical angle is much larger and approaches 90° as the temperature is gradually 
raised. On this account alone, we should expect the general distribution of the 
intensity of the scattered light as found for ordinary liquids to be somewhat 

modified in the case of carbon dioxide. This is actually the case. With liquid C02, 
particularly as the critical temperature is approached, the difference in the 
brightness as seen from above and below the surface is not so very marked as for 
ordinary liquids, and the directions of maximum brightness are more nearly 
parallel to the surface. 

The most remarkable difference is noticed in the case in which the light is 
incident on the surface from above at the polarising angle. In the case of ordinary 
liquids, the light scattered upwards is, as nearly as can be observed, completely 
polarised for all directions of observation in the plane of incidence. In the case of 
C02, however, the polarisation of the scattered light is only complete in the 
immediate vicinity of regularly reflected rays and rapidly becomes imperfect as 
we move away from this direction on either side. The cause of this remarkable 
difference in behaviour must be either the small surface-tension or the small 
difference of refractive index of the liquid and vapour, and its complete 
explanation is a matter of much interest which will be taken up later on. 

4. Interfacial scattering of light and critical solution phenomena 

Observations have also been made by the authors of the intensity and state of 
polarisation of the light scattered in different directions and at different 
temperatures by the interface between the two layers of a mixture of carbon 
disulphide and methyl alcohol. Using sunlight, and suitable colour-filters, the 
surface-scattering can be observed over a far wider range of directions and 
temperatures than those found possible by Mandelstamm. The phenomena 
observed, and the effect of raising the temperature to the critical solution point at 
which the two liquids become completely soluble in each other, are very similar to 
those observed in the case of liquid C02 and its vapour as the critical temperature 
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is approached, the layer of higher refractive index corresponding to the liquid, 
and the layer of lower refractive index to the vapour. Figures 4 and 5 in plate 1 
illustrate the enormous increase in the surface-scattering which occurs as the 
temperature of the mixture is raised from 28° to 40° C. Quantitative measure¬ 
ments of this change will be presented in a later paper of the series. We shall also 
describe studies of the scattering of light by liquid interfaces in other binary 
mixtures. 

5. Summary 

(1) Observations on the surface-scattering of light by clean water and com¬ 
parison of its brightness with those of some 28 other liquids are presented. 

(2) The effect of oil-films on the surface-opalescence of water has been studied 
and described. 

(3) The surface-opalescence of liquid carbon dioxide, its variation with 
temperature as the critical point is approached and the special polarisation 
phenomena observed in this case have been described. 

(4) Similar observations have also been made of the interfacial scattering by 
the boundaries between the two components of a binary mixture of carbon 
disulphide and methyl alcohol and the effect of raising the temperature to the 
critical solution point. 

(5) Further quantitative studies regarding (3) and (4), observations with other 
binary mixtures, and theoretical discussions will be presented in the succeeding 
papers of this series. 
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Die Zerstreuung des Lichtes durch dielektrische Kugeln 

Von C V RAMAN, Calcutta (Indien) 
(Eingegangen am 16. Juni 1925) 

Mit Bezug auf die interessante Abhandlung liber diesen Gegenstand von Hans 
Blumer* mochte ich auf zwei friiher von Bidhubhusan Rayf in Calcutta veroffent- 
lichte Untersuchungen aufmerksam machen, welche der Verfasser nicht erwahnt, 
die mir indessen wert zu sein scheinen, in diesem Zusammenhang genannt zu 
werden. In der zweiten dieser beiden Abhandlungen wurde die Zerstreuung des 
Lichtes durch Kugeln vom Brechungs-index 1,333, wie ihn Wassertropfen 
aufweisen, diskutiert, und Ray fiihrte auf Grund der strengen elektromagnetis- 
chen Theorie Berechnungen fur Teilchen mit einem zwolfmal groBeren Umfang 
als die Wellenlange aus, wobei er etwas weiter geht als die Arbeit von Blumer. 
Diese Berechnungen wurden ferner von Ray mit Beobachtungen Liber die 
Zerstreuung des Lichtes durch groBe Wassertropfen verglichen und die Theorie 
beziiglich der Schwankungen von Intensitat und Polarisationszustand des in 
verschiedenen Richtungen zerstreuten Lichtes experimentell bestatigt. In der 
erstgenannten Abhandlung, welche sich mit der Zerstreuung des Lichtes durch in 
Wasser suspendierte Schwefelteilchen beschaftigt, deren Brechungsindex 
1,95/1,33 = 1,5 war, fiihrte Ray Berechnungen aus fur Teilchen verschiedener 
GroBe bis zu einem Maximalumfang gleich fiinfmal der Wellenlange und verglich 
die Resultate mit den Ergebnissen neuerer Versuche. Referate liber Rays Arbeiten 
sind in verchiedenen Zeitschriften enthalten*. 

210 Bowbazaar Street 
Calcutta 

*Z. Phys. 1925 32 119. 

+ Proc. Indian Assoc. Cultiv. Sci. 7 1-12 1921, Nr. 1/2; 8, 23-46, 1923, Nr. 1. 

:Sd. Abstr. (beide Abhandlungen) 1922 25 A Abstr. 1122; 26, A, Abstr. 1823,1923—Phys. Ber. (beide 
Abhandlungen) 3, 779, 1922; 4, 1317, 1923-J. Phys. 1924 (6) 5 429. 
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On the thickness of the optical transition layer in 
liquid surfaces 

C V RAMAN, F.R.S. 
and 

L A RAMDAS, M.A. 
(University of Calcutta)* * 

1. Introduction 

In a series of papers contributed to the Proceedings of the Royal Society1, the 
authors have described their investigations on the scattering of light by clean and 
contaminated liquid surfaces which showed very clearly that even at ordinary 
temperatures and pressures a liquid surface is far from being a perfect optical 
plane, and that as the critical temperate is approached and the surface-tension 
diminishes, the increasing thermal agitation of the boundary becomes con¬ 
spicuously evident by the brightening of the surface-opalescence. In the course of 
these researches, it occurred to the authors that it would be worthwhile to carry 
out a re-examination of the question whether the light reflected by a clean liquid 
surface at the Brewsterian angle is completely polarized or not. As is well known, 
Jamin* found that when light polarized at 45° to the plane of incidence is incident 
on a liquid surface at the Brewsterian angle, the reflected light is elliptically 
polarized; the coefficient ofellipticity K (which is the ratio of the amplitudes of the 
light-vector in and at right angles to the plane of incidence) was found by him to 
be negative for water and most aqueous solutions, and positive for many 
common liquids. The method used by Jamin for determining the ellipticity was 
not very well-adapted for such a delicate investigation, and apart from this, as was 
shown later by Lord Rayleigh§, his values for water and very probably also for 
aqueous solutions were vitiated by surface contaminations. For the cleanest 
water surfaces, Rayleigh found the ellipticity to have a small positive value 

* Communicated by the Authors. 

+ C V Raman and L A Ramdas (1925) Proc. R. Soc. (London) A, cviii p. 561; cix, pp. 150 and 272. 
*For an account of the earlier work in this field; see Winkelmann’s Handbuch der Physik. Optik (1906) 

p. 1263. 
'"Rayleigh, Scientific Papers, iii p. 496. 
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0 00042. The method employed by Rayleigh involves the use of sunlight and is 
very sensitive, being capable of determining ellipticities as small as 0 00010. The 
definitely positive value obtained by Rayleigh for clean water surfaces made it of 
interest to examine whether other liquids would also show an ellipticity of the 
same order of magnitude. 

2. Measurements of the coefficient of ellipticity 

The work was taken up and the measurements were made during the summer of 
1924 by one of us (L A Ramdas), the method of Rayleigh being used. No source of 
illumination other than brilliant sunlight was found to be sufficient. A heliostat 
reflected a beam of sunlight through an aperture into the dark room. This beam 
was reflected by an adjustable mirror at any required angle. The liquid was kept 
in a very thoroughly cleaned and dried dish with a piece of black glass at the 
bottom to give a good background. The dish was placed on a heavy table 
practically free from vibrations, and the light reflected by the surface of the liquid 
observed through a very good nicol rotating on a graduated circle provided with 
verniers reading to a minute. The angle of incidence was adjusted until a 
horizontal dark band was seen to cross the reflected image of the sun when the 
nicol was adjusted to cut off the reflected light. A quarter-wave plate of mica was 
then placed in front of the nicol and rotated in its own plane till the dark band 
was as distinct as before. 

The incident light was then polarized by passing through a second nicol 
mounted on a graduated circle and adjusted so that its shorter diagonal made an 
angle of 30° with the plane of incidence. After taking the reading of the first nicol, 
the second nicol was turned through 60° so that the shorter diagonal made 30° on 
the other side and the first nicol was adjusted to get back the dark band again as 
distinctly as before. From the difference in the readings a' — a, the ellipticity K is 
determined, being equal to 1/2 tan 30° (a' — a) as shown by Rayleigh. A number of 
readings were taken for each liquid in the four positions of the quarter-wave plate 
at right angles to each other and K calculated from the mean value of a' — a. 

For all the organic chemicals studied, Kahlbaum’s pure liquids were used as 
obtained, and in the case of water the vessel was overflowed with it, and after 
allowing it to rest for a while, the surface was renewed by suddenly blowing off the 
excess of liquid. Observations were made with clean water and also when it was 
contaminated with mono-molecular films of oleic and palmitic acids. The 
following table contains a list of the liquids, their formulae, refractive indices and 
their ellipticity coefficients as determined. 
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Substance Formula Pf K t x 108cm 

Molecular 

diameter 

x 108 

Methyl alcohol ch2oh 1*329 ■00069 4-7 40 
Ethyl „ c2h5oh 1*363 ■00066 4-0 5-2 

n-Propyl ” c3h7oh 1-385 ■00090 50 
i- Propyl ” c3h7oh 1-380 ■00100 6-4 
n-Butyl c4h9oh 1*400 ■00092 5-1 
i-Butyl ” c4h9oh 1-397 •00087 5-0 
Allyl c3h5oh 1-419 •00110 60 
Amylene C5H10 1-381 •00150 8-8 
Pentane c5h12 1-353 •00170 10-7 
Octane CsH18 1-396 •00066 4-0 
Water h2o 1-336 •00075 1 50) 2-6 

•00042(R)* - ( 3-0 / 
Acetone c3h6o 1-369 •00081 50 7-1 

Carbon disulphide cs2 1-642 •00142 4-6 7-3 
Benzene C6H6 1-507 •00107 4-8 4-1 
Toluene c6h5 ch3 1-501 •00194 8-5 
m-Xylene C6H4(CH3)2 1-502 •00202 90 

Nitro-benzene c6h5(no2) 1-548 •00131 5-2 

Carbon tetra- 

chloride CC14 1-462 •00084 4-0 
Oleic acid c17h33cooh 1-460 00210 12-6 

Oleic acid film •minus 
on water — — 00240 13-3 11-2 

Palmitic acid C15H31COOH 1-444 •00190 11*4 
Palmitic acid film minus 

on water — — 00180 100 24-0 

*(R) refers to Rayleigh’s value. 

3. Discussion of results 

It will be seen from the table that all the clean liquid surfaces studied showed a 
positive ellipticity irrespective of the value of the refractive index and in fact there 
does not appear to be any marked correlation between the refractive index of the 
liquid and the magnitude of the ellipticity. This fact when considered in the light 
of the theoretical discussion of the effect of a transition-layer given by 
Drude^eems to render it unlikely that the observed ellipticity is due to any film 
adsorbed on the liquid surface from the atmosphere. Another explanation which 

fDrude,4.Theory of Optics' English Translation, p.292. 
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might be suggested is that the molecules at the surface are orientated, and that 

consequently the refrangibility of the surface-layer is different from that of the 
inside. It is difficult, however, on this hypothesis to see why the surface-layer 
should always have a lower refrangibility than the interior of the liquid, which is 
necessary in order to explain the observed positive values of the ellipticity. An 
orientation of the molecules would tend rather to pack them closer together, and 
thus to increase the optical density of the surface-layer. Nor would any double¬ 
refraction which such an orientated film might possess help materially in 
explaining the observed effects. The only possibility left is that the effect arises 
from a diminution of the density of the surface-layer resulting from molecular 
movement*. Such an explanation (suggested originally by van der Waals, we 
believe) would seem worthy of consideration, the more especially in view of the 
fact that the thermal agitation of the liquid surface has been observed and the 
optical effects resulting from it actually measured in our studies on light¬ 
scattering. We hope later to examine very closely the question whether our results 
for the ellipticity are quantitatively in agreement with the extent of the thermal 
agitation as determined from thermodynamical principles. Meanwhile, however, 
we have thought it advisable to publish the observations such as they are. In the 
fourth column of the table are given the values for the minimum thickness t of the 
transition layer at room temperature for each liquid calculated on the assump¬ 
tion that the refractive index of the transition layer is the square root of the 
refractive index of the liquid in bulk. Drude’s formula for this case is 

kX n -F 1 

71 yjl + n2(n — 1) 

where X is the wavelength and n the refractive index of the liquid. For the two 
contaminated surfaces of water the thickness t is calculated from Drude’s general 
expression suitably modified, 

kX (in\ — l)nj 

71 yi +nl(ni ~ l)(ni — n\) 

where n1 is the refractive index of the film assumed to be the geometric mean of 
the refractive index of the material in bulk and of water, and n2 is the refractive 
index of water. 

The thickness of the transition layer for the various pure liquid surfaces comes 
out to be of the same order of magnitude as the linear dimensions of the molecule 
(see column 6 of the table where molecular diameters from viscosity measure¬ 
ments etc are given). In the case of the contaminated water-surfaces the superficial 
film is shown by the observations of ellipticity to be mono-molecular. 

210 Bowbazaar Street, Calcutta, India 
24 June 1926 

*L P Wheeler, Philos. Mag. (1911) xxii p.229. 
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The birefringence of crystalline carbonates, 
nitrates and sulphates 

In two very interesting papers (Proc. R. Soc., vol. 105, p. 370, and vol. 106, p. 346, 
1924) Prof. W L Bragg put forward an explanation of the strong birefringence 
exhibited by the crystalline carbonates and nitrates. Expressed very briefly, his 
theory is that in the carbonate and nitrate ions the oxygen atoms are situated in 
one plane around the central carbon or nitrogen atom, as the case may be, and 
that, as the result of this arrangement and of the mutual influence of the electric 
doublets induced in the atoms by the field of the light-waves, the refractivity of the 
group depends to a marked extent on the direction of the light-vector. The 
refractive indices of the crystal were successfully computed on this basis. The 
crystalline sulphates are known, on the other hand, to have a very weak 
birefringence, and the suggestion was made that very probably the oxygen atoms 
are arranged tetrahedrally round the sulphur atom in the sulphate ion group, 
thus making it optically isotropic. 

Very interesting evidence regarding the birefringence of the nitrate and 
sulphate ions is furnished by some recent observations on the scattering of light 
by concentrated acids and their aqueous solutions made in the present writer’s 
laboratory by Mr S Venkateswaran. The light scattered by dust-free nitric acid is 
found to be nearly unpolarised, indicating an extremely large anisotropy for the 
nitric acid molecule and for the nitrate ion. Concentrated sulphuric acid and its 
aqueous solutions, on the other hand, polarise the scattered light nearly 
completely, indicating that the sulphate ion is nearly isotropic optically. We have 
thus a striking confirmation of Prof. Bragg’s views. 

Observations on the scattering of light by concentrated solutions of salts and 
by organic vapours containing the groups in question have been undertaken. One 
may venture confidently to predict the results to be expected. 

C V RAMAN 

210 Bowbazaar Street 
Calcutta, India 
10 June 

237 



Nature (London) 118 302 (1926) 

The electrical polarity of molecules 

On attempting to correlate the electrical double-refraction (Kerr effect) of gases 
and vapours which has been measured by Leiser, Hansen and Szivessy, with the 
optical anisotropy of the molecules determined from observations on light¬ 
scattering, it is found that electrically polar molecules generally exhibit a Kerr 
effect which is very large in relation to their optical anisotropy. This indicates that 
the orientative action of the field on the molecule in such cases is chiefly due to the 
permanent electric doublet present in it, and is much larger than would be the 
case if the molecules were non-polar. In the case of molecules having an axis of 
optical symmetry to which the electric doublet is parallel, or is inclined at some 
known angle, it is possible to calculate the permanent electric moment from the 
value of the Kerr constant and the constant of depolarisation of the scattered 
light. Conversely, if the moment is known, the inclination of the electric doublet 
to the optic axis can be found. For example, in the case of the simple dipole 
molecule HC1, we may assume the optic axis to be parallel to the doublet. 

The constant of depolarisation as recently measured by Ramanathan is 0-010, 
and the Kerr constant from the measurements of Hansen = 0-90 x 10“10. From 
this, considering the orientative action of the field to be due only to the permanent 
doublet, we find its moment to be 1-06 x 10“18 electrostatic units, while if the 
orientative couple on the induced doublet is also taken into account as in the case 
of non-polar molecules, the value of the permanent moment comes out to be 
1-04 x 10"18. The recent determination by Zahn from dielectric, constant 
measurements gives 1-03 x 10“18, thus showing good agreement. 

When the optical ellipsoid of the molecule has three unequal axes, measure¬ 
ments of the factor of depolarisation and of the Kerr constant are by themselves 
insufficient for an accurate determination of the electric moment. But if the 
moment is known from measurements of the dielectric constant, the data 
mentioned are of much assistance in fixing the position of the axis of the doublet. 
For example, if the Kerr constant of a substance is negative, we can assert 
definitely that the axis of the permanent doublet does not coincide with the 
longest axis of the optical ellipsoid. It is interesting to note in this connexion that, 
so far as is known, all substances having a negative Kerr constant are polar. 

C V RAMAN 

K S KRISHNAN 

210 Bowbazaar Street 
Calcutta, India 
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Magnetic double-refraction in liquids—Part I 
Benzene and its derivatives 

C V RAMAN, F.R.S. 
and 

K S KRISHNAN 

(Received 6 September 1926) 

1. Introduction 

Many organic liquids exhibit a feeble double-refraction when they are placed in a 
strong magnetic field and a beam of light traverses the substances in a direction 
transverse to the lines of force. The magnitude of this effect, which was discovered 
in 1907 by Cotton and Mouton, depends very largely on the chemical structure of 
the molecule. Hydrocarbons belonging to the aliphatic series and the aromatic 
series are strikingly different in their behaviour; hexane, for instance, showing no 
detectable effect, while benzene is an example of a liquid showing a measurable 
double-refraction. We propose in the series of papers of which this is the first, to 
discuss this phenomenon in its relation to the structure of molecules and their 
magnetic properties. For this purpose we shall use the theory of Langevin, which 
explains magnetic double-refraction as an effect arising from the orientative 
action of the field on the molecules (assumed to be magnetically and optically 
anisotropic) and connects the absolute value of the Cotton-Mouton constant 
with the values of the optical refractivity and of the magnetic susceptibility of the 
molecule along three mutually perpendicular axes. To enable the formula of 
Langevin to be used for the purpose of calculating the absolute value of the 
Cotton-Mouton constant, it is necessary to have data concerning, firstly, the 
magnetic character of the molecule, and, secondly, its optical anisotropy. In 
regard to the latter, we propose to utilise the data obtained from observations on 
light-scattering in the liquids concerned. In regard to the magnetic anisotropy of 
the molecules, we shall endeavour to connect the indications furnished by the 
data on magnetic double-refraction with considerations of atomic and molecular 
structure and the well-known theory of diamagnetism, also due to Langevin. 

239 
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2. Theory of magnetic double-refraction 

We shall here merely quote the formula due to Langevin, the derivation of which 
is very conveniently set out in a recent article by Debye.* The Cotton-Mouton 
constant Cm of double-refraction is given by the relation 

c — ll__£ 
m XH2 

= 3(n20 - l)2 [(A - B)(A' - Br) + {B — C){B' - C) -f (C - A)(C - T)] 

80nnoXkTv (A + B + C)2 

(1) 
where A, B, C are the moments induced along the three mutually perpendicular 
axes of the optical ellipsoid of the molecule by unit electric force in the incident 
light-waves, acting respectively along the three axes, and A', B', C are the 
magnetic moments induced in the molecule by unit magnetic force acting in the 
same three directions. H is the acting magnetic field, X is the wavelength of the 
light, k is the Boltzmann constant, Tthe absolute temperature, v the number of 
molecules per unit volume, n0 the refractive index of the liquid outside the field, 
and np and ns are the principal refractive indices in the field. The quantities A, B, C 
are connected with the refractive index n0 of the liquid by the relation 

A A B + C _ 3 ftp — 1 

3 47a; Uq + 2' 

The quantities A\ B\ C are connected with the magnetic susceptibility of the 
medium by the relation 

A’ + B' + C i 

where x is the susceptibility per unit volume. 
It will be noticed that the Cotton-Mouton constant depends essentially on the 

difference of the magnetic susceptibilities of the molecules along the three 
directions which form the axes of the optical ellipsoid of the molecule. 

3. The optical anisotropy of the molecule 

Observations on the state of polarisation of the light scattered by a gas or vapour 
enables us to evaluate directly an expression which depends on the differences 
(A — B\{B — C) and (C — A) between the optical properties of the molecule along 

*P Debye, Marx's Handbuch der Radiologie, 6 pp. 754-76. 
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its principal optical axes. The light scattered by an ideal spherically symmetrical 
molecule in a direction transverse to the incident unpolarised beam would be 
completely polarised. In all actual cases, however, the light so scattered is 
imperfectly polarised, indicating that the molecule is not optically isotropic. The 
state of polarisation is usually indicated by the ratio of the intensities of the two 
components of vibration in the scattered light. The ratio r of the intensity of the 
feeble component to the stronger component is connected with the values of A, £, 
C, by the relation 

6[(A-B)2 + (B-C)2 + (C-A)2] 

r 10(4 + B + C)2 + 7[(A- B)2 + (B — C)2 + (C- /4)2] 1 ’ 

In the case of dense fluids, the problem of determining the relation between the 
optical anisotropy of the molecule and the state of polarisation of the 
transversely scattered light is not quite simple, as we have to take into account the 
influence of neighbouring molecules on each other and the effect of local 
fluctuations of density and molecular orientation on the optical field at any point 
in the medium. Various theories differing mainly in detail have been proposed, 
and the question how far they are in agreement with the available observations on 
light-scattering has been discussed in a recent paper by one of us.* Two formulae 
of nearly identical form have been proposed connecting the effective anisotropy 
of the molecule in the liquid state with the state of polarisation of the scattered 
light. The first formula is 

_6[(A - B)2 + (B - C)2 + (C - A)2~\_ 

lOkTPv^j^J (A + B+C)2 + 7[(4 - B)2 + (B — C)2 + (C - 4)2] 

(5) 

where p is the compressibility of the medium. 
A second formula which has been proposed is 

6[(A - B)2 + (B — C)2 + (C - A)2] 

\0kTpv(A + B + C)2 + 7[(A - B)2 + (B— C)2 + (C — A)2]' 

The quantity 6 given by the expression 

J(A-B)2+(B-C)2+(C-A)21 

(A + B + C)2 

defines the optical anisotropy of the molecule and should be the same for the 
vapour and the liquid state. For many substances, however, the value of S 
calculated by either formula from the scattering by the liquid is rather less than 

*K S Krishnan, Proc. Indian Assoc. Cultiv. Sci. (1926) 9 p. 251. 
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that calculated from the vapour, indicating that the effective optical anisotropy of 
the molecules may be diminished by reason of their close packing or actual 
association in the liquid. For this reason it seems appropriate, in any discussion 
bearing on the liquid state to consider the values of the molecular anisotropy 
determined from observations on light-scattering in liquids. An extensive and 
careful study of the scattering is no fewer than 65 different liquids has been 
recently carried out in the authors’ laboratory.* We propose to utilise the data 
thus gathered in our discussion of magnetic double-refraction. 

The data available are not sufficient to decide absolutely whether formula (5) or 
formula (6) is to be preferred. Instead of rejecting one or the other, it seems 
preferable to retain and use both formulae and to compare the results thus 

obtained. 

4. The cases of hexane and benzene 

Observations on light-scattering both in vapours and in liquids indicate that the 
hydrocarbons of the paraffin series exhibit a smaller degree of optical anisotropy 
than those of the aromatic series. The depolarisation factor r for the vapours of 
hexane and cyclohexane are 1-68% and 0-86% respectively. The corresponding 
values of r for liquid hexane and liquid cyclohexane are 9-9% and 8%. The values 
of r for benzene vapour and liquid are respectively 4-4% and 47%, being thus 
considerably larger than for either hexane or cyclohexane. From the value of r the 
value of <5 may be easily calculated for the substances mentioned. 

Table I 

Benzene Hexane Cyclohexane 

S x 103 from vapour 77 28-6 14-5 

S x 103 f 1st formula, equation (5) 90 8-9 6-5 

from 5 

liquid f 2nd formula, equation (6) 45 5-3 3-6 

Refractive index 1-505 1-378 1-429 

c 171 
5-90 x 10"13 Not detectable Not detectable 

It will be noticed that in the case of hexane and cyclohexane, S for the liquid is 
strikingly less than S for the vapour. The difference is not so conspicuous in the 

case of benzene vapour and liquid, and, indeed, is of the opposite sign when 
formula (5) is used to calculate <5. 

*K S Krishnan, Philos. Mag. (1925) 50 p.697. 
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In the numerator of the expression for S the expression 

[{A - B)2 + (B — C)2 + (C - A)2] 

appears, while in that for the Cotton-Mouton constant the expression 

[(A - B){A' - B') + {B — C)(B' - C) + (C - A)(C - A')] 

occurs. It will be seen that the differences in the value of the Cotton-Mouton 
constant for the three substances are of a larger order of magnitude than those in 
the value of S. The molecular refractivities and magnetic susceptibilities of the 
three substances are not very different. Hence, in order to explain the great 
differences in the value of the Cotton-Mouton constant, it is necessary to assume 
that the differences in the magnetic anisotropy of benzene and hexane are not less 
pronounced than the differences in their optical anisotropy. In fact, the data 
compel us to assume that hexane is practically isotropic magnetically, and that 
benzene, on the other hand, exhibits a remarkable degree of magnetic anisotropy. 

An interesting sidelight on the relation between chemical structure and 
magnetic anisotropy of carbon compounds is furnished by the observations of 
Owen* and Honda and Take Sonef on the diamagnetic properties of the element 
carbon in the two forms of diamond and graphite. These authors have found that 
diamond, as might be expected from the fact that it belongs to the cubic system, 
shows no diamagnetic anisotropy. Graphite, on the other hand, shows a very 
large magnetic anisotropy, its susceptibility parallel to the hexagonal axis being 
about seven times as large as in perpendicular directions. 

5. Calculation of the Cotton-Mouton constant 

In order to evaluate absolutely the value of the Cotton-Mouton constant, we 
shall now assume that the benzene molecule has an axis of optical symmetry. This 
seems justifiable, particularly in view of the fact that chemical evidence shows that 
the six carbon atoms and the six hydrogen atoms in the ring are all equivalent. If 
the ring were a plane structure, then the axis of symmetry would obviously be the 
six-fold axis perpendicular to the plane of the ring. On the other hand, even if the 
configuration of the molecule were a puckered ring in which alternate carbon 
atoms lie above and below a certain plane, the normal to this plane would still be 
an axis of optical symmetry. Ramanathan* has discussed the explanation of the 
optical anisotropy of the benzene molecule and given very good reasons for the 
belief that there is an optical axis of symmetry, and that the optical moment 

*M Owen, Ann. Phys. vol. 37, p. 657 (1912). 

+Kotaro Honda and Take Sone, Sc. Rep. Tdhoku Imp. Univ. (1913) series 1, 2 p. 25. 

:K R Ramanathan, Proc. R. Soc. (London) A (1926) 110 p. 123. 
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induced by the field of a light-wave in a direction parallel to this axis is 
considerably smaller than in directions perpendicular to it. If we combine this 
with the idea suggested by the case of graphite, that the diamagnetic susceptibility 
is numerically greater along this line than in perpendicular directions, we get a 
positive value for the Cotton-Mouton constant, as actually observed. The 
existence of an axis of symmetry makes A = B. The expressions for Cm and S then 
reduce to 

and 

Cm = m 
(no ~ 1)(hq + 2) A-C 

60no2kT 2 A + C 
[3C - (A' + B' + C')] 

A-C 

2 A AC 

Now A' 4- B' + C is a constant proportional to the total susceptibility = 6, say . 
Then Cm can be written in the form 

(nl - l)(n§ + 2) 

6Qn02kT 
•(3 C-6) (10) 

We can easily compute the values of the Cotton-Mouton constant corres¬ 
ponding to different values for the ratio C/6. If C = 0, then the entire magnetic 
susceptibility of benzene is concentrated in one direction only; in other words, it is 
magnetisable only along the axis of optical symmetry. The ratio C/6 thus 
represents the fraction of the total magnetic susceptibility concentrated along this 
axis. In row 2 of table II the theoretical value of the Cotton-Mounton constant 
for different values of the ratio C/6 is shown, the value of S being derived from 
formula (5). In row 3 of table II the theoretical values of the Cotton-Mouton 
constant are shown similarly, S being derived from formula (6). The observed 
value of the Cotton-Mouton constant = 5*90 x 10"13. A comparison of this value 
with those shown in the table indicates that according to either method of 
calculation we have to assume that a considerable proportion of the magnetic 
susceptibility of benzene is concentrated in one direction, in order that the 
observed and calculated values of the Cotton-Mouton constant might agree. 

Table II. Observed value of the Cotton-Mouton constant = 5-90 x 10 13 

0-60 0-55 0-50 0-45 0-40 0-333 

Cotton-Mouton constant Formula (5) 

calculated from x 1013 12-6 10-2 7-85 5-49 3-14 0 

Formula (6) 

x 1013 8-88 7-21 5-55 3-89 2-22 0 
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According to row 2 we should find the ratio of the susceptibility along the 
principal axis to that in perpendicular directions to be 17:10, while according to 
row 3 the ratio is 21:10. 

6. Interpretation of the observed results 

The remarkable magnetic anisotropy of the benzene ring indicated by the 
foregoing investigation demands an explanation. In the entire structure of the 
molecule we have 42 electrons in all outside the atomic nuclei. Of these, 12 
electrons belong to the K rings of carbon, and the size of their orbits is so small 
that they cannot contribute appreciably to the diamagnetic susceptibility of the 
molecule. We are thus left with 30 electrons which contribute to magnetic 
susceptibility and can or may take part in the chemical binding of the atoms. 
Pauling* has recently suggested a plane structure for the benzene ring in which 12 
electrons are held in pairs in orbits binding the carbon and hydrogen atoms, 12 
electrons in pairs connect the neighbouring carbon atoms, and the 6 remaining 
electrons form three pairs which connect each carbon atom with the one opposite 
to it directly across the ring. This structure would make the molecule 
diamagnetic. If we make the further assumption that at least 12 of the electron 
orbits are in the plane of the ring, we would have an explanation of the observed 
magnetic anisotropy of the molecule. If, on the other hand, the molecule is not a 
plane structure but is a puckered ring, an even larger proportion of the orbits may 
be orientated in planes approximately parallel to the ring consistently with its 

observed magnetic anisotropy. 

7. Some benzene derivatives 

When one or more of the hydrogen atoms in benzene is replaced by other atoms 
or groups, we shall no longer be justified in taking the optical ellipsoid of the 
molecule to be a spheroid of revolution. If, however, the replacing atoms or 
groups are not themselves strongly anisotropic optically, we may, as a rough 
approximation, assume the derivative to have an optical axis of symmetry and 
calculate the magnetic anisotropy of the molecule in the same way as was done in 
the case of benzene. Instead of following the latter procedure, however, it would 
perhaps be of greater interest to attempt to calculate the Cotton-Mouton 
constant for these derivatives, assuming that the atoms or groups which replace 

*L Pauling, J. Am. Chem. Soc. (1926) 48 p. 1139. 
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the hydrogen to be magnetically isotropic, and leave the magnetic anisotropy of 
the rest of the benzene ring unaffected. Let us take, for example, ethyl benzene 
(C6H5C2H5). It has already been mentioned that the aliphatic hydrocarbons 
exhibit a much smaller magnetic anisotropy, if any, than the aromatics. Hence to 
a first approximation we may assume that the contribution from the ethyl radical 
to the magnetic susceptibility of the molecule would be the same along the three 
optic axes. If, also, the contribution from the benzene ring to the susceptibilities 
along these axes be supposed to be unaffected, it will easily be seen that the factor 
(3 C — 9) in expression (10) will remain unaltered, since the increase in C will be a 
third of the increase in 9. Thus the expression for the Cotton-Mouton constant 

reduces to 

^ * * (n0 — l)(^o “L 2) fl Cm = constant x-wd. (11) 
no 

The constant can be evaluated from the observed value of Cm for benzene, and 
will be different according as we use formula (5) or (6) for calculating <5. The values 
of the Cotton-Mouton constant so calculated are given in table III. The fair 
agreement between the calculated and observed values shows that in all these 
cases, except perhaps those of aniline and bromobenzene, our assumptions are 
not far from the truth. 

Table III 

Cotton-Mouton constant 

x 1013 

Liquid 

De¬ 

polari¬ 

sation 

factor 

x 100 

Refrac¬ 

tive 

index 

for 

0-578/x 

Sus- 

cepti- - 

bility* 

per gram 

molecule 

x 103 

S x 103 Calculated 

Ob¬ 

served 

from 

formula 

(5) 

from 

formula 

(6) 

using 5 

from 

formula 

(5) 

using S 

from 

formula 

(6) 

Benzene 47 1-505 5-74 90 45 5-9 5-9 5-90 
Toluene 51 1-499 6-99 86 43 5-7 5-7 6-20 
Ethyl benzene 53 1-498 8-20 78 39 5-4 5-4 5-44 
m-Xylene 57 1-501 8-21 95 48 6-0 6-0 6-33 
p-Xylene 58 1-498 8-21 103 52 6-2 6-2 6-83 
Chlorobenzene 58 1-528 7-52 111 53 6-9 6-8 7-29 
Bromobenzene 63 5 1-563 8-62 137 63 8-3 80 6-50 
Aniline 60 1-589 6-51 92 40 7-2 6-7 4-03 
Benzyl chloride 56 1-542 8-76 78 37 6-0 5-8 6-12 
Benzal chloride 52 1-568 10-55 57 26 5-4 5-2 6-02 
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8. Summary 

The paper contains a discussion of the magnetic double-refraction exhibited by 
liquid benzene and some of its derivatives on the basis of the Langevin theory, 
utilising the data for optical anisotropy of the molecules derived from observa¬ 
tions on light-scattering. The following is a summary of the results obtained: 

(1) A comparison of magnetic double-refraction and light-scattering by 
hexane, cyclohexane and benzene shows that the differences between the 
aromatic and the aliphatic hydrocarbons in respect of magnetic anisotropy must 
be even more pronounced than their differences in respect of their optical 
anisotropy. 

(2) Making the justifiable assumption that the optical ellipsoid of the benzene 
molecule is an oblate spheroid of revolution, it is shown that the observed value of 
the Cotton-Mouton constant can only be explained on the assumption that the 
molecule exhibits a very pronounced magnetic anisotropy, the susceptibility in 
the direction of the axis being about twice as large as in perpendicular directions. 

(3) As an explanation of this result, it is suggested that at least 12 of the electron 
orbits binding the atoms in the molecules must be orientated in a plane parallel to 
the ring. 

(4) The absolute value of the Cotton-Mouton constant has been calculated for 
some of the simpler benzene derivatives in which it can be assumed without 
serious error that the optical ellipsoid is still a spheroid of revolution, and that the 
group which replaces the hydrogen atom is magnetically isotropic. The 
calculated and observed values are in fair agreement. 
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Electric double-refraction in relation to the polarity 
and optical anisotropy of molecules—Part I. Gases 

and vapours 

C V RAMAN, F.R.S. 
and 

K S KRISHNAN* 

1. Introduction 

As is well known, Kerr discovered that fluids when placed in an electrostatic field 
exhibit a feeble birefringence. The accepted explanation of the effect is that the 
electrostatic field exercises on orientative influence on the molecules, that 
the latter possess an intrinsic optical anisotropy, and that, in consequence of the 
molecular orientation, the fluid as a whole becomes optically anisotropic. In the 
original form of the theory, due to Langevin, it is assumed that the molecules are 
both electrostatically and optically anisotropic, and that the orientative action of 
the field is due to the couple exerted by it on the induced doublets in the 
molecules. In the later form of the theory, due to Born1, the orientative effect 
exerted by the field on the permanent electric doublet, if any, present in the 
molecule is also taken into account. We propose in the series of papers of which 
this is the first, to discuss the available data regarding electric double-refraction in 
the light of these theories, and to correlate them with what is known regarding the 
optical anisotropy of molecules from observations on the light-scattering, and 
regarding the permanent electric moment from the observed variation of the 
dielectric constant with temperature. 

2. The Kerr constant data for gases and vapours 

The simplest case to consider is naturally that of gases and vapours, as here the 
mutual influence of the molecules is negligible. The available data regarding the 

* Communicated by the Authors. 

Tor a good account of the subject, see P Debye, Marx’s Handbuch der Radiologie, Bd. vi. 
pp. 154-176. 
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Kerr constant in the gaseous state are, however, very scanty, and the correspond¬ 
ing data regarding light-scattering have also not been obtained for all the 
substances. The variation of dielectric constant with temperature is also not 
known for many vapours. Such figures as are available are, however, very 
interesting, and are collected together in table 1. The second column gives the 
Kerr constant for the sodium line for one atmosphere pressure at 20° C, compiled 

Table 1 

Kerr const, for 
the D line for Approximate value 

1 atm. press, at Depolari- of the permanent' 
20° C. zation factor, ' moment, 

Gas or vapour K x 1010 r x 100 x 1018 

Ethyl chloride 8-7 
Methyl bromide 8-2 
Acetaldehyde 100 

Methyl chloride 5-45 
Ethyl nitrate 150 

Phosgene 1*4 
Carbon dioxide 0-24 

(at 17°-5C) 
Cyanogen 0-68 

Hydrogen cyanide 14-7 

Acetylene 0-29 

Ammonia 0-59 
(at 17°-9C) 

Nitrous oxide 0-48 
Chlorine 0-35 
Hydrogen chloride 0-90 
Hydrogen sulphide 0-26 
Sulphur dioxide — 1-67 

(at 17°-3 C) 
Nitrogen 1 No appreciable 
Oxygen ! ! double 
Nitric oxide j refraction at 
Carbon monoxide | 2 atm. press. 

1 64 2-3(?) 
— Polar 
— 1-69 

(from liquid at 10° C) 
1*52 Polar 

1-57 
(from liquid at 20° C) 

9-8 Non-polar 

120(?) 0-62 
(from liquefied gas at 

23° C) 
— 1*22 

(from liquid at 21° C) 
4-6 Non-polar 
10 1*44 

12-2 Non-polar 
41 Non-polar 
10 103 
10 102 
4-9 (?) 1 61 

3-75 Non-polar 
645 Non-polar 
2-6 Slightly polar 
3-4 Almost non-polar 

(^ = 013 x 10‘18) 
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from the measurements of Leiser1, Hansen1 and Szivessyl Column 3 gives the 
ratio, r, of the components of polarization in the light transversely scattered by 
the vapours, when the incident light is unpolarized, from the measurements by 
Rayleigh11, Cabannes11 and others. The last column gives the permanent electric 
moments of the molecules as calculated by Zahn* * ** and others. 

It is very significant that all the substances which possess a large Kerr constant 
have molecules which are electrically polar. Amongst the non-polar molecules, 
the gases C02 and N20 are distinguished by the possession of a large optical 
anisotropy, as will be evident from the values of the depolarization factor in 
column 3 of the table, and yet, as will be seen from the data, they exhibit only a 
relatively feeble Kerr effect; oxygen, which is strongly anisotropic optically but is 
also non-polar, shows hardly any observable Kerr effect. This suggests immedi¬ 
ately that, in the case of molecules which are electrically polar, the orientative 
influence of an electrostatic field is chiefly due to the couple exerted on the 
permanent electric doublet present in the molecule. The expression for the Kerr 
constant of a vapour sufficiently rare to obey Boyle’s law is 

K = 
np-ns 

XE2 

3nv 

T~ (01 + 

where v is the number of molecules per unit volume, X is the wavelength of the 
incident light, E the acting electrostatic field, and np and ns are the refractive 
indices for light-vibrations along and perpendicular to the field. 

1 

45 kT 
[(A - B)(A' - B') + (B — C)(B' - C) + (C - A)(C - A')], 

and 

= 45k2 T2 B)(b\ ~ Pi) + ~ 0(^2 ~ bI) + (C — A)(n2 — \i\)], (3) 

where k is the Boltzmann constant per molecule; T is the absolute temperature; 
A, B, C are the moments induced in a molecule along its three principal axes of 

+R Leiser, Ver. Dtsch. Phys. Ges. (1911) xiii p. 903. 

:D E Hansen quoted by G Szivessy, Jahrbuch der Radioaktivitat, (1920) xvi p.414. 
§G Szivessy, Z. Phys. (1924) xxvi p. 323. 

"Lord Rayleigh, Proc. R. Soc. (London), (1918) A, xcv. p. 155. 

*J Cabannes and J Granier, Comptes Rendus (1926) clxxxii. p.885; J. Phys. (1923) [VI] p.429. See 

also K R Ramanathan and N G Srinivasan, Philos. Mag. (1926) i p.491 and W H Martin and 
A F W Cole (1926) Chem. Abstr. xx. p. 1752. 

**C T Zahn Phys. Rev. 1926 xxvii p. 455: and also C P Smyth, J. Am. Chem. Soc. (1924) xlvi p. 2151. 
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optical anisotropy by unit electric force in the incident light-waves acting 
respectively along these directions; A\ B', C are similar moments induced along 
the same three directions by unit electrostatic field; and fil9 \x2, are the 
components along these directions of the permanent electric moment of the 
molecule. 

3. Electrically non-polar molecules 

For a non-polar molecule such as CO2,02 = 0 and we are only concerned with dt. 
It is not unreasonable in such cases to assume, as has been done by Gans*, that 

A' _ B' _ C 

~A~~B~~C' 

Then this ratio = (<5 — l)/(n§ — 1), where S is the dielectric constant of the vapour 
and n0 is the refractive index of the vapour outside the field. The expression (2) for 
9X therefore reduces to 

Now, from the theory of light-scattering by optically anisotropic molecules the 
factor of depolarization, r, of the transversely-scattered light is given by 

6l(A - B)2 4- (B - C)2 4- (C - A)2] 

3(«o - 1) 

2nv 
4- 1[(A - B)2 + (B — C)2 4 (C - A)2] 

From (1), (4) and (5) we may readily obtain as the relation between the Kerr 
constant and the factor of depolarization 

3(n0 - 1)(<5 - 1) r 

4nvA,kT 6 — lr 

Table II gives the values of the Kerr constant calculated from r according to 
this expression, for a few non-polar molecules for which data are available. The 
close agreement between the calculated and observed values shows the validity of 
the assumptions made. 

4. Polar molecules: determination of electric moment 

For polar molecules 01 is usually small in comparison with 02; and since it 
appears as a small correction term in the expression for the Kerr constant, we 

*R Gans, Ann. Phys. (1921) Ixv p. 97. 
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Table II 

Gas or vapour 

Depolari¬ 

zation 

factor 

r x 100 

(n0 - 1) x 104 

for D line 

per atm 

at 20° C 

(S - 1) x 104 

per atm 

at 20°C 

Kerr constant per atm 

at 20° C K x 1010 

Calculated Observed 

Carbon dioxide 9-8 418 8-93 0-28 0-24 

(at 17°-5C) 

Nitrous oxide 12-2 4-73 10-6 0-48 0-48 

Acetylene 4-6 5-62 12-43 0-23 0-29 

Chlorine 4-1 7-28 — 0-30 0-35 

Nitrogen 3-75 2-79 5-40 0 04 'j 

Oxygen 6-45 2-52 506 0-06 V Not 

Carbon monoxide 3-4 3-12 6-38 0-05 J appreciable 

may, to a sufficient approximation, determine 0x in the same way as for non-polar 
molecules. There is one difference, however, between the two cases: for non-polar 
molecules the ratio (A'//!)=•••= (<5 — — 1), where S is the observed 
dielectric constant; for polar molecules, on the other hand, this ratio = (e — 1)/ 
(«o — 1), where e is the contribution to the dielectric constant <5 from the induced 
electric moments alone of the molecules, the contributions from the permanent 
moments being entirely omitted, e can be evaluated from the temperature 
variation of the dielectric constant at a constant density by means of the well 
known formula of Debye, 

/ 

<5 = s + |, (7) 

where a is a constant for the molecule independent of the temperature. 
Theoretically, e should be equal to the square of the refractive index extrapolated 
for infinite wavelength, provided, of course, the values of refractive index used for 
extrapolation refer to a region of the spectrum far removed from absorption 
bands. 

02, however, cannot be evaluated completely unless we know the position of 
the permanent electric moment and the form of the optical ellipsoid of the 
molecule. In the simple cases, however, when the optical ellipsoid is a spheroid of 
revolution, say B — C, and the permanent moment is either parallel to the axis of 
the spheroid (i.e. the /4-axis) or is inclined to it at some known angle a, 02 can be 
connected numerically with the optical anisotropy of the molecule as determined 
from observations on light-scattering. Thus, in expression (3) for 02, putting 
B = C and = \i2 cos2 a and [i\ + \j\ — n2 sin2 a, and using eqn. (5), we have 

(»o - l)/^2 

30nvk2T2 
(2 cos2 a — sin2a) 
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the + or — sign being taken according as the optical ellipsoid is prolate or oblate, 
i.e. according as A ^ B( = C). 

Thus we get a simple relation connecting the Kerr constant with the factor of 
depolarization and the permanent moment of the molecules. Instead of 
calculating the Kerr constant, however, it would be of greater interest to calculate 
the permanent moments from the known values of K and r; and we give here as 
examples the calculations, for a few simple cases. 

(1) HCl: From direct considerations of symmetry the optical ellipsoid will be 
one of revolution about the line joining the H- and Cl-nuclei, and this direction 
will also be the axis of the electric doublet of the molecule. Now let us assume with 
Bragg* that the optical anisotropy of a molecule is due, at least in a large measure, 
to the mutual influence of the electric doublets induced in the different atoms of 
the molecule by the field of the light-waves. In the case of HCl it directly follows 
that the optical polarizability of the molecule along the line of the nuclei will be 
greater than for perpendicular directions; i.e., A > B = C and a = 0. 

From table I, K = 0-90 x 10"10 per atm., from which we get, using eqn. (1), 

0i + 02 = 2-23 x 10“35; 

while from the value r = 0*010 for the depolarization factor, 

6l = 0*07 x 10“35, 
so that 

02 = 2*16 x 10“35; 
and hence we obtain 

^ = 1-04 x 10“18 E.S.U., 

agreeing perfectly with the value 

p = 1*03 x 10“18 E.S.U. 

obtained recently by Zahn from dielectric constant measurements. 
(2) CH3Cl: Here the three H-atoms may reasonably by assumed to lie at the 

corners of an equilateral triangle, the C- and C/-atoms lying on a line drawn 
through the centroid of the triangle perpendicular to its plane. Considerations of 
symmetry require the axis of the permanent doublet to be along the latter line and 
the optical ellipsoid to be one of revolution about this line, which, on actual 
calculation of the optical anisotropy by Bragg’s method, is found to be the major 
axis. Thus we have, as before, 

A > B = C and a = 0. 

* W L Bragg, Proc. R. Soc. (London) A, (1924) cv. p. 370; (1924) cvi. p. 346. See also K R Ramanathan, 
same Pkoc. (1925) cvii. p.684. 
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The value K = 5-45 x 10 10 per atm. gives 

0i + 02 = l-35 x 10"34, 

From 
r = 00152 

01=O-O3 x 10"34; 

02 — 1-32 x 10"34. 
whence 

1*66 x 10"18E.S.U. 

(3) C2H5Cl: Here there is some uncertainty regarding the form of the optical 
ellipsoid. However, we shall assume for simplicity 

A > B = C and a = 0. 

From the values in table I we get, as before, 

01 + 92 = 2-16x 10'34, 

01 =0-01 x 10"34; 

02 = 2*09 x 10"34, 

which corresponds to 

H= 1*76 x 10"18E.S.U. 

It has already been mentioned that 02 is usually large in comparison with 0t. 
The above calculation shows that actually, in the cases of HC1 and C2H5C1,02 is 
30 times larger than 0l9 and for CH3C1 it is about 40 times larger. 

Regarding CH3C1 and C2H5C1, we have no reliable data for the dielectric 
constant from which to calculate the permanent moment independently and 
compare with the values obtained here. However, we have no reason to doubt 
that they are the proper values (especially for CH3C1). In fact, in certain special 
cases where we can be certain about the form of the optical ellipsoid and the 
position of the axis of the electric doublet, this method of calculating the electric 
moment of the molecule promises to be at least as sensitive as the dielectric 
constant method. Thus, for instance, in the case of CH3C1 Hansen gives the value 
of the Kerr constant relative to carbon bisulphide liquid to three significant digits. 
Assuming therefore that the value is correct to 3% (which would admit of an error 
as high as 6% in the measurement of r), the calculated value of the permanent 
moment will be correct to less than 2%. 

5. Polar molecules: determination of electric axis 

In the case of molecules having an axis of optical symmetry, to which the 
permanent doublet is inclined at a known angle, we have seen that it is possible to 
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calculate the permanent moment from the value of the Kerr constant and the 
constant of depolarization of the scattered light. Vice versa, if the moment is 
known from measurements of the dielectric constant, the inclination of the 
electric doublet to the optic axis can be found. The latter procedure promises to 
be of interest in certain cases, e.g. some of the simple derivatives of benzene. 
Regarding the benzene molecule, we have strong reasons to believe that the 
optical ellipsoid is an oblate spheroid of revolution with its axis perpendicular to 
the plane of the ring*. If one or more of the H-atoms be replaced by other atoms 
or groups which are not themselves strongly anisotropic optically, we can still, to 
a first approximation, consider the derivative to have an axis of optical symmetry; 
and thus, if we know the values of the Kerr constant, of the factor of 
depolarisation, and of the permanent moment, we can locate the direction of the 
moment with respect to the axis. In the case of simple derivatives like 
chlorobenzene or bromobenzene, for example, it would be particularly interest¬ 
ing to ascertain whether the moment lies in the plane of the ring, since it might 
probably throw light on the vexed question whether the ring is plane or puckered. 
But, unfortunately, we have no data for the Kerr constant of any of the benzene 
derivatives in the vapour state, even though a fair number of them have been 
studied with respect to their light-scattering. However, we shall have something 
more to say on this point when we discuss the case of the liquids. 

6. Explanation of negative Kerr constants 

Probably the strongest argument in favour of Born’s theory of electric double¬ 
refraction is the natural explanation it offers for the negative value of the Kerr 
constant obtained in some cases. If the permanent electric moment of the 
molecule lies along directions of smaller optical polarizability of the molecule, 
then, owing to the couple exerted by the external field on the doublet, the 
molecule tends to orientate with the direction of smaller optical polarizability 
along the field. Hence the refractive index for light-vibrations parallel to the field 
is less than for vibrations perpendicular to it; i.e., np < ns and the medium exhibits 
a negative double-refraction. It is significant in this connexion to note that in all 
cases in which the Kerr constant is negative the molecule is known to be 
electrically polar. 

As an instructive illustration of the dependence of the sign of the Kerr effect on 
the constitution of the molecule, let us consider here the chloromethanes. 
Monochloro-methane has a positive value for the Kerr constant, and this, we 
have seen, agrees with that expected from theoretical considerations. On the 
other hand, di- and tri-chloro-methanes are known to exhibit a negative Kerr 

*K R Ramanathan, Proc. R. Soc. (London) A, (1926) cx p. 123. 
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effect in the liquid state. We shall presently see that this is also in agreement with 

what we should expect on theoretical grounds. 
(1) CHCl3: First let us take CHC13. Analogous to the structure of CH3C1, 

already mentioned, the three Cl-atoms may be assumed to lie at the vertices of an 
equilateral triangle with the C- and H-atoms on a line perpendicular to its plane. 
From direct considerations of symmetry it is obvious, as for CH3C1, that the 
optical ellipsoid of the molecule will be a spheroid of revolution with its axis along 
the line of the C- and H-atoms, which will also be the axis of the permanent 
doublet. Now, by far the greatest contribution to the refractivity of the molecule 
comes from the three chlorine atoms; and since they are in a plane, owing to the 
mutual influence of the doublets induced in them, the optical polarizability of the 
CHC13 molecule perpendicular to this plane will be smaller than for directions in 
the plane: i.e. the optical polarizability of the molecule along the axis of its 
permanent doublet is less than for perpendicular directions. Hence its double¬ 
refraction in an electric field will be negative. 

In our previous notation 

A < B = C and a = 0, 

and it is obvious from eqn. (8) that d2 will be negative. 
(2) CH2Cl2: Here we may reasonably assume the two Cl-atoms to lie at the 

ends of a straight line and the two H-atoms at the ends of another, the two lines 
being perpendicular to each other and to the line joining their middle points. The 
C-atom will lie on the last line, which will also, from considerations of symmetry, 
be the axis of the electric doublet of the molecule. Regarding the optical ellipsoid 
of the molecule, we are obviously not justified, consistently with the above 
structure, in assuming an axis of symmetry. But since the contribution to the 
refractivity of the molecule from the C- and the two H-atoms is much smaller 
than the contribution from the two Cl-atoms, we may, without being altogether 
wide of the mark, consider the optical ellipsoid to be a prolate spheroid with its 
axis along the line joining the two Cl-atoms; i.e. perpendicular to the axis of the 
electric doublet. Hence we have 

A > B = C and a = 
n 

r 
so that here again, according to (8), 02 will be negative. 

(3) CH3Cl: Here, as we have seen in para (4) above, 

A > B = C and a = 0, 

and hence 02 is positive. 
More extensive data regarding the Kerr constant and light-scattering in gases 

and vapours with electrically polar molecules are obviously desirable and we 
have initiated experimental work with this object. 
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7. Summary 

1. An attempt is made in this paper to correlate, on the basis of Born’s theory of 
electric double-refraction (Kerr effect), the available data on the Kerr effect of 
gases and vapours, with the optical anisotropy of molecules as determined from 
observations on light-scattering and with the polarity of the molecules as 
determined from dielectric constant measurements. 

2. In the case of molecules which are electrically polar, it is found that the 
orientative action of an electrostatic field on the molecule is due chiefly to the 
couple exerted on the permanent electric doublet present, and is much larger than 
would be the case if the molecules were non-polar. 

3. For non-polar molecules, with the simplifying assumptions of Gans 
regarding the relation between the constants of electric and optical anisotropy, 
we can calculate the values of the Kerr constant from the factor of depolarization 
of the scattered light in good agreement with the observed values. 

4. In the case of polar molecules having an axis of optical symmetry, to which 
the permanent moment is parallel or is inclined at a known angle, it is possible to 
calculate the value of the moment from the Kerr constant and the factor of 
depolarization. Calculations are given for a few cases. 

5. On the other hand, if the moment of the doublet is known, its direction can 
be determined from the same data. The applicability of the method to simple 
benzene derivatives is pointed out. 

6. The significance of the negative value of the Kerr constant is discussed in the 
light of Born’s theory, with special reference to its dependence on molecular 
structure, as evidenced in the chloromethanes. 

210 Bowbazaar Street, Calcutta 
15 September 1926 
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Electric double-refraction in relation to the polarity 
and optical anisotropy of molecules—Part II. Liquids 

C V RAMAN, F.R.S. 
and 

K S KRISHNAN* * * 

1. Introduction 

In part I1 the electric double-refraction (Kerr effect) in gases and vapours was 
discussed in relation to the optical anisotropy of molecules as determined from 
observations on light-scattering. It was found that in the case of electrically non¬ 
polar molecules their electrostatic anisotropy is sufficient to account for the 
orientative couple exerted by the field on them, and thus for the observed double¬ 
refraction. On the other hand, in the case of molecules known to be electrically 
polar, the orientative couple is in a large measure due to the permanent doublets 
present in them, and the actual magnitudes involved were shown in certain simple 
cases to be in quantitative agreement with what one should expect from Born’s 
theory of the Kerr effect. In this part we propose to extend the discussion to the 
case of liquids. Here, of course, owing to our imperfect knowledge of the liquid 
state, the problem is more complicated. There are, however, certain prominent 
features of the phenomenon which are of interest, and admit of at least an 
approximate comparison between observation and theory. 

2. Kerr constant data in liquids 

The electric double-refraction in liquids has been studied extensively by 
Schmidt1, Leiser§, McComb" and others, while data for the scattering of light in 
some 65 liquids (chiefly organic) are available from measurements made 

*Communicated by the Authors. 

'Supra, p.713. 

:W Schmidt, Ann. Phys. (1902) vii, p. 142. 

§For collected data, see H Kauffmann, Bezichungen zwischen physikalischen Eigenschaften und 
chemischer Konstitution, Enke, Stuttgart, 1920, pp. 385-389. 

11H E McComb, Phys. Rev. (1909) xxix, p.525. 
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Table I 

Liquid 

Kerr constant, 

CS2 = 100 

Depolarization 

factor 

r x 100 

Dielectic 

constant S at 

20° C 

Hexane 1-73 9-9 1-729 

Cyclohexane 2-30 8 205 

Heptane 3-26 11*4 — 

Octane 4-21 12-9 1-945 

/?-iso amylene 7-9 25-8 2191 

Propyl chloride 234 16-3 7-70 

Methylene chloride -36 31 8-3 
Ethylene chloride 146 36 9-96 
Chloroform -103 24-0 4-853 

Carbon tetrachloride 2-3 5-3 2-190 
Carbon bisulphide 100 68-5 2-593 

Acetic acid 130 45-5 6-02 
Propionic acid 43 41 3-12 

(at 18° C) 

Ethyl ether —19 2 80 4-351 

Benzene 18-4 47 2-284 

Toluene 23-3 51 2-368 

Ethyl benzene 23-4 53 2-417 

m-Xylene 26-6 56 2-392 

p-Xylene 22-6 58-3 2-15 

Chlorobenzene 280 57-5 5-65 

Bromobenzene 280 63-5 5-2 

Nitrobenzene 7900 74 36-95 

Aniline -38 60 6-936 

o-Nitrotoluene 5400 82 26-2 

m-Nitrotoluene . 5520 83 23-6 

Benzyl alcohol -477 62 13 0 

Water 123 8-5 80-5 

Methyl alcohol 30 60 31-2 

Ethyl alcohol 23-8 5-3 25-8 

Propyl alcohol -78 7-1 22-2 

Butyl alcohol -113 9-3 19-2 

Isobutyl alcohol -111 7-3 20-0 

Trimethyl carbinol 154 4-1 11-4 

Ethyl formate 138 21-3 8-27 

Ethyl acetate 52 23-0 6 11 

Acetone 505 200 22-58 
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by K S Krishnan.* In table I are given the data for some typical 
cases. Column 2 gives the tentative values of the Kerr constant, carbon 
bisulphide, as usual, being taken as 100; column 3 gives the factor of 
depolarization of the scattered light; and column 4 the values of the dielectric 

constant. 
It will be seen that, just as in the case of vapours, all the liquids which have a 

large Kerr constant are characterized by the possession of strongly polar 

molecules, as will be evident from the dielectric constant data in column 4. In fact, 
the variations in the values of the Kerr constant are even more pronounced than 
in the case of vapours. This is really what we should expect from theoretical 
considerations. The influence of the electrical polarity of the molecules on the 
Kerr effect is here twofold. One is its direct contribution to the orientative couple 
exerted on the molecule by the external field, just as in the gaseous state. The 
other arises in the following way: owing to the influence of neighbouring 
molecules, the actual field tending to orientate any particular molecule is 
(S + 2)/(3) times the external imposed field, where <5 is the dielectric constant. 
Since, in the case of polar molecules, the value of the dielectric constant is large, 
and since the double refraction varies as the square of the acting field, the 
enormous influence of the polarity of the molecules on the magnitude of the Kerr 
effect is readily understood. 

The theoretical expression for the Kerr constant of a liquid is 

K = 
nv(nl + 2)2 

3 n0A, (01 + 02\ 

where the different letters have the same significance as in part I, 6i and 02 being 
given, as before, by the relations 

= 

$2 = 

1 

45kT 

1 

45k2 T 

[(.A - B)(A' - B') + (B- C){B' - C) + (C - A)(Cf - A')l 

2 - ml - ti) + (B-C)(fi2 - n\) + (C - A)(fi2 - nl)l 

(2) 

(3) 

For convenience we shall denote the term on the right-hand side of equation 
(1), which is proportional to 0ls by Kl9 and the term proportional to 02 by K2, so 
that 

K = Kl+K2. 

*K S Krishnan, Philos. Mag. (1925) 1, p.697. 
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3. Non-polar molecules 

In the case of non-polar molecules 02 = 0, and with the assumptions of Gans 
regarding the relation between the constants of electrostatic and optical 
anisotropy, viz., 

A_B_ C 

this ratio 

<5 — 1 Ini — l 

S + 21 nl + 2’ 

and hence the expression for 91 reduces to 

=4^f fcr C(4 -5)2+(B -C)2+(C - -4)2]- (4) 

It remains to evaluate the constants of optical anisotropy in the above 
expression from scattering measurements. It might be imagined that the 
anisotropic constants would be characteristic of the molecule, and could thus be 
easily evaluated from the vapour state, as in part I; but, as a matter of fact, owing 
probably to temporary molecular groupings, the optical anisotropy calculated 
from the liquid state is, in general, found to be less than that calculated from the 
vapour; and in any discussion concerning the liquids it is only appropriate that 
we should use the former value for the optical anisotropy. Two slightly different 
expressions have been proposed connecting the depolarization factor r with the 
constants of optical anisotropy 

6 L(A-B)2 + (B-C)2 + {C-An 
-- (5a) 

(A + B + Cf + 1[_(A - B)2 + (B- C)2 + (C - A)2] 

and 

10k Tpvy 
nl~\~2 

r = 
6l(A - B)2 + {B - C)2 + (C - A)2-] 

10kT/3v(A + B 4- C)2 + 1[(A - B)2 + (B - C)2 + (C - A)2]’ 
(5b) 

where /? is the isothermal compressibility and (A + B + C) is given by the relation 

«o — 1 471 A + B + C 
—. (6) 

nl + 2 3 3 

Since the experimental data available at present are not sufficient to decide 
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definitely between the two expressions*, we shall use both of them here. From (4) 
and (5) we thus have 

_ 9p(S-l)(n20-\) (Up + 2\2 r 

1 87r2v(<5 + 2)(hq + 2) V 3 ) 6 -Ir 
(la) 

or 

m - l)(”o -1) , r 
87c2v(<5 + 2)(n§ + 2) 6 - 7r’ 

Table II 

Kerr constant x 107 

Calculated 

according to 

Liquid r x 100 *0 <5 (8a) (8 b) Observed 

Pentane 7-5 1-356 — 0-082 0-050 0-050 

Isopentane 5-6 1-353 — 0-059 0-036 0050 

Hexane 9-9 1-375 1-729 0-074 0-044 j ! 0-045 

(0-056 

Cyclohexane 8 1-427 2-05 0-080 0-044 0-074 

Heptane 114 1-386 — 0-102 0-060 \ 
1 0-071 

[0-105 

Octane 12-9 1-397 1-945 0-116 0-067 < 
f 0-077 

[0-136 

Carbon tetrachloride 5-3 1-461 2-190 0-068 0-036 0-074 

Carbon bisulphide 
(68-5 ■ 

(640 1-627 2-593 

f 9-79 

\ 7-24 

4-08) 

3-02 j 
3-226 

Benzene 47 1-501 2-284 1-45 0-72 0-593 

m-Xylene 56 1-497 2-392 . 2-20 M0 0-858 

p-Xylene 58-3 1-496 2-15 1 96 0-98 J ;o-74 

0-73 

All the constants refer to the D line and 20° C. 

*See K S Krishnan, Proc. Indian Assn. Cultiv. Sci. (1926) ix, p. 251. 
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and hence 

K 
jS(yi§ - l)(fig + 2)(g — 1)(^ + 2)/tig + 2' 

247ttt0A 6 — 7r 
(8a) 

or 

„ P(no — l)(”o + 2)(<5 — 1)(<5 + 2) r 

K =-2W-m 

Table II shows the values of the Kerr constant calculated according to these 
expressions for all the non-polar liquids for which we have the necessary data. 

Considering the uncertainties in the evaluation of the anisotropic constants 
from r, the agreement between the calculated and observed values in table II 
should be considered satisfactory. Equation (8b\ which corresponds to the 
relation (5b) for the optical anisotropy, gives better agreement in the case of 
highly refractive liquids. In the following discussion we shall use the same 
expression for the anisotropy consistently; the main conclusions, however, will 
not be seriously affected when the relation (5a) is used. 

4. Polar molecules 

Here also 6l can be evaluated in the same way as for non-polar molecules, the 
ratio (A'/A) =... being now equal to 

£ — 1 /"o — 1 
£ + 21 nl + 2: 

where e is given by Debye’s relation 

S — 1 e — 1 471 fi2 
-=-1-v——. (9) 
(5 + 2 e + 2 3 3kT K } 

H is the “effective value” of the permanent electric moment of the molecule, which 
is different in general from the real moment of the individual molecules, owing to 
the well-known phenomenon of association of polar molecules; its actual 
magnitude varies naturally with temperature. Hence e cannot be evaluated easily 
from the temperature dependence of the dielectric constant, as in the vapour 
state; but it is possible to calculate it on the basis of Debye’s dipole-theory from 
dielectric constant measurements at different temperatures of very dilute 
solutions of the liquid in a non-polar solvent like benzene, carbon bisulphide or 
carbon tetrachloride*. However, for the purpose of our present discussion we can 

*See P Debye, Handbuch der Radiolocjie, Bd. vi, p. 633. 
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take £ to a first approximation to be equal to the square of the refractive index 

extrapolated for zero frequency. 
Thus we obtain the relation 

K J{nl-\){nl + 2)(z-m + 2)2 r 

1 2dnn02(e + 2) 6 — Ir 

The problem of determining 02, however, is very complicated. It is possible to 
evaluate 02 only when we know the form of the optical ellipsoid and the position 
of the permanent electric moment. Even, in the gaseous state, where these 
quantities refer to the individual molecules, our information regarding them 
extends only to very simple cases. When, on the other hand, we have to deal, as in 
the liquid state, with certain “effective values” of these quantities which, we have 
prima facie reasons to believe, can no longer be identified with the values for the 
individual molecules, the problem is naturally very complicated. We have 
therefore to limit ourselves to a more or less general discussion. 

Let us first consider a somewhat simple case, say chloroform. It has already 
been shown in part I that the optical ellipsoid of the CHC13 molecule is an oblate 
spheroid of revolution, with the permanent doublet along its axis. 

The value of the permanent moment calculated according to equation (9) from 
the dielectric constant for the liquid at 20° C, taking £ to be equal to the square of 
the refractive index extrapolated for infinite wavelength, comes out to be equal to 
107 x 10'18e.s.u., which is slightly less than the value 1-25 x 10“18 calculated by 
Smyth* from the vapour. 

Also the optical anisotropy, defined by say, 

(A - B)2 +{B — C)2 + (C - A)2 

(A + B + C)2 

calculated from the liquid state is 0-017, as against 0 028 from the vapour. 
For reasons already indicated we shall take the former value and assume that 

the axis of the electric moment has the same position in the molecule as in the 
state of vapour. On calculation we get 

K1 = 0-47 x 10“7 and K2= - 5-9 x 10“7, 
and therefore 

K=- 5-4 x 10“7, 

as compared with the observed value - 3-32 x 10“7. The assumption made in the 
calculation that the permanent doublet is along the direction of minimum optical 
polarizability would give to the calculated Kerr constant the maximum possible 
negative value. If, however, owing to molecular association in the liquid state, the 
position of the effective moment is altered, the calculated value of the Kerr 

*C P Symth J. Am. Chem. Soc. (1924) xlvi, p. 2151. 
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constant would be diminished, and would then agree better with the observed 
value. Even as it stands, the results of the calculation furnish strong support to 
Born’s expression for the Kerr constant in preference to that due to Langevin. 
The latter gives for chloroform the value + 1*02 x 10-7, which has the wrong 
sign, and is also numerically much smaller than the observed value. 

A negative value for the Kerr constant cannot be explained on the basis of 
Langevin’s theory unless we make the improbable assumption that the maximum 
electrostatic polarizability of the molecule is along directions of smaller optical 
polarizability—an assumption which cannot be reconciled with the ideas of 
Bragg regarding the cause of electrostatic and optical anisotropy, viz as being due 
to atomic interaction. 

5. The general case 

In general there is considerable uncertainty both as regards the form of the 
optical ellipsoid and the position of the permanent moment, even for the 
individual molecules. For the present we shall, for the purpose of tentative 
calculations, assume that the effective optical ellipsoid is a spheroid of revolution 
whose axis coincides with the axis of the permanent doublet, the spheroid being 
taken as prolate or oblate according as the Kerr constant is positive or negative. 
This would obviously be far from the truth in most cases, and it is not surprising 
that we find in several cases large differences between the calculated and observed 
values as shown in table III. It is significant, however, that the calculated values 
are always numerically higher than the observed, which is what we should expect, 
as the assumptions made are such as make the calculated value of the Kerr 
constant numerically a maximum. 

Table III 

Liquid 

>—
* X

 o
 

K2 x 107 

Kerr constant x 107 

Calculated 

— K1 = K2 Observed 

Propyl chloride 0-72 16-3 17-0 7-55 

Methylene chloride 1-26 -9-6 -8-3 - 116 

Ethylene chloride 2-12 35-5 37-6 4-71 

Acetic acid 1T8 12-2 13-4 419 

Propionic acid 0-38 2-3 2-7 1-39 

Ethyl ether 0-22 - 1-49 - 1-27 -0-618 

Ethyl formate 0-74 18-2 18-9 4-45 

Ethyl acetate 0-49 10-4 10-9 1-68 

Acetone 3-6 120 124 16-3 
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6. Monohydric alcohols 

Since the value of the Kerr constant depends on the angle between the axis of the 
electric moment of the molecule and its optic axis, which in its turn depends on 
the chemical structure of the molecule, we should expect certain similarities in the 
behaviour of molecules of the same type. That is actually what we find, for 
instance, in the case of the monohydric alcohols. Table IV shows in column 2 the 
observed values of K\ column 3 gives the values of Kx calculated according to 
equation (10): column 4 gives K — K1 = K2\ and the last column gives the values 
of K2 directly evaluated on the assumption that the optical ellipsoid is a prolate 
spheroid of revolution with the permanent moment perpendicular to the axis of 

the spheroid. 

Table IV 

Liquid 

K x 107 

observed K, x 107 

K-K1=K2 

x 107 

K2 x 107 

calculated 

directly 

Methyl alcohol 0-97 1-41 -0-44 -40 
Ethyl alcohol 0-768 0-96 — 0 19 -32 
Propyl alcohol -2-52 0-99 — 3 51 -31 
Butyl alcohol — 3-65 1 01 -4-66 -29 
Isobutyl alcohol -3-58 0-90 -4-48 -29 

It will be seen that the values of K2 in column 4 are far smaller numerically than 
the values calculated according to the above assumptions. Theoretically the 
contribution from the permanent moment to the Kerr constant will be nothing 
when it makes an angle of 54°44' with the axis of the optical spheroid 
(corresponding to the condition 2 cos2a — sin3a = 0). The small values of K2 in 
column 4 therefore suggest that in the case of the alcohols the permanent 
moments, instead of being perpendicular to the optical axis, are inclined to it at 
an angle not much greater than 55°. Indeed, there is reason to believe that in the 
monohydric alcohols the OH group, which is chiefly responsible for the polarity, 
is inclined to the hydrocarbon chain at an angle which may vary slightly with the 
length of the chain. 

7. Some benzene derivatives 

Let us take another example—simple derivatives of benzene. As in part I, the 
optical ellipsoids of these molecules can be roughly considered to be oblate 
spheroids of revolution. Table V gives the calculations for some of these 
molecules, assuming that the permanent moment is in the plane of the ring. In the 
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case of aniline and benzyl alcohol, for which the Kerr constant is negative, the 
moment is taken to be perpendicular to the plane, a supposition which, however, 

is a priori much less probable than that of a moderate inclination to the plane of 
the ring. 

Table V 

. Kerr constant x 107 

Calculated 

Liquid K1 x 107 K2 x 107 = Kl+K2 Observed 

Toluene 0-80 0-31 Ml 0-753 

Ethyl benzene 0-84 0-42 1 26 0-754 

Chlorobenzene 3-15 10-3 13-5 9-1 

Bromobenzene 3-99 100 140 9-1 

Nitrobenzene 184 770 950 256 

Aniline 3-74 -29 -25 - 1-23 

Benzyl alcohol 120 - 130 - 118 - 14-4 

For toluene and ethyl benzene the contribution from the electrical polarity of 
the molecule is very small. In other cases the calculated values of the Kerr 
constant are numerically larger than the observed values, thus pointing to an 
inclination of the permanent moments to the plane of the ring. Whether this 
inclination arises from a distortion, due to the heavy substituents of the benzene 
ring, which is otherwise plane, or whether it is due to the fact that this ring is 
puckered, and consequently the substitutent atoms like Cl or Br are attached to 
the ring at an angle, cannot be decided without further data, especially for the 
vapour. 

8. Temperature dependence of the Kerr constant 

We now come to the question of the variation of the Kerr constant of liquids with 
temperature. We have seen that the value of the optical anisotropy and of the 
permanent moment calculated from the liquid state is less than that calculated 
from the vapour. As the temperature is raised, the values continually approach 
the value for the vapour. Therefore any discussion of the temperature dependence 
of the Kerr constant of liquids must naturally take this variation into account. 
However, since the scattering measurements are not available at different 
temperatures, we shall, to a first approximation, assume the anisotropic 
constants to be independent of temperature, and shall only take into considera¬ 
tion the change in the effective value of the permanent moment p, as given by eqn (9). 
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We shall also suppose that when the effective value of changes, its position 

with respect to the optic axes is not altered. With these assumptions the 
expression for the Kerr constant can be written in the form 

Ktfo - D(ng + 2)0 4- 2)V 
n0T V TJ 

(11) 

where </> is a constant independent of temperature. </> can be evaluated from the 
known values of the quantities involved, at 20° C. 

Table VI includes all the liquids whose Kerr constant has been investigated 
over a long range of temperature. Column 3 gives the ratio of the values of K at 
the extreme limits of the range of temperature over which they have been 
studied, calculated according to (11). The observed values of the ratio are given in 
column 4 for comparison. 

Table VI 

Liquid 

Limits of the range 

of temperature over 

which.investigated 
Kerr const, at t2 °C 

Kerr const, at t1 °C 

Observer* 

h 

(0° C) 

* 
<-> 

-4-0 
O

 

©
 Calculated Observed 

Toluene f — 78-5 18 0-56 0-58 L.W. 

[-20 100 0-51 0-59 B. 

Chlorobenzene -20 100 0-30 0-39 B. 

Bromobenzene -20 100 0-33 0-41 B. 

Nitrobenzene 5-5 25 0-76 0-74 S. 

Ethyl ether -78-5 18 017 0-26 L.W. 

Chloroform -20 55 0-40 0-42 B. 

*L W—N Lyon and F Wolfram. Ann. Phys. (1920) Ixiii, p.739. 
B—C Bergholm, Ann. Phys. (1921) Ixv, p. 128. 

S—G Szivessy, Z. Phys. (1920) ii, p. 30. 

Considering the nature of the assumptions made, the agreement between the 
calculated and the observed values is quite satisfactory, so that measurements on 
the temperature dependence of the Kerr constant of liquids, far from disproving 
Born’s expression, actually support it. 

9. Summary 

1. In this part of the discussion of the available data on electric double-refraction 
in relation to the polarity and optical anisotropy of the molecules is extended to 
the liquid state. 
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2. It is found that, just as in the case of vapours, all the compounds which 
exhibit a large Kerr effect are characterized by the possession of electrically polar 
molecules, the influence of the polarity of the Kerr constant being here even more 
pronounced than in the case of vapours. 

3. In the case of non-polar molecules the moments induced in the molecules 
when placed in an electrostatic field are sufficient to account quantitatively for the 
observed double-refraction. 

4. In simple cases of polar liquids like chloroform, where we have definite 
information regarding the form of the optical ellipsoid and the position of the 
electric moment, the observed Kerr constant is in numerical agreement with that 
calculated on the basis of Born’s theory, which takes into account also the 
orientative couples exerted by the external field on the permanent doublets 
present in the molecules. 

5. Even in the general case there is nothing to throw doubt on the validity of 
Born’s theory. In the case of alcohols, for instance, the contribution from the 
permanent moments to the Kerr constant is found to be very small, and this is 
explained on the assumption of suitable positions for the permanent moment, 
which are not improbable from our knowledge of their structure. In the cases of 
benzene derivatives, also, the moments are apparently inclined to the plane of the 
ring. 

6. Measurements on the dependence on temperature of the electric double¬ 
refraction of liquids support the validity of Born’s expression for the Kerr 
constant. 

210 Bowbazaar Street, Calcutta 
30 September 1926 
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Disappearance and reversal of the Kerr effect 

A beautiful confirmation of recent theories of the electric birefringence in liquids 
(C V Raman and K S Krishnan, Philos. Mag. April 1927) is furnished by 
observations of the phenomenon in electric fields oscillating with radio-frequency 
such as may readily be obtained with thermionic valves. The Kerr effect arises 
from the orienting action of the field on the molecules, and the time taken by the 
latter to adjust themselves to a state of statistical equilibrium has naturally to be 
taken into account. It may be pointed out here that the orienting couple acting on 
the permanent electric moment of the molecule (assumed to be chemically polar) 
stands on a different footing from the couple acting on the oscillating induced 
moment in it. The couple acting on the permanent moment is purely periodic, and 
its effect must tend to disappear at sufficiently high frequencies. The couple on the 
induced moment, on the other hand, has a quasi-static part and tends to persist 
even at optical frequencies. 

The Kerr effect expressly due to the polarity of the molecule must thus 
disappear at high frequencies, while the non-polar part will continue. In certain 
polar liquids, for example, chloroform or the higher alcohols, the Kerr effect is 
negative and may be considered as the resultant of a negative polar, and a positive 
non-polar Kerr effect. In all such cases we should expect the Kerr effect to diminish 
and vanish as the frequency is increased, and then to reappear at still higher 
frequencies. 

Observations with octyl alcohol made by us confirm this remarkable 
prediction, the Kerr effect disappearing at 32 metres frequency and reappearing 
at still shorter wavelengths. Cooling the liquid with a freezing mixture shifts the 
frequency of disappearance and reversal to longer wavelengths, as might be 
expected. 

C VRAM AN 
S C SIRKAR 

92 Upper Circular Road, Calcutta, India 
5 March 
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Optique—La constante de birefringence magnetique 
du benzene 

(Note de MM. C V RAMAN et K S KRISHNAN, presentee par M Brillouin) 

Dans un recent Memoire*, nous avons diScute les valeurs de la constante de 
Cotton-Mouton de birefringence du benzene et de quelques derives a l’etat 
liquide. Comme on sait, la theorie de Langevin explique reflet Cotton-Mouton 
comme du aux molecules qui sont magnetiquement et optiquement anisotropes, 
leur orientation dans le champ etant la cause pour laquelle le liquide devient 
birefringent. Dans ledit Memoire les resultats pour l’anisotropic optique, derives 
des observations sur la diffusion de la lumiere sont combines avec les valeurs 
connues de la constante de Cotton-Mouton afin de determiner le degre 
d’anisotropic magnetique des molecules. 

Dans cette Communication nous proposons de montrer comment, par des 
suppositions simples sur la structure de la molecule de benzene et sur 
l’anisotropie optique connue de la meme molecule, nous pouvons evaluer 
directement la constante de Cotton-Mouton, pour la comparer avec la valeur 
observee. 

Pauling1 a suggere une structure hexagonale, pour la molecule du benzene, 
dans laquelle 12 electrons relient ensemble les atomes de charbon et d’hydrogene; 
12 electrons relient les atomes de charbon voisins; les six autres forment les trois 
paires reliant chacune deux atomes de charbon en position para. Nous adoptons 
cette structure et presupposons que quelques-unes des orbites d’electrons, de ceux 
qui relient les atomes de charbon et d’hydrogene, restent dans le plan de 
l’hexagone, tandis que les autres restent dans les plans perpendiculaires a 
l’hexagone. Les calculs de birefringence sont faits de la maniere suivante. La 
constante de Cotton-Mouton est donnee par la relation (voir le Memoire cite) 

(nj ~ l)(»p + 2) 

60no/.kT 
(3C - 9) 

dans laquelle n0 est l’indice de refraction en dehors du champ, (6/3) est la 
susceptibilite diamagnetique de chaque molecule, en moyenne pour toutes les 

*C V Raman and K S Krishnan, Proc. R. Soc. (London) A, 1927, 113, p. 511. 

+ L Pauling, J. Am. Chem. Soc., 48, 1926, p. 1139. 
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orientations, C est sa susceptibilite mesuree perpendiculairement au plan de 
fhexagone; <5 est une constante exprimant l’anisotropie optique de la molecule. 
Les autres lettres ont leur signification habituelle. On trouve par le degre de 
depolarisation (47 pour 100) de la lumiere diffuse, que S est 0,090 si la formule de 
Ramanathan* est employee ou 0,045 si Ton emploie la formule de Gans*. La 
susceptibilite connue du benzene montre que 6 est —27,4x10"29 pour 
chaque molecule. D’apres la supposition faite plus haut, la valeur de C est 
determinee entierement par les orbites de six paires d’electrons reliant les atomes 
de charbon et d’hydrogene, supposes etre dans le plan de fhexagone; les autres 
orbites ne contribuent pas a la susceptibilite en direction perpendiculaire a ce 
plan. La contribution a la susceptibilite pour chaque liaison entre le charbon et 
l’hydrogene peut etre consideree etre la meme, quand on prend la moyenne de 
toutes les orientations, comme on trouve dans les series des hydrocarbones 
aliphatiques, et peut etre calculee par les susceptibilites connues de ces derniers 
composes. On trouve de cette maniere 

D’ou 

et 

C = 6 x (- 2,2) x 10"29 = - 13,2 x 10"29. 

Cm = 6,7x10"13 si S = 0,090 

Cm = 4,8x10"13 si S = 0,045. 

Si, d’un autre cote, nous prenons les suppositions que tous les orbites charbon- 
charbon sont dans le plan de fhexagone et que les orbites charbon-hydrogene 
sont dans les plans perpendiculaires a cet hexagone, 

C'= — 27,4 x 10~29 + 13,2 x 10"29 

= — 14,2 x 10"29. 

D’ou les valeurs calculees 

Cm = 8,4 x 10 13 ou 5,9 x 10 13, 

qui correspondent aux deux valeurs de S ci-dessus (Ramanathan, Gans). 
La valeur observee est 

Cm = 5,90 x 10"13. 

*K R Ramanathan, Proc. Indian /Iss. Sc., 8, 1923, p. 181. 

+ R Gans, Z. Phys., 17, 1923, p. 353. 
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Magnetic double refraction 

The action of a strong magnetic field in causing a liquid to become birefringent for 
light rays transverse to the field was first observed by Cotton and Mouton in 
nitrobenzene, and was later detected and measured by the same authors in many 
other carbon compounds of the aromatic series and in some inorganic liquids 
(Ann. Phys. 1913 28 209-243). In a recent paper (C V Raman and K S Krishnan, 
Proc. R. Soc. (London) A, January 1927) it has been shown that the large value of 
the Cotton-Mouton constant in aromatic compounds indicates that the benzene 
ring, which is known from observations on light-scattering to be optically 
anisotropic, has also a very pronounced magnetic anisotropy. Observations on 
light-scattering in carbon compounds of the aliphatic series indicate that the 
molecules of these substances are optically anisotropic to an extent which, 
though smaller than in the aromatic series, is yet very marked (K S Krishnan, 
Philos. Mag. 1925 50 697). It accordingly seemed very probable that the 
compounds of the aliphatic series should also exhibit magnetic anisotropy and 
give a measurable double-refraction in strong magnetic fields. 

As Cotton and Mouton did not in their papers report any observable magnetic 
double refraction in carbon compounds of the aliphatic series except in some 
isolated cases, we decided to make a systematic re-examination of the subject. A 
large electromagnet capable of giving 25,000 gauss in a column of liquid 32 cm 
long was available to us. By securing the most favourable optical conditions and 
taking careful precautions to eliminate any disturbance from the Faraday effect 
or suspended colloidal particles, we have succeeded in definitely establishing the 
existence of magnetic birefringence in every one of the liquids examined, the list 
including many hydrocarbons, alcohols, ethers and esters belonging to the 
aliphatic series. New pole-pieces are now in course of construction for our 
electromagnet, with which we hope to reach a field of 40,000 gauss in a liquid 
column of the same length and to make an extended series of quantitative 
measurements of magnetic birefringence. There is good reason to believe that 
such measurements will prove of value in elucidating problems of molecular 
structure. 

C V RAMAN 
J RAMAKRISHNA RAO 

210 Bowbazaar Street, Calcutta 
15 February 
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The magnetic anisotropy of crystalline nitrates and 
carbonates 

By K S KRISHNAN 
and 

C V RAMAN, F.R.S. 

(Received 27 March 1927) 

1. Introduction 

Recent work in the field of magnetism emphasises the relation between the crystal 
structure and magnetic properties of solids. Such relations exist in all crystals 
whether ferromagnetic, paramagnetic or diamagnetic. We propose in this paper 
to discuss the explanation of the anisotropy of diamagnetic crystals, particularly 
some nitrates and carbonates with regard to which we have data from the 
measurements of Voigt and Kinoshita* * and very recently of Rabi.f These 
substances are especially simple because, as is well known from the work of 
Kossel, Bragg and others, they consist of charged ions held together by 
electrostatic forces, so that we can attribute the magnetic anisotropy of the crystal 
to that of the individual ions. Thus, for instance, in the case of sodium and 
potassium nitrates we may reasonably look for the explanation of observed 
magnetic anisotropy of the crystal in the structure of the nitrate ion, since 
presumably the metallic ions are more or less isotropic. It is significant in this 
connection that nitric acid solution has been found by Cotton and Mouton* to 
exhibit a measurable magnetic birefringence, thus indicating that the NO 3 ion 
has a pronounced magnetic anisotropy even in the liquid state. It is possible to 
estimate this anisotropy in a purely optical way by combining the data for 
magnetic double-refraction with the measurements of the depolarisation of the 
light scattered in nitric acid. It is found that the magnetic anisotropy of the N03 

group thus found, practically agrees with that necessary, as remarked above, to 
explain the magnetic properties of the crystalline nitrates. 

*Ann. Physik (1907) 24, p. 492. 

+ Phys. Rev. (Jan., 1927) 29, p. 174. 

*Ann. Chim. Phys., (1913) 28, p. 209. 
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2. Relation between structure and magnetic properties 

The crystal structures of sodium nitrate and calcite have been investigated by X- 
ray methods and the two crystals are found to be homceomorphous. They have 
an axis of trigonal symmetry. The N03 or C03 groups are built up of three 
oxygen atoms at the corners of an equilateral triangle with the nitrogen or carbon 
atom at the centre, the plane of the triangle being perpendicular to the trigonal 
axis. Potassium nitrate and aragonite, on the other hand, belong to the rhombic 
system; but here also the three oxygen atoms are arranged symmetrically round 
the nitrogen or carbon atoms in a plane perpendicular to the “c” axis. 

In the following table are given the principal diamagnetic susceptibilities for 
these crystals: 

Average suscep- 

Axis along which Susceptibility tibility per g 

Crystal susceptibility is per g molec. molec. 

Compound system measured ( x - 106) ( x - 106) 

|| trig, axis 29-5 
25-9 NaNOa trigonal 

24-1 ltrig. axis 

CaC03 || trig, axis 40-6 
37-8 

(calcite) 
trigonal 

ltrig. axis 36-4 

|| “c” axis 35-6 

kno3 rhombic || “fc” axis 29-7 31-7 

|| “a” axis 29-9 

|| “c” axis 44-4 

CaC03 rhombic || “6” axis 38-7 40-8 

(aragonite) || “a” axis 39-2 

Sodium nitrate and calcite are magnetically uniaxial owing to the possession of 
an axis of trigonal symmetry. For potassium nitrate and aragonite, however, the 
susceptibilities along the “h” and “a” axes are different. But the difference is very 
small, so that for all practical purposes we may treat them also as magnetically 
uniaxial crystals. In all the cases quoted in the table, the susceptibility along the 
axis, which we shall denote by X\\> is numerically greater than the susceptibility, 
X±, perpendicular to the axis. It is also significant that X \ ~ X± ls very nearly the 
same for the two nitrates, and not very different for the two forms of calcium 
carbonate. It suggests immediately that the nitrate and carbonate ions are, at 
least in a very large measure, responsible for the magnetic anisotropy of the 
respective crystals. 
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3. Relation to magnetic birefringence 

Before proceeding to connect the magnetic anisotropy of the NO 3 ion in the 
crystals with its anisotropy as deduced from observations on magnetic double¬ 
refraction of nitric acid (liquid), we may point out that we would not be justified in 
assuming that the NO 3 ion is necessarily identical in the two cases. For instance, 
it is well known from the investigations of Oxley* * that many diamagnetic 
substances show an appreciable change of susceptibility on crystallisation, 
suggesting a re-adjustment of the electron-orbits as we pass from the liquid to the 
crystalline state. We cannot therefore expect any exact numerical agreement 
between the values of the anisotropy of the NO 3 ion calculated from the two 

states. 
The constant of magnetic birefringence (Cotton-Mouton constant) of nitric 

acid has been measured by Cotton and Mouton and =6*3 x 10“14 at about 
16° C for light of wavelength X — 5-78 x 10“5 cm. They, however, used acid of 
density 1*49, which corresponds to a concentration of about 90%. Since the 
magnetic birefringence of water is negligibly small, we will not be far out if we 
estimate the value of the constant for 100% acid at 

y 

6-3 x 10“14 x^-%70 x 10“14. 
9 

In order to evaluate the magnetic anisotropy of the molecule from the Cotton- 
Mouton constant, we require to know the optical constants of the molecule. 
From the recent work of Braggf on the birefringence of crystalline nitrates, we 
have very strong reasons to believe that FtN03 molecule possesses an axis of 
optical symmetry, which is perpendicular to the plane of the NO 3 ion; the 
moment induced in the molecule by unit field of the incident light waves, acting 
along this axis, equal to C, say, being less than when it is acting perpendicular to it 
(= A). On actual calculation from Bragg’s data, the ratio of these moments C/A 

comes out equal to 0*60. However, since the Cotton-Mouton constant refers to 
the liquid state it is only proper that we should use the value of the optical 
anisotropy calculated from measurements under the same conditions. Recently 
careful measurements have been made in the authors’ laboratory by Mr S 
Venkateswaran* on the depolarisation of the light scattered by nitric acid of 
different concentrations. The value of the depolarisation factor extrapolated for 
100% acid = 0-64. Calculating from this value we get 

C/A = 0-38 or = 0-50, 

*Philos. Trans., A 214, p. 109 (1914). 

fProc. Roy. Soc., A 106, p. 346 (1924). 

* Indian J. Phys., 1, p. 235 (1927). 
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according to the two hypotheses that have been proposed for light scattering. 
Even though the experimental data at present available are not sufficient to 
decide definitely which of the two hypotheses is correct the data are more in 
accord with the hypothesis which gives the latter value of C/A, viz. 0-50.* 

Now the magnetic anisotropy of HN03 molecule can be calculated from the 
Cottori-Mouton constant, Cm of liquid nitric acid, with the help of the relation 

(»o - l)(”o + 2) A- C 

30noAkT 2 A + C 
(C-A'\ 

where n0 is the refractive index of the liquid outside the field, k is Boltzmann’s 
constant, C and A' are the susceptibilities of the molecule along and per¬ 
pendicular to the axis respectively. A being greater than C, it is evident from the 
above expression that in order to get a positive value for magnetic birefringence, 
as is actually observed, C' should be numerically greater than A', i.e. the 
diamagnetic susceptibility of the NO J ion along its axis should be numerically 
greater than for perpendicular directions—in conformity with the observations 
on crystals. 

Actually substituting values for Cm and C/A in the expression, we obtain 

C' — A' = — 6*7 x 1(T30 

or 

-8-8 x 10"30 

corresponding to the two values of C/A. 
Now according to the assumptions we have made 

X\\ = NC and x± = NA' 

where N is the Avogadro number per gram molecule. Therefore 

Xt~X± = -4-1 X 10“6 

or 

-5-3 x 10"6, 

which may be compared with the observed values 

— 5-4 x 10“6 for NaN03 

and 

— 5-8 x 10-6 for KN03. 

*See K S Krishnan, Proc. Indian Assoc. Cult. Sci., 9, p. 251 (1926). 
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It may also be mentioned incidentally that the absolute value of the 
susceptibility of NO 3 ion is the same in the crystals and in nitric acid. If from the 
average susceptibilities of NaN03 and KN03 we deduct the contributions from 
the Na+ and K+ ions as given by Joos,* * we get for the average susceptibility of 

NO 3 ion respectively the values— 

X = -(25-9-6-5) x 10~6 = - 19-4 x lCT6 

and 

X= -(31-7-14-5) x 10~6 = - 17-2 x 10"6 

per gram molecule. 
The value calculated from Quincke’s results for nitric acid of about 63% 

concentration 

= — 17 x 10“ 6 per g molecule.1 

4. Relation to the structure of ions 

We have to look for the explanation of the observed magnetic anisotropy of the 
NO 3 ion in its peculiar electronic structure. The three O-atoms are distributed 
symmetrically round the N-atom as centre, all of them lying in the same plane. 
Pauling1 has recently suggested a dynamical model from entirely independent 

considerations, where he assumes six of the electrons to move in pairs in orbits 
connecting the central N-atom in turn with the three O-atoms, the other eighteen 
electrons being distributed about the three O-atoms. (Of course we exclude the K- 
electrons as contributing negligibly to the susceptibility.) If we now assume that 
the electron-orbits connecting the N- and O-atoms are in the plane of the atoms, 
and the other orbits are orientated more or less isotropically, the diamagnetic 
susceptibility perpendicular to the plane of N03 ion will be numerically greater 
than for directions in the plane by an amount equal to the contribution from the 
six binuclear orbits. Taking the other electron-orbits to be all of equal size, it is 
found on calculation, from the assumption made above, that the susceptibility of 
a binuclear orbit should be much less than that of one of the other orbits. Too 
little is known at present regarding multinuclear electron-orbits to enable us to 
verify how far this conclusion is in accord with the general theory of 
diamagnetism. The results seem to suggest that these binuclear orbits, if elliptical, 
should have a large eccentricity. 

*G Joos, Z. Physik, 32, p.835 (1925). 

The susceptibility of nitric acid is assumed, consistently with our assumptions, to be entirely due to 

the N02 ion, the hydrogen atom, having lost its electron, contributing nothing to it. 

*L Pauling, J. Am. Chem. Soc., 48, p. 1139 (1926). 
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However, the main conclusion that the anisotropy arises from the six binuclear 
orbits, seems to gain a further support from the fact that the CO 3 ion, which has 
an essentially similar structure, exhibits a magnetic anisotropy (defined by 
X\\ ~ xj almost the same as for the NO3 ion. In this connection it need hardly be 
emphasised that further data on the magnetic susceptibilities of a number of 
crystals of this type, e.g. nitrates, silicates, carbonates and borates, would be 
highly desirable and we have initiated experimental work in this direction. 

5. Summary 

Crystals of sodium and potassium nitrates exhibit a marked diamagnetic 
anisotropy, the susceptibility perpendicular to the plane of the NO 3 ion being 
greater than for directions in the plane; the difference of susceptibility in the two 
directions is the same for the two crystals. 

Attributing this anisotropy to that of the NO 3 ion, it is found that its 
magnitude is exactly what we should expect from the known value of the 
magnetic birefringence (Cotton-Mouton effect) of nitric acid liquid. 

An explanation is suggested on the basis of its electronic structure; CO 3 ion 
which has essentially the same structure, gives almost the same anisotropy. 
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1. Introduction 

The double refraction exhibited by liquids when placed in an electrostatic field in 
ascribed in the theory of Langevin* to an orientation of the molecules produced 
by the field, the orientative couple arising from an assumed electrical anisotropy 
of the molecule. If an optical anisotropy of the molecule is postulated in addition, 
the birefringence of the liquid follows as a necessary consequence. Bornf modified 
the Langevin theory by including also the orientative effect of the field on the 
molecule due to the permanent electric moment, if any, possessed by it. The 
optical anisotropy and electrical polarity of the molecule postulated in these 
theories can be independently determined from observations of light scattering 
and dielectric constant in the vapours of the substances. In two recent papers* we 
have attempted to discuss how far the available data for the Kerr effect can be 
reconciled with the theories of Langevin and Born. The main result emerging is 
that these theories fail to give the magnitude of the Kerr constant in liquids 
correctly in terms of the constants of the molecule as determined in the gaseous 
condition. This failure is illustrated in table I for a number of liquids having non¬ 
polar molecules for which the optical anisotropy is known from observations on 
light scattering in the vapour. 

It appears hardly likely that the failure of the Langevin theory indicated by the 
figures in table I can be ascribed to a real change in the optical anisotropy of the 
molecule when it passes from the condition of vapour to that of liquid. It seems 
rather that the explanation must lie in the inadequacy of the theory itself. We 

*Le Radium, 9, p.249 (1910). 

'Ann. Physik, 55, p. 177 (1918). 

: Philos. Mag., 3, pp. 713 and 724 (1927). 
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accordingly propose in this paper to put forward a theory of electric and magnetic 
double refraction, in which the fundamental premises of Langevin and Born are 
revised. 

Table I 

Kerr constant x 109 

Depolarisation of 
the light scattered Calculated accord- 

by the corre- ing to Langevin’s 
Liquid sponding vapour (%) theory Observed 

Pentane 1-28 17*9 50 
Isopentane 1-2 16-2 50 

1 [ 4-5 
Hexane 1*41 19-7 < 

t 5-6 

f 7>1 Heptane 1-40 30 < 
[ 10-5 

1 1 7-7 
Octane 1 66 

43 i {13-6 

Carbon tetrachloride 06 14-4 7-4 
Carbon bisulphide 107 390 322-6 
Benzene 4-40 122 59 3 
Cyclohexane 1-26 26 7-4 

2. The polarisation field in liquids 

Both Langevin and Born assume that, while the molecule individually is 
anisotropic, the polarisable matter present round it is so distributed that the local 
polarisation field acting on the molecule is independent of its orientation in the 
field. There is reason to believe that this assumption cannot be correct in a dense 
fluid, and that, in addition to considering the anisotropy of the molecule itself, we 
have also to postulate an anisotropic distribution of polarisable matter in its 
immediate neighbourhood. For the purpose of a purely formal mathematical 
theory it is unnecessary to discuss in detail how such anisotropic distribution of 
matter arises. We assume only that the orientation of the molecule determines the 
distribution of matter around it, and therefore also the local polarisation field 
acting on it. That the polarisation field acting on a molecule may vary with its 
orientation in the liquid has been previously suggested by other writers, notably 
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Havelock* and Lundblad.f But while these writers have put forward the 
hypothesis as an independent theory of electric double refraction, we, on the other 
hand, consider it only as modifying the premises of the Langevin-Born theory, 
and find that its effect, in general, is actually to diminish the magnitude of the Kerr 
effect to be expected. Independent evidence in support of the hypothesis is 
furnished by studies of X-ray diffraction, by the deviations from the Lorentz 
refraction formula, and by observations of light-scattering, in liquids. In order, 
however, not unduly to lengthen this paper, we refrain from presenting this 
evidence here, and will merely assume the existence of the “anisotropic” 
polarisation field. 

The total polarisation field in a liquid is usually put equal to f nxE, where E is 
the acting external field, static or optic, as the case may be, and x is the 
corresponding susceptibility of the fluid per unit volume. (In what follows the 
susceptibility in the electrostatic and optical cases will be denoted by xe and Xo 
respectively.) We modify the foregoing assumption and consider the local 
polarisation field acting on a molecule to be dependent on its orientation 
with respect to the external field. Let us assume that, when an external 
electrostatic field E is incident in succession along the three principal electrostatic 
axes of the molecule, the polarisation field acting on it, due to the surrounding 
molecules, is also in the same direction, being equal to PiXeE’PiXeE* and PiXeE> 
respectively. Similarly, when an optical field E is incident in succession along the 
three optic axes of the molecule, let the optical polarisation field acting on it lie in 

the same direction and be equal to qxxoE, q2X0and q^Xo^^ respectively. It is 
possible to discuss the general case when the electrical and the optic axes of the 
molecule have different directions. However, the expressions come out simpler 
when the two sets of axes are taken to be coincident, and since we have reason to 
believe from independent considerations that this assumption cannot be far from 
the truth, we confine ourselves to this simple case. 

3. Molecular orientation in the field 

We proceed to derive an expression for the potential energy of the molecules 
when placed in an electro- or magneto-static field. Since the discussion will be 
exactly similar for the two cases, we shall, in what follows, treat specifically only 
the electrical case. 

Let al9 a2, a3 be the moments induced in a molecule by unit electrostatic field 
actually acting on it, respectively along its three axes, and let bu b2, b2 be the 
corresponding moments induced by unit field of a light-wave; px, p2, /u2 are the 
components along these axes of the permanent electric moment of the molecule. 

*Proc. R. Soc., A 84, p.492 (1911). 

+Optik der dispergierenden Medien. p. 57 (Upsala, 1920). 
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Suppose now an electrostatic field E is incident along the z-axis of a system of 
co-ordinates fixed in space. Then the actual fields acting along the axes of any 
molecule are Eccx(\ + p£a2(l + PilX and £a3( 1 + p3xe), respectively, where 
a1? a2, a3 are the direction-cosines of these axes with respect to the direction of E. 
Denoting the orientation of the axes of the molecule with respect to the co¬ 
ordinate axes fixed in space by the usual Eulerian angles 9, <\>, 1)/, we have 

<x1 = — sin 9cos \J/' 

a2 = sin 9 sin \j/ 

a3 = cos 9 J 

The potential energy of the molecule in the field is given by 

“ = - OlO + PlXe)«l + P2( 1 + PlXe)«2 + %(! + P3Xe)«3lE 

- iOl(l + PlXe)2«l + a2(l + P2Xe)2<* 2 + 03(! + PsXef^E2, (2) 

which may, for brevity, be denoted by 

M2a2 + M3a3)E - af + A2a\ + A3al)E2, (3) 

where 

and 

A*1 =#M1 +PlXe) 

M2=P2(l+P2Xe) ‘ 

M3=ll3(l +p3Xe) , 

At =^(1 +PlXef ' 

A2 = a2(l + p2xe)2 ► 

A3 = a3(l +P3xe)2 

Since p is a function of the direction cosines of the axes of the molecule, there 
will be a tendency for the molecules in the medium to orientate, thermal agitation, 
of course, acting against it. When equilibrium is established, from Boltzmann’s 
theorem, the number of molecules per unit volume, the directions of whose axes 
are determined by the range sin 6 d9 d<p di/f, is equal to 

C exp (— v/kT) sin 9 d9 d(f> di)/, 

where C is a constant given by the relation 

v = total number of molecules per unit volume 

exp (— v/kT) sin 9 d 9 d</> dij/. 
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4. Calculation of birefringence 

We have now to find the effect of this orientation on the refractive index of the 
medium for light vibrations parallel and perpendicular to the electrostatic field. 

Case I.—Let the electric vector of the incident light wave (= Z, say) be 
assumed to lie along the z-axis, i.e., along the electrostatic field. The actual 
optical moments induced in a molecule along its axes are 1 + <7iX0z)aiZ, 

b2(l + <?2*0z)a2Z>fr3(l + <?3*oz)a3Z>Xoz being the optical susceptibility along the 
z-axis of the medium per unit volume. For brevity we may denote these 
expressions by Blz<xlZ,B2zoc2Z, and B3za3Z, respectively. 

These moments, when resolved along the z-axis, are together equal to 

(Bizai + B2z<x\ + B32al)Z (8) 

= mzZ, say. 

The average value of mz taken over all the molecules is given by 

* 
exp (— v/kT)mz sin 6 d6 d(j> dif/ 

mz = ^-j-, 

exp (— v/k T) sin 6 d 6 d </> dij/ 
* 

which after a long calculation, reduces to 

where 

— -®1 z 4" B2z ~r u3z 
mz = + ^ + 2(©lz + 02z)^; (10) 

®lz 45 kT 
[(Ti A2)(B^Z ^2z) 4- (A2 A3)(B2z 

+ (A3-A1)(B3z-Rlzft (11) 

02z = 45^ C(M* ~ M')(J5lz ~ B2z) + (M* “ M3)(^2z - B3z) 

+ (M23-Ml)(B3z-Blz)l (12) 

Also 

X0z = vmz. (13) 

Case II.—The light-vector is perpendicular to the electrostatic field, say, along 
the x-axis. 

We can show, just as in Case I, that the average contribution from a molecule 
to the optical moment along the x-axis is given by 

Bix + B2x + B3x 
~ (®i* 4- 02x) 3 

(14) 
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>» 

where 

Blx = bl(i + <hXox) 

Blx = Ml + ^Xox) 

#3* = Ml +‘hXox) 

X0x being the optical susceptibility of the medium along the x>axis. 

Xox = 

(15) 

(16) 

wlx — 

0 2x 

KA, - A2)(Blx - B2x) + (A2 - A3)(B2x - B3x) 

+ (^3 ~ ^l)C®3x ~ Blx)l 

1 [(Mi - M2)(Blx - B2x) + (M2 - M2)(B2x - B3x) 

(17) 

45k2 T2 

+ (M2-M2)(B3x-Blx)i 

From equations (10) and (14) 

mz — mx — 3(hx+ b2q2 + b3q3)(xoz ~~ Xox) 

+ [2(® lz + ®2z) + (©lx + ®2x)] 

(18) 

(19) 

If np and ns are the refractive indices of the medium for vibrations along and 
perpendicular to the field, 

m. 
n2p- 1 —-• m 

471V 

ns ~ 1 

4nv 

mz-mx = A 
4nv 

nl - n2 n0(np-ns) 

2nv 
(20) 

n0 being the mean refractive index of the medium. 
Also 

Xoz - Xox = v(m2 - mx). 

From (20), (21) and (19) we have 

27TV 2(el2 + Q2,.) + (e1;t + 02;c) E2 

n0 \-vft(blql+b2q2 + b3q3) 2 

(21) 

np-ns (22) 

Since the values of the optical susceptibility of the medium along and 
perpendicular to the field are nearly equal, we may write in equation (22) 

©lz = ©l* = ®l 

©2= = ©2* = ©2. 

and 
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where 

®1 = [(A, - A2)(B1 - B2) + (A2 - A3)(B2 - B}) 

+ (A3-A1)(B3-B1)], 

1 
©,= L(M2 - M22)(B1 - B2) + (Mj - M2)(B2 - B3) 

2 45k2T2 

+ (M2 - M2)(B3 - Bj)], 

Bi = i>i(1 + qiXo) "I 
B2 = b2( 1 + q2x0) 2 
B3 = b3(l +q3x0) J 

X0 being the mean value of the optical susceptibility of the medium. 

Also 

Ml + <hXo) + Ml + ?2Zo) + Ml + <hX o) 
Xo — v' 

v?o 
1 - v/'i(blqi + b2q2 + b3q3)’ 

where 

yo = 
b{ + b2 + b3 

(23) 

(24) 

(25) 

(26) 

Substituting in (22), we finally obtain for the Kerr constant 

n_ — ft. ft^ 

K = 
np-ns nl- 1 3(0, + 02) 

XE2 4n0/l y0 

When the polarisation field acting on the molecules is isotropic, 

471 

and also 

Pl=P2=P3 = 3 ’ 

471 
4l=42 = <73 = 

3 ’ 

(27) 

®i = 45 kT 
[(a, - a2)(b! - b2) + (a2 - a3)(b2 - b3) 

5 + 2 V nl + 2 
+ (a3-al)(b3-bl)'] (28) 
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and 

®2 = 45fe2T2 [(^1 - + 01 - /4)(&2 - i>3) 

+ 01 - Mi)(2>3 - <>i)] j ■—j—» (29) 

where <5 is the dielectric constant of the medium; and expression (27) naturally 
reduces to that given by the Langevin-Born theory.* 

In the above discussion we have entirely neglected the effect of electrostriction, 
since it will not affect the value of the difference in refractive indices for vibrations 
along and perpendicular to the incident field. 

5. Comparison of theory and observation 

In order to apply the foregoing modified formula to any actual liquid, we have to 
make some assumptions regarding the origin of the anisotropy of the polarisation 
field. The anisotropy might arise in the following way. We replace for simplicity 
the molecules in the medium by the equivalent doublets placed at their respective 
centres. The finite size of the molecules imposes naturally a limit to the closeness 
of approach of the doublets towards each other. Round any particular molecule 
as centre we can describe a closed surface, entry into which by other molecules is 
excluded by reason of their finite size. The form of the surface will naturally be 
determined by the shape of the molecule and will therefore, in general, be non- 
spherical, i.e., the distribution of polarisable matter around the molecule under 
consideration will have no spherical symmetry with respect to it, and hence arises 
an anisotropy in the polarisation field. 

We may provisionally represent this surface by an ellipsoid having the 
molecule at its centre, and consider, as an approximation, the distribution as well 
as the orientation of the molecules outside to be entirely fortuitous. Then the 
polarisation field at the centre of the ellipsoid will be equivalent to that due to a 
surface charge—cos 6 per unit area at any point of the surface of the ellipsoid 
the normal to which makes an angle 9 with the direction of E. 

Let us consider two simple cases. 
Case I.—The ellipsoid is a prolate spheriod of revolution: 

b = c = (1 — e2)l/2a. 

*See Debye, Marx’s Handbuch der Radiologie, 6, p. 768. 
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say, where a, b, c are the semi-axes of the ellipsoid. The polarisation constants 

along the axes are* 

Pi 
1 -I- e 

1 — e 

P2=P3 = 27tl 

1 — e2 1 + e\ 
-^logrre)- 

(30) 

(31) 

As an example we may take pentane, which is a fairly elongated molecule. 
From X-ray measurements the cross-sectional diameter of the molecule is equal 
to 4-90 A.U. and its length is about 8-7 A.U. Hence, as an approximation, we may 

taken for the semi-axes of the ellipsoid 

a = A.U. = 6-8 A.U., 

On calculation from these dimensions 

Pi = <?i = 3*15, 

P2 = P3 = <72 = 43 = 4,71- 

We may also reasonably take the optical ellipsoid of the molecule to be a 
prolate spheroid of revolution about the geometrical axis of the molecule. Using 
for the depolarisation factor of the light scattered by the vapour the value 
r = 00128 and for the refractivity at 0°C, n- 1 = 1-711 x 10~3 per atm., 

b, = 12-15 x 10“24, 

b2 = b3 = 9-01 x 1CT24. 

Hence 

= 17-88 x 10“24, 

A2 = A3 = 15-66 x 10“24. 

Also 

Bl = 14-74 x 1(T2\ 

B2 = B3 = 11-88 x 10~24. 

♦See Maxwell, Treatise on Electricity and Magnetism, 3rd edn., 2, p. 69. 
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Therefore 

K = 5-5 x 10"9, 

as against 17*9 x 10“9 calculated according to the Langevin theory. 
The observed value = 5 0 x 10 ~9. 
Case II.—The ellipsoid surrounding the molecule is an oblate spheriod of 

revolution: 

a b (1 — e2)112 ' 

Then 

({\-e2)112 \-e2\ 
Pl=P2 = 2nl-—^3— sin 1 e-(32) 

/ 1 (1 -e2Y12 \ 
p3 = 4nl~2-3-sin 1gj. (33) 

As an example for this case we may take benzene. The X-ray diffraction pattern 
of the liquid has been critically studied by Prof. Sogani* and shows two rings 
corresponding to mean molecular distances of 4-90 A.U. and about 3-42 A.U. 
respectively. Solid benzene also gives very intense lines, corresponding to a 
spacing approximately equal to the above distancesf We may reasonably take 
these distances for the semi-axes of the ellipsoid 

a = b = 4-90 A.U., 

c = 342 A.U. 

We then obtain 

Pi =P2 = (h =42 = 3-56; 

Pi = <l3 = 5*44. 

From r = 0 0440 for the vapour and from the refractivity, assuming the optical 
ellipsoid of the molecule to be an oblate spheroid of revolution about the 
geometric axis, we get 

bl=b2= 12-33 x 10"24, 

b3 = 6-26 x 10"24, 

A, =A2 = 22-36 x 10~24, 

A3 = 14-63 x 10”24 

'Indian J. Phys., 1, p.357 (1927). 

+Broome, Z. Phys., 24, p. 124 (1923). 
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Also 

B1=B2 = 16-61 x 10" 24, 

#3 = 9-57 x 10"24 

Hence 

K = 6-2 x 10~8, 

as against the value 12*2 x 10“8 calculated according to Langevin’s theory. 
The observed value = 5*93 x 10 “8. 
It is necessary to remark that, considering the nature of the assumptions made, 

the numerical agreement in these cases should not be unduly emphasised. It 
should be considered only as indicating that the effect of the anisotropy of the 
polarisation field is of the order of magnitude necessary to explain the deviation 
of Langevin’s theory from observation. 

An examination of table I shows that in all cases the influence of the anisotropy 
of the polarisation field is to diminish the magnitude of the Kerr effect to be 
expected. On the above assumption of an ellipsoidal cavity this result finds a 
ready explanation in the fact that the longer geometrical dimension of the 
molecule—and therefore also of the ellipsoid—almost always goes hand-in- 
hand with the direction of greater electrical or optical polarisability of the 
molecule. 

6. Summary 

In this paper a new theory of electric and magnetic double refraction in liquids is 
put forward, which can in essence be regarded as a modification of the Langevin- 
Born theory. It is assumed in the latter theory that, while the molecules 
themselves are anisotropic, their distribution round any particular molecule in 
the medium can be considered as being spherically symmetrical with respect to it. 
This assumption can hardly be correct in any actual liquid, so that the local 
polarisation field acting on any molecule must depend on its orientation. The 
Langevin-Born theory is accordingly modified so as to take this “anisotropy” of 
the polarisation field also into account. 

The modified expression for birefringence is in better accord with facts than the 
Langevin-Born expression. As a rule the effect of the “anisotropy” of the 
polarisation field is to diminish the magnitude of the birefringence to be expected. 
This is explicable as due to the fact that, in general, the longer linear dimension of 
a molecule tends to be also the direction of maximum electrical and optical 
susceptibility. The distribution of the molecules in a dense fluid therefore tends to 
be such that their mutual influence is equivalent to an apparent diminution in the 
anisotropy of the molecules. 
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1. Introduction 

Theories of the optical behaviour of liquids generally base themselves on the 
postulate that the well-known Lorentz formula (n2 — 1 )/(n2 + 2)p = constant 
correctly expresses the relation between the refractive index and density of a 
liquid. It has long been known, however, that this formula is at best only an 
approximation. The quantity (n2 — 1 )/{n2 + 2)p is found experimentally to be not 
invariable, its deviation from constancy becoming more and more marked as the 
density is increased. The change in the value of (n2 — 1 )/(n2 -f 2)p in passing from 
the state of vapour to that of a liquid under ordinary conditions, is usually quite 
appreciable, as might be instanced by the case of benzene, for which Wasastjerna* 
found for the D-line a molecular refraction of 27*20 in the vapour state, while the 
corresponding value for the liquid is 26T8, that is, 3*8% lower. The deviations 
from the Lorentz formula appear most striking when we use it to compute the 
change in the refractive index of a liquid produced by alterations of temperature 
or pressure. Here, again, we might instance the case of benzene, for which the 
observed value of dn/dt = -64 x 10“4 per degree Centigrade for the D-line at 
20° C, and that of dn/dp = 5*06 x 10”5 per atmos. while the calculated values are 
dn/dt = — 7*15 x 10 ~4 and dn/dp = 5*66 x 10“5. The observed values are thus 
numerically about 10% smaller in either case, indicating that {n2 — 1 )/(n2 + 2)p 
diminishes more and more quickly as the density is increased. An expression of 
the form (n2 — 1 )/(n2 -f 2)p = a — bp2, where a and b are positive constants, has 
been found to represent the refraction of carbon dioxide over a wide range of 
density more closely than the original Lorentz formula/ It has been deduced 
theoretically on certain suppositions regarding the magnitude of the polarisation 
field in liquids, which are, however, somewhat arbitrary in nature. 

*Soc. Sci. Fenn., Phys. Math., 2, No. 13 (1924). 

+Phillips, Proc. R. Soc. A, 97, p.223 (1920). 
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Considering next the electrical behaviour of liquids, we find that the formula 
proposed by Debye (e — l)/(e + 2)p = A + B/Tis not adequate to explain the 

dielectric properties of many known liquids. To illustrate this, we may again 
consider the case of benzene, whose dielectric constant has been determined over 
a wide range of temperatures* * and pressures.1 Since A and B in the formula are 
essentially positive constants, it follows that (e — l)/(e + 2)p should remain 
invariable when the liquid is compressed isothermally, and that it should diminish 
with rising temperature. Actually it is found with benzene that the quantity in 
question falls steadily with increasing pressure and increases with rising 
temperature. A similar apparently anomalous behaviour is shown by many other 
liquids whose molecules have a negligible electrical polarity. Liquids of marked 
electrical polarity show a diminution of(e — l)/(e + 2)p with rising temperature as 
demanded by the formula, but they deviate from it by showing a diminution of the 
same quantity when isothermally compressed, the latter effect being usually even 
more marked than for non-polar compounds.1 

It will be clear from the foregoing review that the existing theories of the optical 
and electrical behaviour of liquids are far from being satisfactory. It is proposed in 
this paper to put forward a new theory which appears to us competent to offer at 
least an insight into the whole range of facts referred to. We believe that it is 
capable of doing more, that is, of actually giving a quantitative explanation of the 
behaviour of actual liquids for which the necessary data for evaluating the 
constants appearing in our formulae are available. In order, however, not to 
lengthen the paper unduly, we shall confine ourselves to a general discussion, 
leaving the details for fuller treatment in separate papers. 

2. The refractivity of liquids 

We shall first consider the optical problem, which is relatively simple. In any 
satisfactory treatment of it we have necessarily to take into account the fact which 
has been clearly established by recent investigations, namely, that a liquid can be 
regarded as an optically isotropic medium only when we do not push the analysis 
of its structure into regions of molecular dimensions. In the first place, it is 
established by investigations on light-scattering that all known molecules are 
optically anisotropic, in other words, that they are polarisable to different extents 
in different directions. From this circumstance it follows that the refractivity of a 

*Isnardi, Z. Physik, 9, p. 153 (1922). 

+Francke, Ann. Physik, 77, p. 159 (1925). 

*Grenacher. Ann. Physik, 77, p. 138 (1925). 
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liquid is really an average effect determined by the contributions of molecules 
variously orientated relatively to one another and to the field of the incident 
radiation. Further, it is known from X-ray studies that many actual molecules are 
highly asymmetric in thier geometric form. In view of this fact we would not be 
justified in treating the distribution of polarisable matter surrounding any given 
molecule in a dense fluid as completely symmetrical. It follows, therefore, that the 
local field acting on any molecule due to the polarisation of its immediate 
neighbours, cannot be regarded as independent of the orientation of the molecule 
in the field. The study of light-scattering in liquids furnishes striking evidence in 
support of this idea and indeed enables us in simple cases to actually determine 
how the polarisation field acting on a molecule varies with its orientation with 
respect to the incident beam of light. We shall in what follows proceed to develop 
the theory of refraction in liquids on the assumption that the molecules are 
optically anisotropic and that the polarisation field acting on the molecule is a 
function of its orientation. 

Let us choose the optic axes of any given molecule as the axes of a co-ordinate 
system {, rj, { fixed to it, whose orientations with respect to another system of axes 
x, y, z fixed in space are given by the Eulerian angles 6, </>, \p. Let b1,b2, b3 be the 
moments induced in the molecule per unit field (due to a light-wave) actual acting 
on it respectively along its three axes {, r/, {. When the external field is incident 
along any one of these axes, say along the {-axis, the polarisation field acting on 
the molecule will, in general, have components also along the rj- and {-axes. Let 
pn, p12, pi3 be the numerical factors which determine the polarisation fields 
acting along the {-, rj-, {-axes when the external field is incident along the {-axis; 
and let ^21^22^23 and P3i>P32>P33 t>e similar factors when the external field lies 
along the rj- and {-axes; pik — pki. 

Suppose now the field of the incident light-wave, equal to £, say, lies along the 
z-axis. Then the moments induced in the molecule under consideration along its 
three axes are obviously 

&ll>l + X(Pll<*l +P21«2 + P31a3)]£ ' 

bl&2 + X(Pl2«l +P22«2 +P32«3)]£ 

and (1) 

63l>3 + Z(Pl3«l + P23a2 +P33a3>]£, 

respectively, where x is the mean moment induced in unit volume of the fluid by 
unit field of the incident light-wave; a1? a2, a3 are the cosines of the angles which 
the {-, rj-, {-axes make with the direction of the field E, and are given by 

ocl = — sin 6cos \jj\ oc2 = sin 6 sin $; a3 = cos$. (2) 

These moments when resolved along the direction of the incident field are 
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together equal to 

[M1 + PllXWl + b2(l +P22X)«2 + bl(l + f>33*)a3 

+ x{Pn(b2 + b2)a1a2 + p23(b2 + fc3)a2a3 

+ p31(/>3 + fc1)a3ai}] x£. (3) 

Now the average values of af, ol\ and a2 taken over all orientations of the 
molecules with respect to the incident field are equal to while the average values 
of a1a2, a2a3 and a3ai vanish. Hence it readily follows that the average moment 
induced in a molecule in the medium by unit incident field is given by 

m = m+b'2 + b'3\ (4) 

where b\, b'2, b'3 denote the coefficients of ol\, ocj, oc\ respectively in (3) above. 
Further 

X — vm — (n2 — l)/47r, (5) 

v being the number of molecules per unit volume and n the refractive index. 
Putting 

P ii=f7C + <Ji> p22 = 37C + <J2» P33 —i71 + 

and using relation (5), we obtain from (4) 

n2 — 1 n2 — 1 b, d, + b2o7 + b^o^ 
= — V—--~ + —-rV 

n2 + 2 3 3 

which may be written in the form 

n2- 1 

n + 2 

n2 + 2 
= vC + 

n2 — 1 

n2 + 2 
vO, 

(6) 

(7) 

where 

9 = j(b1a1 + b2a2 + b}cj3) (8) 

and C is a constant characteristic of the molecule. We shall now consider three 
special cases. 

Case {a): 

<7, = a2 = <x3 = 0, 

and therefore 

Pn — P22 ~ P33 ~ t71- (9) 

We find in this case that equation (7) reduces absolutely to the Lorentz formula. 
The assumption (9) is equivalent to the supposition that the local field acting on 

the molecule is equal to that at the centre of a spherical cavity excavated around 
it. 
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Case (b): 

(71 -\~<J2-\-(J3=§. 

and therefore 

Pn + P22 + P33 = (10) 

If, in addition, bl=b2 = b3, i.e., if the molecule is optically isotropic, equation 
(7) again reduces to the Lorentz formula. Equation (10) amounts to assuming that 
the local field acting on the molecule is equal to that at the centre of an ellipsoidal 
cavity with three unequal axes,* scooped around the molecule. It may also be 
interpreted in the sense that the mean polarisation field acting on the molecule 
averaged over all orientations is the same as at the centre of a spherical cavity. 

Case (c): 

<7i + (J2 + o3 7^ 0. 

This is equivalent to the assumption that the mean polarisation field differs 
from that obtainable at the centre of a spherical cavity around the molecule. 

In Case (a) we obtain no deviation from the Lorentz formula at all. In Case {b) 

we obtain a deviation provided the molecule is optically anisotropic, and in 
Case (c) we may obtain a deviation from the Lorentz formula even for optically 
isotropic molecules. 

3. The dielectric constant of liquids 

For the corresponding electrical problem we choose the principal axes of 
electrostatic polarisability of the molecule as its r/-, (-axes. When an 
electrostatic field E is incident in the medium along the z-axis, the actual fields 
acting on the molecule along its axes are given by 

£l =0*1 +Xe(‘hi«t +‘721«2 + ‘J31<*3)]£ 

£2 = [“2 +Ze(«12«l +‘?22a2+‘Z32a3)]£> (*>) 

and 

£3 = [«3 + Xe(<h3*l + <?23*2 + <?33“3)]£ 

where is the mean electrostatic moment produced in unit volume of the 
medium per unit incident field; and the q's denote the constants of the static 
polarisation fields acting on the molecule, analogous to the p’s in the optical 

*See Routh, Analytical Statics, 2, p. 100. 
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problem. If fi2, fi3 be the components of the permanent electric moment of 
the molecule resolved along the 77-, (-axes and ai,a2i a3 the moments induced 
in it by unit field acting along these axes, the contribution from the molecule 
under consideration to the moment along the direction of the incident field is 
given by 

L = [fli(l +qllx.e)«i +«2(1 + <l22Xe)<xl + a3(l + <?33X>!3 

+ {?12(«1 + a2)a1a2 + q23(a2 + 0^1X21X3 + q31(a3 + a1)a3a1}xe'] x E 

+ +/i2a2 + /i3ot3. (12) 

The potential energy of the molecule in the field due to the existence of the 
permanent moment in it, is given by 

u= + n2E2+ ii3E3) 

=+ M2oi2 +M3ol3)E, (13) 

where 

Ml =El +Xe(<lllEl +421^2 + <?3lA*3) 

M2 = \i2 + Xe(<hlEl + (\22E2 + 432M3) 

M3=fl3 + Xe(<h3E 1 + 423/^2 + <?33^3)- (14) 

By Boltzmann’s theorem the number of molecules per unit volume whose 
orientations in the field correspond to the range sin 6 d6 d(p difr is equal to 

cexp( — u/kT) sin 6 d6 d(p dip, (15) 

where c is a constant which can be evaluated from the obvious relation 

(*0 = n (*(j>-2n (*ij/ = 2n 

0 = 0 <p = 0 «, 

exp (— u/kT) sin 9 d6 d</> dij/ = v, (16) 
i// = 0 

the total number of molecules per unit volume. 
The average contribution from a molecule in the medium to the moment along 

the field 

exp ( — u/kT)L sin 9 d 9 d (j) dij/ 

= -fJJ-= meE( say), (17) 

exp (— u/kT) sin 9 d 9 d</> di/s 
j j « 

the limits of integration being the same as in (16), and neglecting terms involving 
E2 and higher powers of E. On actual evaluation of the integrals in (17) we obtain 

Ml +<hlXg) + fl2(l +<Z22Xe) + fl3(l +<?33Xe) 
3 

+ Jkf^1^1 + M2^2 + M3,3). (18) 
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Further, 

e — 1 

**=vm‘=^r 
(19) 

where e is the dielectric constant. 
Using the relation and putting 

<?n=frc + Si, q22 = in + s2, q33 = jn + s2, 

we obtain from (18) 

e — 1 471 

6 + 2 
= — v 

+a2 + a3 | 

alSl + a2S2 + a3S3 1 

47C 
= — V 

a1+a2 + a3 | n 

where 

and 

3fcT 

^ — i(ai 51 + a2S2 + a3Sl) 

(20) 

(21) 

(22) 0 = IU21S1 + li\s2 + n\s3 + 2(/^2g12 + M 2^3^23 + M3^1<?3l)- 

The second term in (20) containing and © appears as an addition to the first 
term which is identical with Debye’s expression. We may rewrite (20) in the form 

6—1 f4na}+a2 + a3 e—1 
= v ( -— ---- +--*F 

6 + 2 6 + 2 
+ 

V /47T , e—1 

J-M + ^2® 
(23) 

3kT\ 3 

The first term on the right hand side of (23) has a form similar to the expression 
for refractivity obtained in the preceding section and does not explicitly involve 
the temperature. The second term, on the other hand, is inversely proportional to 
the absolute temperature. 

4. Discussion of the theory 

Our formulae offer a natural explanation why with increase of density the 
Lorentz refraction-constant usually diminishes. Equation (7) runs 

n2-\ „ n2-1 
= vC + v —3——— 0, 

n + 2 rc2 + 2 

where 

© = -j(fci<Ti + b2o2 + h3<73). 
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The expression for the dielectric constant of non-polar liquids is very similar, see 
equation (23) above, and the following remarks may be regarded as applying 

equally well in respect of the same. 
The constants blt b2, b3 represent the polarisabilities of the molecule along its 

optic axes and are therefore essentially positive. We shall, for the present at any 
rate, be justified in making the simplifying assumption, see equation (10) above, 
that Pi i + p22 + P33 = 4ft, in other words, that the polarisation field acting on the 
molecule when averaged over all its orientations is the same as at the centre of a 
spherical cavity. We have, then, o1 + a2 + c3 = 0, and it follows that alf a2, o3 

cannot all have the same sign. 
If 

bl>b2>b3) 

and r (24) 

(Tj < a2 < <x3, ) 

it is easily shown that the value of $, that is, of ^(b1al + b2o2 + b3o3) is 
necessarily negative. In other words, provided the condition stated in (24) is 
satisfied, the value of (n2 — 1 )/(n2 + 2) would necessarily have a smaller value than 
that given by the Lorentz formula. 

The condition stated in (24) has a physical significance, namely, that the 
direction in the molecule corresponding to maximum polarisability is that along 
which the field due to its neighbours has a minimum value, and vice versa. That 
this condition would be satisfied in most cases seems highly probable. If we can 
regard the chemical molecule as roughly equivalent to an ellipsoidal particle of 
polarisable matter, its longest axis would be the one of maximum polarisability 
and its shortest axis that of minimum polarisability. If we consider a liquid 
composed of such molecules, it is obvious that the centre of a second molecule 
could approach that of the first most closely in the direction of the shortest axis, 
and least closely in the direction of its longest axis. The polarisation field due to its 
neighbours would be the sum of the fields due to the individual molecules 
occupying various positions with respect to it. If we consider a particular 
molecule in such position that the line joining the centres of the two molecules is 
parallel to the external field, its influence would appear as an addition to the field; 
while if the joining line is perpendicular to the field, its influence would be 
equivalent to a diminution of the external field. These effects would conspire to 
diminish the aggregate polarisation field acting on the molecule when the 
external field is along its longest dimension, and to increase it when the field is 
along its shortest dimension, in comparison with the case of spherical 
molecules. This is precisely the result which is required to satisfy the condition 
stated in (24) above. 

It must, however, be remembered that the preceding argument is based on the 
assumption that the optical anisotropy of the molecule is determined by its 
geometric shape. The origin of the optical anisotropy of molecules as evidenced in 
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observations on light-scattering has been the subject of discussion in recent 
papers.* It is found that pronounced asymmetry of geometric form does not 
necessarily mean pronounced optical anisotropy, the latter being determined by 
the chemical nature and arrangement of the atoms in the molecule. Nevertheless, 
the order of the geometric dimensions of a molecule in different directions is 
usually also the order of its optical polarisabilities along those directions. It must 
not be forgotten, however, that there may be exceptions to this rule.+ 

Returning now to formula (7), we may, since the second term on the right is 
much smaller than the first, write it in the form 

J^ = vC( 1 + vO), (25) 

from which it is seen that apart from any possible variation of $ with density or 
temperature, the correction to the Lorentz formula increases in importance with 
increasing density. There is prima facie reason to believe that d> must itself 
increase numerically with increasing density of the fluid. To realise this we recall 
the argument set out above regarding the relation between the geometric form of 
the molecule and the polarisation field acting on it. In the gaseous condition, or 
even in a dense vapour, there would ordinarily be almost complete freedom of 
orientation for the molecules. Further, the fraction of the time during which a 
molecule is in actual collision with a neighbour is a small part of the whole, and 
hence, in determining the polarisation field, we would not be sensibly in error in 
ignoring the non-spherical shape of the molecule altogether. It is only when the 
density becomes comparable with that of a liquid that a molecule is almost 
continually in collision with one or other of its neighbours, and that in evaluating 
the polarisation field we cannot ignore the restrictions imposed by the geometric 
form of the molecules on their relative positions and orientations. These 
considerations indicate a progressive change in the character of the polarisation 
field acting on a molecule as the density increases. At low densities, the field acting 
on a molecule would be appreciably the same as if it were placed at the centre of a 
spherical cavity excavated around it, and would be independent of its orientation. 
At higher densities, the non-spherical shape of the molecule would begin to 
influence the results. A detailed treatment of the problem on the basis of the 
kinetic theory would be complicated by the circumstance that the molecules are 
themselves optically anisotropic and that therefore the mutual influence of two 

*See K R Ramanathan, Proc. R. Soc., A 107, p. 684 (1924); 110, p. 123 (1926). Also T H Havelock, 

Philos. Mag., 3, pp. 158, 433 (1927). 
+From some observations by Mr I Ramakrishna Rao in the authors’ laboratory, on light-scattering in 

formic and acetic acid vapours, it appears that these form such exceptions. The available data on 
refractivity appear also to indicate an increase of the Lorentz constant of refractivity with increasing 

density. 
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molecules depends both on their relative position and their relative orientation. 
Ignoring this difficulty, however, we may make the simplifying assumption that 
the surrounding molecules can be regarded as equivalent to a distribution of 
polarisable matter which is of uniform density and symmetrical except in a small 
region surrounding the given molecule. With increasing density, this small region 
and its lack of symmetry become of greater importance, until finally, when a 
density as great as that of the amorphous solid is reached, we shall not be much in 
error in regarding the molecule as practically embedded in a cavity having its own 
shape, the dependence of the polarisation field on the orientation of the molecule 
relatively to the external field then reaching its maximum value. We thus arrive at 
the general conclusion that the value of d> increases numerically with increasing 
density, beginning with zero at low densities and reaching a limiting value at 
densities as high as those of the amorphous solid. The correction v© appearing in 
our modified form of the Lorentz formula must therefore increase at a greater rate 
than in proportion to the density, during a greater part of its course. 

A clearer view of the whole subject may be obtained in the following way: In 
section 2, we obtained the expression (equation (4)) 

m = Ub\ + b'2 + h'3), 

where 

b\=b1ll + x(£jr + <71)], 

etc., for the average moment induced in a molecule per unit external field. In a 
rarefied medium we have 

m = j(b1 +b2+b3). 

The ratios b1:b2:b3 are a measure of the optical anisotropy of the molecule in the 
state of vapour. In the dense fluid the ratios b'^b'^.b^ similarly indicate the optical 
anisotropy of the molecule as effectively modified by the influence of its 
neighbours. The preceding discussion shows that the result of such influence is to 
diminish these ratios and make them approach more nearly to unity, in other 
words, to diminish the effective optical anisotropy of the molecule, and that a 
diminution in refractivity is a necessary consequence of the same effect. 

Independent evidence that the effect of increasing density is to cause an 
apparent diminution in the optical and electrical anisotropies of the molecule, is 
furnished by studies of the electrical birefringence of liquids, and by the study of 
the depolarisation of the light scattered by liquids at different temperatures. The 
authors have developed a theory of electric birefringence in liquids, and a theory 
of light-scattering a liquids, based on ideas very similar to those underlying the 
present paper, and find strong support for these theories in the experimental 
evidence available. The theory of light-scattering in liquids indicates that it is 
possible in simple cases to evaluate the quantities appearing in the formulae of the 
present paper and thus offer a quantitative test of the proposed theory of 
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refraction and dielectric behaviour. Very encouraging results have already been 
obtained in this direction, but to enter into these details would be foreign to the 
scope of this paper. 

5. Summary 

A review of the experimental evidence shows that the existing theories of the 
refractivity and dielectric behaviour of liquids are inadequate to explain all that is 
known concerning the changes of these properties with density and temperature. 
A new theory is accordingly developed in this paper, which is based on the idea 
that the molecules of the fluid are optically and electrically anisotropic, and that, 
in addition, the polarisation field, acting on a molecule in a dense fluid, varies with 
its orientation relatively to the external field. The theory offers an immediate 
explanation why in general an increased density causes a diminished molecular 
refractivity as calculated from the Lorentz formula. It is shown that these changes 
in refractivity and dielectric constant are closely related to a change in the 
effective optical or electrical anisotropy of the molecules produced by the 
influence of its immediate neighbours. Similar ideas have been adopted in 
theories of electric birefringence and of light-scattering in liquids developed by 
the authors, which have found strong experimental support, and with the aid of 
which the anisotropic constants appearing in the formulae of the present paper 
can be evaluated. 
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The Maxwell effect in liquids 

Clerk Maxwell many years ago surmised that viscous liquids in a state of flow 
should exhibit birefringence, and devised methods of observing the phenomenon. 
Vorlander and Walter (Z. Phys. Chem., 118,1; 1925) have recently investigated no 
fewer than 172 liquids of known chemical composition by Maxwell’s method, and 
their work has demonstrated conclusively that a great many pure liquids which 
cannot by any stretch of language be classed as colloids, exhibit birefringence 
when subjected to viscous flow. The Maxwell effect, as it may be called, is thus a 
characteristic property of pure liquids just as much as the power of exhibiting 
birefringence in strong electrostatic or magnetic fields. We wish birefly in this 
note to indicate a molecular theory of the Maxwell effect we have worked out 
which has provided itself very successful in explaining the observed phenomena. 

It is easily seen that the stresses in flowing liquid can be considered as 
equivalent to a set of tensions and a set of pressures acting perpendicularly to 
each other, and at angles of 45° to the plane of sliding. When the liquid consists of 
molecules which are highly asymmetric in shape, there would be a tendency for 
the molecules to orientate under the influence of this system of stresses in such 
manner that the longest dimension of a molecule tends to lie along the axis of 
tensions and the shortest one along that of pressures; because such orientation 
would evidently result in the fluid, regarded as a densely packed assemblage of 
molecules, expanding along the direction of tensions and contracting along the 
direction of pressures, thus allowing the system of stresses to do work. By 
considering the work done during such deformation by the acting stresses as 
equivalent to the change of energy of the molecules resulting from orientation 
under a system of couples acting upon them, we can determine the latter in terms 
of the viscous forces and the asymmetry of shape of the molecules; it being 
remembered that the orientation is opposed by the thermal agitation of the fluid 
and that the resulting equilibrium is to be determined statistically in accordance 
with the Boltzmann principle. 

The birefringence of the fluid resulting from the orientation of the molecules 
under the viscous stresses and their known optical anisotropy, is then readily 
worked out on lines analogous to those used by Langevin in his theory of electric 
and magnetic double refraction. The final expression obtained in this way for the 
difference between the refractive indices nt and np for the vibrations along the axes 
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of tensions and pressures respectively, is: 

(;n2 - 1 )(n2 + 2) 
nt — n„ —--- 

r p 5nvkT 

x (ai - azWj - b2) + {a2 - a3)(b2 - b3) + {as - - bj v 

(aj + a2 + + b2 + b3) c 

where n is the mean refractive index of the fluid, v is the number of molecules per 
unit volume, k is the Boltzmann constant, Tis the absolute temperature, a1,a2, a3 

are the linear dimensions of the molecule along the three principal axes, b1,b2,b3 

are the optical moments induced in the molecule along these axes by unit field 
acting on it successively along the same three directions, rj is the coefficient of 
viscosity and v/c is the velocity gradient. 

The birefringence calculated from our formula, utilising the optical anisotropy 
ascertained from observations on light scattering and the geometrical dimensions 
derived from X-ray data, comes out in excellent agreement with the determin¬ 
ations of Vorlander and Walter. 

The extension of the theory of the case of colloidal solutions and gels is at 
present engaging our attention. 

C VRAMAN 

K S KRISHNAN 
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A theory of the birefringence induced by flow 
in liquids 

C V RAMAN, F.R.S. 
and 

K S KRISHNAN* * 

1. Introduction 

That a viscous liquid such as Canada balsam exhibits optical anisotropy when 
mechanically agitated appears to have been first observed by Clerk Maxwell. The 
subject was later pursued by other investigators, notably by Kundt and his pupils, 
whose work will be found well summarized in an article by G de Metzf. An 
extensive series of observations on the subject has been made recently by 
Vorlander and Walter1 with the arrangement, originally suggested by Maxwell, 
of placing the liquid in the gap between two coaxial cylinders and rapidly rotating 
the inner cylinder. A beam of plane-polarized light traversed the column of liquid 
in a direction parallel to the axis of the cylinders, and with the help of a suitable 
analyser and an auxiliary spectroscope, measurements were made of the 
birefringence exhibited by it. Vorlander and Walter examined in this way no 
fewer than 172 liquids, and have greatly extended our knowledge of the subject. 
An important outcome of their work is to show that mechanical birefringence is 
observable in numerous common liquids having a definite chemical composition, 
including several which do not possess an exceptionally high viscosity; they found 
also that careful purification and removal of suspended “colloidal” matter from 
the liquids studied, by vacuum distillation, leaves the birefringence unaffected. 
Their work obliges us to conclude that the power of exhibit birefringence under 
mechanical flow is just as much a characteristic of pure liquids as, for instance, the 
power of exhibiting birefringence when placed in an electrostatic field. 

It is proposed in this paper to develop a molecular theory of mechanical 

birefringence in liquids based on ideas somewhat similar to those successfully 
employed by Langevin and Born to explain electric double-refraction in liquids. 

*Communicated by the Authors. 

+G de Metz, Scientia, Gauthier-Villars, no. 26, Jan, 1906; see also Winkelmann’s Handbuch der 

Physik, Optik, pp. 1230-1236 (1906). 

*D Vorlander and R Walter, Z. Phys. Chem. vol. cxviii. p. 1 (1925). 
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The birefringence is regarded as arising from the optical anisotropy of the 
molecules, taken together with a tendency for them to orientate under the 
mechanical stresses within the fluid. The effective cause of such orientation is 
taken to be the non-spherical shape of the molecules. 

It will be seen in the sequel that the theory succeeds not only in explaining the 
general features of the observed phenomena, but also in giving a value for the 
“Maxwell constant” in good agreement with observation. 

2. Molecular orientation in flowing liquid 

Stokes, in his memoir* on the internal friction of fluids, discussed the character of 
the stresses arising from viscous flow, and showed that in the case of a simple 
sliding motion parallel to a plane the tangential stresses acting along the plane 
may be replaced by two sets of stresses, one set consisting of tensions and the 
other set of pressures acting along two directions which are mutually per¬ 
pendicular and inclined at 45° to the line of flow. The direction of the tensions is 
parallel to the axis of extension and of the pressures to the axis of compression (see 
figure 1, which represents a section of the fluid between the two cylinders, 
perpendicular to their common axis). The inner cylinder is assumed to rotate in 
the direction of the arrow, the outer one remaining fixed. The tensions and 
pressures shown in the figure are each equal to rj(v/c) per unit area, where r\ is the 
coefficient of viscosity and (v/c) is the radial velocity-gradient at O. 

*Sir George Stokes, Math, and Phys. Papers, Camb. Univ. Press, 1, p. 91. 
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It is clear that if the molecules are highly asymmetrical in shape, the set of 
tensions and pressures pictured in figure 1 would tend to cause them to orient in 
the fluid, in such manner that the longest dimension of a molecule lies along the 
axis of tensions and the shortest one along the axis of pressures. For such 
orientation would evidently result in the fluid (regarded as a densely-packed 
assemblage of molecules) expanding along the axis of z and contracting along the 
axis of x, the total volume remaining constant, thus allowing the system of 
stresses acting in the medium to do work. This orientative tendency of the 
molecules is, however, opposed by their thermal agitation, which tends to throw 
them into disarray. The resulting state of statistical equilibrium can be found by 
an application of the Boltzmann Principle. 

In order to define the orientations of the molecules, we choose (see figure 1) the 
direction of tension as the z-axis, the direction of pressure as the x-axis, and a 
direction perpendicular to these, two (i.e. parallel to the common axis of the 
cylinders) as the y-axis, of a coordinate system xyz fixed in space. We also 
consider the principal geometrical axes of each molecule as the axes of another 
coordinate system £r\ £ fixed in it. Let the orientations of these axes with reference 
to the axes of the former system be given by the Eulerian angles 9, </>, i/l Then the 
cosines of the various angles between the two sets of axes are as below: 

Table I 

X V z 

£ al i = cos 9 cos 4> cos ip 

— sin (p sin \p 

a12 = cos 9 sin (p cos ip 

+ cos (f) sin \p 

a13 = — sin 0 cos i/^ 

'1 cc2i = — cos 9 cos 4> sin ip 

— sin </> cos \p 

a22 = — cos 9 sin </> sin ip 

+ cos (p cos ip 

a23 = sin 9 sin ip 

c a31 = sin 9 cos </> a32 = sin 9 sin (p a33 = cos0 

For allowing the Principle of Boltzmann to be applied to our present problem, 
we require an expression for the potential energy of each molecule in the fluid in 
terms of its orientation with respect to the fixed coordinate axes xyz. A suitable 
form of expression is suggested by the following considerations. The stress acting 
in the medium is, as we have seen, rj{v/c), and if we divide this by the number of 
molecules v per unit volume in the fluid, we obtain a quantity tj{v/c)-( 1/v), which 
has the physical dimensions of energy. It is therefore permissible to assume that 
the energy of each molecule, as determined by its orientation with respect to the 
axes of these stresses, is proportional to rj(v/c)-( 1/v), the coefficient of proportion¬ 
ality being a function of the angle-variables, which is physically dimensionless. 
Since by hypothesis the orientation of the molecules arises from their non- 
spherical shape, and since the positive and negative directions are necessarily 
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equivalent, the potential energy of a molecule will remain unaffected if we rotate it 
through 180° round any of the rj-, (-axes. 

In view of what has been said above, and considering for the present only the 
effect of the tensions along the z-axis, we may assume the potential energy of each 
molecule to be given by the expression 

v 1 
« = -((o1a213 + co2aj3 + co3al3)-r)-—, (1) 

C V 

where co1, co2, co3 are constants determined by the geometric form of the molecule, 
which will later be evaluated. Then, from Boltzmann’s theorem, the number of 
molecules per unit volume whose orientations, when under thermal equilibrium, 
are given by the range sin 6 dO d(f> dij/, is equal to 

Cexp( — u/kT) sin 6 d6 d(j) di/j, (2) 

where C is the constant given by the relation 

v = C 

K
 

II 

<N II 
-e- 

Uo * o
 II 

exp (— u/kT) sin 6 d 6 d</> d ij/. (3) 
>A = o 

In the orientated state the average potential energy per molecule in the medium 
is given by 

exp (— u/kT)u sin 6 d 6 d </> di// 

u 

exp (— u/kT) sin 6 d 6 d </> dt\i 

the limits of integration being the same as in (3), 

cu, + o>2 + v 1 
—-^--V 

c v 45/cT 

(coj - co2)2 + (co2 - co3)2 + (co3 - C0i): 
v 1 

n— 
C V 

(4) 

If on the other hand, the molecules are orientated entirely at random, then the 
average energy per molecule will be given by 

err 

u sin 9 d6 d(j) d\J/ 

Uq — 
%) %/ 

r r 
sinOdOdcp di// 

co1 + co2 + co3 v l 
--rj 

c v 3 
(5) 
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The difference u0 — u multiplied by v gives the diminution of potential energy 

per unit volume in orientating the molecules contained in it, and is equal to 

(«0 - “)v = 47^ [("i - <»2)2 + (0J2 - (O3)' 

3. The optical effect of molecular orientation 

We now proceed to find the double refraction which arises from this orientation 
of the molecules, here again confining our attention at first to the result of the 
tensions acting along the z-axis. Since the optic axes of the molecule will not, in 
general, coincide with its geometric axes {77 {, when a field (due to a light-wave) is 
incident along any one of these axes, say along the {-axis, the moment induced in 
the molecule will not be wholly along the {-axis, but will have components also 
along the rj- and {-axes. Thus for unit field actually acting on the molecule along 
the {-axis, let b x 1, b j 2, b x 3 be the moments induced in it along its {-, rj-, and {-axes 
respectively; and let b21, b22, b23, and fr31, b32, b33 be similar induced moments 
for unit field acting along the r\- and {-axes respectively: bu = bji. We have two 
special cases to consider. 

Case I.—The electric vector of the incident light-wave lies along the z-axis— 
i.e. along the direction of the tension. 

Let the optical field actually acting on each molecule in the same direction be 
denoted by E. Then the moments induced in the molecule under consideration 
along its axes, when resolved along the direction of E, are together equal to 

(*>11*13 + *>22“23 + ^33«33 + 12a13a23 + 2b2i«23ci3i + 2b3la3icc12)E (7) 

= mzE, say. (8) 

Then the average value of mz taken over all the molecules in the medium will be 
given by 

exp (— u/kT)mz sin 6 d 9 d</> dip 

mz = j j 
r r 

«/ j 

exp (— u/kT) sin 6 d 6 dcp dip 

b u + b 22 + b33 v 1 
-b 2&rj- - 

C V 3 (9) 
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where 

0 = 

1 

45kT [(o>l - C02)(fcu &22) + («2-®j)(&22-fc33) 

+ (C03-C01)(fe33-fc n)]. (10) 

Case II.—The light-vector lies along the x-axis. 
Let us denote the actual field acting on each molecule along the x-axis by E. 

The moments induced in any molecule along its axes, when resolved along the 
x-axis, are together equal to 

(i>i i«ii + i’22a2i + &33<*3i +2bl2alltx2i + 2b23a21a31+2b3l(x3lall)E (11) 

= mxE, say. (12) 

The average value of mx taken over all the molecules can be calculated as in the 
previous case, and comes out equal to 

mx — 

bu + b12 + b33 n u 1 

---®ri — 
3 c v 

(13) 

From (9) and (13) 

mz — mx = 3 0^--. 
c v 

(14) 

Hitherto we have considered only the effect of the tensions rj(v/c) acting along 
the z-axis. The effect of the pressures of the same magnitude acting along the 
x-axis can be calculated in exactly the same way by considering them as tensions 
= — rj(v/c) along the x-axis, and thus we get 

~~ v 1 
mx — m2 — 30 x — 

c v 

Thus, when the two effects are superposed, as in the actual liquid, we get for the 
difference in the values of the mean induced moments, for directions of vibration 
of the incident light along the z- and x-axes, the expression 

__ v 1 
mz — mx — 6077 

c v 
(15) 

If we denote by nz and nx the refractive indices of the medium for light- 
vibrations along the z- and the x-axes respectively, by differentiating the well- 
known expression for refractivity 

n2 — \ 4n 

n2 + 2 3 
vm, (16) 
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we have 

n2-nx 
(n2 - 1 )(n2 + 2) mz - mx 

. • _______________ 

6n m 

(n2 — 1 )(n2 + 2) © v 1 
-—rj 

n m c v 
(17) 

where n is the refractive index and m is the mean moment induced in a molecule 
per unit field actually acting on it, in the randomly orientated state of the 

molecules. Obviously 

^11+^22 + ^33 /1Q^ 
m =---• (18) 

All the quantities in expression (17) for the birefringence of the medium are 
experimentally determinable, except 0, which involves, as is evident from (10), the 
optical constants of the molecule and the constants co1, co2, co3 appearing in 
expression (1) for the potential energy. We shall now proceed to consider how the 
quantities co1, co2, may be connected with the geometric form of the molecules. 

4. Molecular shape and molecular orientation 

Since, by hypothesis, the orientation of the molecules is the result of their non- 
spherical form, we may proceed to connect them in the following way. We idealize 
the molecules and consider them to have the form of ellipsoids with three unequal 
diameters, au a2, a3. If we imagine the molecules to be arranged in contact with 
each other, their axes parallel, in the form of a rectangular parallelopiped having s 
molecules in each of its edges, the length of the latter would be sau sa2, sa3 

respectively. This is an extreme case, which illustrates the general principle that 
the effect of any general tendency of the molecules to orientate in specific 
directions is to cause the density of molecules per unit length in different 
directions to become different. It is difficult to express this principle with complete 
precision in a mathematical form, particularly in the case of liquids, where the 
molecules are not always necessarily in contact with each other. Considering, 
however, the fact that the density of the type of liquid with which we are 
concerned here is usually not very different from that in the solidified state, the 
error in considering the molecules to be in contact with each other all the time 
would not be serious in any event; and since we are only concerned with ratios, 
the inaccuracy involved can practically be eliminated by considering the 
“effective” dimensions of a molecule in the liquid to be slightly different from what 
they are in the solidified state. Subject to these remarks, we may assume that a 
molecule arbitrarily orientated contributes to the linear dimension of the 
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aggregate measured along the z-axis a length equal to 

ala13 + a2a23 + a3a33- (19) 

If the molecules are arbitrarily orientated, the average effective length of the 
molecule along the z-axis is simply 

r r 

J j 
(ai ai3 + a2<x23 + a30Lh) sin 9 d6 d</> dxjj 

al + a2 + a3 (20) 

sin0d0d</>d^ 

that is to say, the mean of the three diameters of the ellipsoid. Considering, 
however, the tendency of the molecules to orientate, due to the tensions along the 
z-axis in the fluid, we find the average length to be 

r r 
exp( — u/kT)(a1(xl3 + a2cc\3 + a3al3)sin0d6d(pd\l/ 

r r 
exp (— u/kT) sin 6 d6 dcp d\j/ 

where u is given by expression (1), 

fli + a-j + a, 
+ 

45kT 

+ (co3-col)(a3-a1)^rj —. 
C V 

[(«i ~ o>2Xfli ~ a2) + (co2 - co3)(a2 - a3) 

v 1 
(21) 

The difference between (21) and (20) divided by (20) gives the effective expansion 
per unit length, along the z-axis, owing to the orientation of the molecules, as 

2 (co1 - a)2)(al - a2) + (co2 - co3){a2 - a3) + (co3 - -ax) v 1 
-■*}—-. 

c v \5kT Cl i + d2 + u3 

(22) 

Multiplying this by the tension t](v/c) along the z-axis, we obtain the work done 
per unit volume resulting from the orientation of the molecules contained in it, an 
expression for which was obtained in an entirely different way in (6) above. 
Equating the two expressions, we have 

(<xq - co2)2 + (co2 - co3)2 + (co3 - coj2 

 2 ~ 0J2)(a 1 ~ al) + (0J2 — &3Xa2 ~ a3) + (°J3 — CUi)(fl3 — 

Cl3 
(23) 
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The form of the equation immediately suggests as a solution 

(01 — CD 2 C02 — n)3 (03 — Wj 3_ (24) 

which is readily seen to satisfy (23). For the special cases in which the molecule has 
the form of a prolate or oblate spheroid of revolution, the validity of (24) is 
rigorously demonstrable, and it seems justifiable to assume t hat it is generally 

true. 

5. Expression for the Maxwell constant 

Substituting (24) in (17) and (10) we obtain as the final expression for the 
birefringence 

(n2 — 1 ){n2 + 2) 

5nvkT 

(ai ~ a2)(fri i ~ t>22) + (^2 ~ <*3)^22 ~ ^33) + (a3 ~ ^1X^33 - 1). £ 

(ai + a2 + fl3X^n + ^22 + ^33) 
(25) 

(26) 

where V is the constant of mechanical birefringence in the fluid, which may 
appropriately be called the Maxwell constant, in honour of the discoverer of the 
effect. It will be seen from the equation that the value of the constant depends 
jointly upon the optical anisotropy of the molecule and upon the anisotropy of its 
geometric form. 

We shall now proceed to consider how the theory set out above compares with 
the phenomena as observed in their general features. 

Axes of birefringence.—The theory indicates in agreement with observation 
that the two principal directions of vibration are mutually perpendicular, and 
inclined at 45° to the plane of sliding within the liquid. 

Positive or negative birefringence?—The theory indicates that the sign of the 
birefringence depends on whether the expression 

[(«i - a2Xbi 1 - b21) + (a2 - a3)(b22 - b33) + (a3 - at)(b33 - bn)] (27) 

is positive or negative. It is easily seen that if a1> a2> a3 and bx t > b12 > 633, the 
expression in question is positive and the birefringence is therefore positive, while 
if a1> a2> a3 and < b22 < h33, the birefringence will be negative. In other 
words, the sign of the double refraction depends on whether the optical constants 
of the molecule along its three axes follow the same sequence as the linear 
dimensions or follow the reverse order. If we can regard the chemical molecule as 
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roughly equivalent to an ellipsoid of isotropic dielectric material, the former 
condition would be satisfied. It is thus readily understood why the great majority 
of the liquids examined by Vorlander and Walter exhibit positive birefringence. 
In fact, the only cases of negative birefringence contained in their table of results 
are the sodium and potassium salts of some of the higher fatty acids; the 
corresponding fatty acids themselves show positive birefringence. 

Influence of speed, viscosity, and temperature.—The theory indicates that the 
observed birefringence should be proportional to the speed of rotation. The 
experimental evidence appears to indicate that this is actually the case with most 
pure liquids. Where divergences appear it seems not unlikely that they are due to 
disturbing causes, e.g., departure from the assumed stream-line flow of the liquid, 
or a rise of the temperature of the liquid as a result of the rotation. The theory 
indicates a rapid fall of the birefringence with rising temperature, primarily 
because of the fall of the viscosity, the variation of the Maxwell constant itself 
with temperature being much less important. The experimental evidence fully 
supports this inference from theory. 

Influence of molecular form.—The theory shows that, apart from the 
viscosity of the liquid, the birefringence should be specifically influenced by the 
form of the molecule, being greatest when the molecule is highly elongated and 
least when its form approaches spherical symmetry. The observations of 
Vorlander and Walter furnish ample evidence in support of this. They found that 
increasing the length of the chain in the fatty acid series increased the specific 
birefringence (or Maxwell constant as we call it), and introducing side-chains in 
the molecule diminishes it notably. 

Influence of optical anisotropy.—The theory indicates that for molecules of 
given form the Maxwell constant should increase with increasing optical 
anisotropy and with increasing refractive index. Now it is known that organic 
liquids of the aromatic series exhibit in light-scattering a much higher degree of 
optical anisotropy than the aliphatic series, besides having usually a higher 
refractive index. On the other hand, the geometry of the benzene ring ensures a 
greater symmetry of form for simple benzene derivatives than for the aliphatic 
compounds. The two effects would thus set each other off to a considerable extent 
in the case of the simpler benzene derivatives. If, however, we consider long-chain 
compounds in which the benzene ring also appears, we may reasonably expect 
the increased optical anisotropy to manifest itself in an increased value for the 
Maxwell constant. Similarly it is known from observations on light scattering 
that unsaturated carbon compounds show a high degree of optical anisotropy, 
and it follows that they should have a large Maxwell constant. Ample support for 
these inferences from theory is furnished by the observations of Vorlander and 
Walter. 

Dispersion of double-refraction.—From our formula it will be seen that the 
wavelength does not appear explicitly in our formula. Since, however, the 
Maxwell constant is proportional to (n2 — 1 )(n2 4- 2)/n, where n is the refractive 
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index, a not negligible degree of dispersion may be expected, as has indeed been 

observed in experiment. 

6. Absolute value of birefringence 

To calculate the Maxwell constant for any liquid, we require to know the 
refractive index of the liquid, its molecular weight and density, the optical 
anisotropy of the molecules and their geometric form. The optical anisotropy of 
the molecules can be completely determined from measurements of the light 
scattering in the liquid if the molecule has an axis of symmetry, and can at least be 
estimated in other cases from such measurements. The geometrical form of the 
molecules is known, at least approximately, from chemical considerations and 
from X-ray studies. It is thus possible to calculate the value of the Maxwell 
constant absolutely for any liquid for which the data referred to above are 
available. Unfortunately, few of the liquids for which the mechanical 
birefringence is known have been investigated for light scattering. We may, 
however, test the theory in the following way. The range of variation of the 
quantities appearing in the expression for the Maxwell constant is well known. 
The refractive index of most organic liquids ranges between 1-4 and 1*7. The ratio 
of molecular weight to density for the type of compounds under consideration 
ranges between 80 and 240. The ratio of the longest to the shortest dimension of 
the molecule may of course range theoretically from 1 to large values, but 
practically it may be taken as lying between 2 and 5 for most compounds which 
are liquids and show an appreciable birefringence under flow. The ratio of the 
maximum and minimum polarizabilities of the molecule along its different axes is 
known from the extensive investigations on light-scattering carried on at 
Calcutta for different types of organic compounds. It is usually about IT for 
aliphatic hydrocarbons and saturated cyclo-compounds, 1-5 for aliphatic 
compounds containing strongly refractive groups, 1-9 for simple benzene 
derivatives, and about 2-3 for very highly anisotropic compounds such as 
chloronaphthalene, quinolene*, etc. We may group the data in such order as to 
have four representative classes, in which we have respectively very low, 
moderate, high, and very high values of the Maxwell constant as theoretically 
calculated. This has been done in table 2, in which, for simplicity of calculation, 
the molecule is assumed to have an axis of symmetry. The temperature assumed is 
293° absolute. 

For comparison with the values shown in table 2 we have analysed the data 
given by Vorlander and Walter in their paper. Of the 172 liquids studied, 37 were 

*These values give the effective anisotropies determined from observations of light-scattering in the 

liquid state. 
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Table 2. Calculated values of the Maxwell constant 

Class 
Refractive 

index 

Ratio of 

molecular 

weight 

to density 

Ratio of 
geometric 

axes 

ai a\ 

a2 a3 

Ratio of 

optic axes 

*>11 _*>n 

t>22 ^33 

Maxwell 

constant 
( x 109) 

I 1-4 80 2 H 003 
II 1-5 120 3 1-5 04 

III 1-6 180 4 1-9 1*5 
IV 1-7 240 5 2-3 3-7 

of very low viscosity and naturally did not yield any results. 15 other liquids 
having moderate or high viscosities also showed no indication of birefringence. 
This is not surprising in view of the fact that their optical arrangements did not 
permit a difference of path of less than 2 millimicrons to be detected. A liquid of 
moderately high viscosity, say 50 times that of water and having a Maxwell 
constant less than 0*01 x 10" 9, would have shown no detectable birefringence in 
their experiments. The limit of detectability would be correspondingly larger for 
liquids of lower viscosity. It appears certain that an adequate explanation (viz. a 
low viscosity, or an insufficient optical or geometric anisotropy of the molecules) 
would be forthcoming in most cases in which they failed to detect any effect. It 
must also be remembered that in the expression 

(fll — a2)(bXi — b22) + (^2 ~ fla)(^22 ~ ^33) + (a3 ~~ al)(b33 ~ bn) 

appearing in the Maxwell constant, bn,b22i b33 are the optical polarizabilities of 
the molecule, not along its optic axes, but along its geometric axes. Consequently, 
special cases may arise, if the optic and geometric axes are suitable inclined to 
each other, when the above expression will have very small values, even if the 
molecule possesses a large geometric and optical anisotropy. 

Excluding the 52 liquids in which no effect was found, and the 12 compounds of 
potassium and sodium with the fatty acids which showed a negative 
birefringence, we have 108 liquids in which a normal effect was observed. From 
the dimensions of their apparatus (length of liquid column 4-68 cm., radii of the 
cylinders M5cm and 105cm, and width of gap therefore = 0T0cm), and the 
known viscosity of water at 20° C, relative to which the values for the different 
liquids are expressed, and the specific birefringence as tabulated by them, the 
values of the Maxwell constant in C.G.S. units can be ascertained. In table 3 the 
observed values of the Maxwell constant have been grouped into five classes and 
are shown for comparison with the figures in table 2. 

It appears highly significant that the observed values for the great majority of 
the liquids cluster round that calculated on the reasonable assumptions that the 
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Table 3. Observed values of the Maxwell constant ( x 109) for 108 liquids 

Observed values of 

V x 109 

Below 

003 

Between 

0 03 and 

0-4 

Between 

0-4 and 

1-5 

Between 

1*5 and 
3-7 

Above 

3-7 

Number of aliphatic and 

hydro-aromatic liquids 12 44 12 

Number of aromatic 

liquids — 22 15 2 1 

refractive index is about 1*5, the molecular weight about 120, the density about 1, 
the ratio of length of the molecule to its thickness about 3, and the ratio of its 
maximum and minimum optical polarizabilities about 1*5. It is equally significant 
that all the low values of the Maxwell constant belong to the aliphatic or hydro¬ 
aromatic compounds, and all the high values to the aromatic compounds, and 
that the average values for the two sets of compounds differ just in the way we 
should expect in view of the greater refractive index and optical anisotropy of 
benzene and its derivatives. 

Finally, as an example of the degree of quantitative agreement to be expected, 
we shall take the case of rc-octyl alcohol. We may approximately consider this as a 
prolate spheroid whose major axis is 12-6 A.U. and whose minor axis is 4*9 A.U. 
Its refractive index is 1*430 and the molecular weight is 130*1. 

The scattering of light in octyl alcohol has not been studied. We have, however, 
data for heptane and octane and also for ethyl, propyl, butyl, and amylic alcohols, 
and for all these compounds, assuming the optical ellipsoids of the molecules to 
be also prolate spheroids of revolution whose axes coincide with their respective 
geometric axes, the ratio bll:b22 is equal to 1*15. We may therefore with 
confidence assume the same value for n-octyl alcohol. From these data we find the 
Maxwell constant for n-octyl alcohol to be 

Calculated value o/V = 0*125 x 10“9. 

From the measurements of Vorlander and Walter, taking the viscosity of octyl 
alcohol at 20° C = 0*0895 (Landolt Tables), 

Observed value o/V = 0T3 x 10"9. 

7. Summary 

In this paper a theory is developed for the effect discovered by Maxwell—viz., 
that a liquid in a state of viscous flow exhibits birefringence. The state of stress in 
the fluid consists* of tensions and pressures in directions perpendicular to each 
other and inclined at 45° to the plane of sliding. When the molecules have an 
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elongated form, these stresses tend to orientate them so that their direction of 
greatest length lies along the axis of tension, and that of shortest length along the 
axis of pressure. The tendency to orientation is, however, resisted by their thermal 
agitation, and the resulting state of statistical equilibrium may be found by the 
application of Boltzmann’s Principle. The optical anisotropy of the molecules, 
taken together with the orientations referred to, causes the medium to become 
birefringent. The magnitude of the effect is proportional to the product of the 
viscosity and the velocity-gradient. The constant of proportionality, which is 
referred to as the Maxwell constant for the liquid, is evaluated in terms of the 
optical and geometrical anisotropies of the molecule, the refractive index, density, 
and molecular weight of the liquid, and Boltzmann’s constant. 

The data for 172 liquids recently obtained by Vorlander and Walter are 
critically discussed, and it is shown that the theory succeeds not only in giving an 
explanation of the general features of the phenomena observed, but also in giving 
quantitatively the observed values of the Maxwell constant. 

210 Bowbazaar Street 
Calcutta, India 
15 September 1927 
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The scattering of light in amorphous solids 

c V RAMAN 

1. Introduction 
* V 

Recent investigations have shown that when light traverses a dust-free liquid, an 
observable fraction of the energy is laterally scattered and that this effect is due to 
the local fluctuations of density and to the random orientations of the molecules 
which cause the fluid* to be optically inhomogeneous.* In the case of a mixture of 
liquids, we have in addition a scattering due to the local fluctuations of 
composition which cause corresponding local variations of refractive index. Since 
the transverse scatterings due to density and composition fluctuations are fully 
polarized, while that due to the random orientation of the molecules is almost 
entirely unpolarized, the resultant scattering in a fluid is usually only partially 
polarized. When the temperature of a liquid is lowered, its compressibility usually 
diminishes and with it also the local fluctuations of density. Thus we may expect 
that when the liquid is cooled to such an extent that it passes into the amorphous 
solid condition, the density scattering would become very small. On the other 
hand, in liquid mixtures, the local fluctuations of composition usually tend to 
increase rather than to diminish with fall of temperature. Thus they should 
certainly tend to persist or even increase when the mixture congeals into an 
amorphous solid. The effect due to random molecular orientations would 
certainly remain in the amorphous solid condition. Thus, we may anticipate that 
an amorphous solid such as glass consisting of a mixture of anisotropic molecules 
would exhibit when light traverses it, a partially-polarized internal scattering or 
opalescence of an order of intensity not greatly inferior to that ordinarily 
observed in liquids or liquid mixtures. 

An internal scattering of light in common glasses and also in optical glasses has 
actually been noticed/ Its nature has been a subject of debate,* and owing to our 
insufficient knowledge of the amorphous state, is not fully understood at present. 
Judging, however, from such observations as are available, it is in the opinion of 
the writer, that the effect observed in optical glasses is a true molecular scattering 

*C V Raman, Molecular Diffraction of Light, Calcutta University Press, 1922. 
+ Lord Rayleigh, Proc. R. Soc., 95, p.476, 1919 and C V Raman, Molecular Diffraction of Light, p. 85. 
♦R Gans, Ann. Phys., 77, p. 317, 1925. 

318 



AMORPHOUS SOLIDS 319 

arising from local fluctuations of composition and of molecular orientation, 
being thus of the same general nature as the opalescence observed in binary liquid 
mixtures such as phenol-water, carbon disulphide-methyl alcohol and so on. In 
support of this view, it is proposed in this paper to give the results of the study of 
the light-scattering in a series of 14 different optical glasses manufactured by the 
firm of Schott in Jena.* If the light-scattering in glass were due to accidental 
inclusions or incipient crystallizations occurring within it as has been suggested 
by some writers, we should expect the intensity of the scattered light to show large 
and arbitrary variations depending on the circumstances of the particular 
melting from which the specimen was taken. On the other hand, if the 
phenomenon has a true molecular origin, we should expect to find the intensity of 
scattering to be definitely correlated with the refractivity and chemical consti¬ 
tution of the galss. 

Table 1. List of classes examined 

No. Melting Type 
1 

Composition 
Refractive 

index n V = 1/co 

1 18165 0-6781 Fluor crown 1-4933 69-9 
2 4927 U.V. 3199 U.V. crown 1-5035 64-4 
3 15189 0-144 Borosilicate crown 1-5100 64 
4 16564 0-3832 Prism crown 1-5163 64 
5 15065 0-3453 Silicate crown 1-5191 60-4 
6 16740 0-3439 Telescopic flint 1-5286 51-6 
7 16397 0-7550 Baryta light flint 1-5694 56 
8 14657 0-211 Densest Borosilicate crown 1-5726 57-5 
9 17538 0-340 Ordinary Light flint 1-5774 41 4 

10 18023 0-1266 Baryta light flint 1-6042 43-8 
11 11095 0-103 Ordinary flint 1-6202 36-2 
12 10259 0-748 Baryta flint 1-6235 39 1 
13 8988 0-102 Dense flint 1-6489 33-8 
14 16889 0-198 Densest flint 1-7782 26*5 

2. The specimens examined 

Table 1 gives a list of the glasses examined and their description as furnished by 
the manufacturers, arranged in order of increasing refractive index. The samples 
were furnished in the form of slabs 7 cm x 7 cm x 2 cm, with one pair of end-faces 
polished. For the purpose of the observation of light scattering, the slabs were 

♦The specimens were presented by Messrs Schott to Prof. P N Ghosh, who kindly placed them at the 
writer’s disposal for the work. 
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immersed in a trough containing benzene and a beam of sunlight focused by a 
lens was admitted through a side-face, the necessity of polishing the latter being 
thus avoided. The track of the beam as seen through the end-faces was perfectly 
uniform and appeared of a beautiful sky-blue colour. 

3. Experimental results 

When the scattered light was viewed through a double-image prism held so that 
the direction of vibrations in the two images seen were respectively perpendicular 
and parallel to the direction of the beam traversing the glass, it was seen that these 
were of very different intensities, showing that the scattered light was strongly but 
not completely polarized. The colour of the stronger image was always a sky-blue. 
The colour of the fainter image in the ordinary flint glasses was blue, but in the 
other specimens varied very considerably. The total intensity of the scattered 
light in the glasses was determined by comparison with that of the track in a bulb 
containing dust-free benzene immersed in the same trough as the block of glass 
under examination and traversed by the same beam of light. A rotating sector 
photometer was used for the purpose. The ratio of the intensities in the parallel 
and perpendicular components of vibration in the laterally scattered light was 

Table 2. Experimental results. 

No. Glass 

Refrac¬ 

tive 

index 

Colour of 
bright 

com¬ 

ponent 

Colour of 
faint 

compo¬ 
nent 

Depolari¬ 

zation 

Intensity 

relative 

to ben¬ 

zene = 1 

1 Fluor crown 1-4933 Blue Yellow 0-180 0-18 

2 U.V crown 1-5035 99 Pink 0-158 0-12 

3 Borosilicate crown 1-5100 99 
99 0-295 0-11 

4 Prism crown 1-5163 99 
99 0-285 0-14 

5 Silicate crown 1-5191 99 Blue 0-123 0-18 
6 Telescopic flint 1-5286 99 Purple 0-068 B-40 
7 Baryta light flint 

8 Densest borosilicate 

1-5694 99 
99 0-053 0-44 

crown 1-5726 99 
99 0-045 0-37 

9 Ordinary light flint ' 1-5774 99 Indigoblue 0-067 0-30 
10 Baryta light flint 1-6042 99 Indigo 0-067 0-41 

11 Ordinary flint 1-6202 99 Blue 0-079 0-42 

12 Baryta flint 1-6235 99 Indigoblue 0-085 0-57 

13 Dense flint 1-6489 99 Blue 0062 0-52 
14 Densest flint 1-7782 99 

99 
0-065 0-63 
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also determined with the help of a double-image prism and nicol (Cornu’s 
method) in the usual way. The measurements give us the ratio of the intensity of 
the faint image to the bright image seen through the double image prism, and this 
expresses the degree of depolarization of the scattered light. 

The results of the work are gathered together in Table 2. 

4. Discussion of results 

From a scrutiny of the figures in Table 2, several interesting facts emerge. In the 
first place, it will be seen that the crown glasses show uniformly a smaller intensity 
of light-scattering than the other varieties of glass. Both the ordinary flints and 
the baryta flints scatter light strongly, the latter more so than ordinary flints of 
equal refractive index. It will be seen also that considering each species of galss 
separately, there is a progressive increase of the intensity of light-scattering with 
increasing refractive-index. The colours shown by the fainter components of the 
scattered light in the first four glasses in Table 2 are obviously due to a species of 
weak fluorescence, probably of the same kind as has been met with in 
investigations on light-scattering in liquids.* This fluorescence being un¬ 
polarized, the large values of the depolarization found in the case of these glasses 
stands self-explained. If the fluorescent light had been excluded by the introduc¬ 
tion of suitable colour-filters, the depolarization for these glasses would have 
been much smaller. It is interesting to notice that in glasses Nos 6, 7 and 8, we 
have a low value of the depolarization in spite of the obvious presence of a weak 
fluorescence; this is obviously due to the greater intensity of polarized scattering 
appearing in the last column of Table 2 of these glasses. 

The several regularities to which attention has been drawn above, particularly 
the fact that the intensity of scattering is very clearly a function of the refractive- 
index and chemical composition of the glass, render it extremely improbable that 
the effect can arise from accidental inclusions or imperfections in the structure of 
the glasses. It is, in fact, clear from the data that the effect arises from the ultimate 
molecular structure of glass. 

It would be very interesting to study the light scattering in amorphous solids 
having a relatively simple chemical constitution, e.g. transparent quartz-glass. 
Experiments on the scattering of light in liquids which can first be rendered dust- 
free and then supercooled into the amorphous solid state may also be expected to 
furnish important information. Further work on these lines is in progress. 

210 Bowbazaar Street, Calcutta, India 
11 May 1927 

*K S Krishnan, Philos. Mag., 50, p. 697, 1925. 
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The molecular scattering of light in a binary 
liquid-mixture 

C V RAMAN, F.R.S.* * 

In the Philosophical Magazine for March 1927 appears a note under this title by 
Dr K C Kar, purporting to be a criticism of the theory of light scattering1 in 
liquid-mixtures developed some years ago by the present writer with Dr 
Ramanathan. An examination of the note shows it to be based entirely on a 
misconception. 

In his classical paper on critical opalescence, A Einstein1 discussed the 
scattering of light in liquid-mixtures, considering, however, only the optical effect 
due to the local fluctuations of composition occurring in the mixture. The object 
of the paper by the present writer with Dr Ramanathan in the Philosophical 
Magazine for January 1923 was, in the first place, to emphasize that the local 
fluctuations of density in the mixture have also to be taken into account, and in 
the second place, to show how by considering these two effects together with the 
influence of the optical anisotropy of the molecules, the observed facts of light 
scattering in mixtures may be explained. The formulae necessary for our purpose 
were deduced in a perfectly simple and straightforward fashion, in terms of 
experimentally measurable quantities, from the well-known relation between 
entropy and thermodynamical probability. It was shown that they furnished a 
satisfactory explanation of the remarkable changes in the intensity and 
polarization of the scattered light which occur when the composition of the 
mixture and its temperature are varied. Subsequent experimental work in the 
field has fully supported our conclusions5. R. Gans", who followed us, quotes our 
formulae with approval, and indeed has checked their correctness by following a 
method of derivation differing in detail from ours. He also points out', as is indeed 
quite obvious, that the expression for the fluctuations of composition is obtained 
in the form given by Einstein only when the specific volume of the mixture is' 

♦Communicated by the Author. 

+C V Raman and K R Ramanathan, Philos. Mag., xlv, p. 213 (1923). 
*A Einstein, Ann. Physik, xxxiii. p. 1275 (1910). 

9See, for instance, J C K Rav, Phys. Rev., xxii. p. 78 (1923). 
11R Gans, Z. Physik, xvii. p. 353 (1923). 

11R Gans, Contribucion estudio de las ciencias, La Plata, vol. iii. (footnote on page 290, 1923). 
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neglected in comparison with that of the vapour. The same result is also clearly 
seen in our paper, as also in the earlier work of Zernike* *. The correction 
involved is, however, usually quite negligible. 

We hardly think that any reader of our paper of 1923 would have found a 
difficulty in following our arguments or checking the correctness of the formulae 
deduced. Dr Kar, however, appears to have set out with a fixed idea that there 
must be some error in our work, and in trying to unearth it falls into various 
errors himself. Most of his troubles arise from his having failed to notice that the 
mechanism of the process we follow in our paper is different from that of Einstein* 
and indeed is somewhat simpler. Whereas Einstein finds merely the work 
necessary to change the concentration of the mixture by an infinitesimal amount 
from one value to another, both differing from that of the bulk of the mixture, we, 
on the other hand, evaluate directly the total work necessary to change the 
concentration of a small volume of the mixture from its normal (mean) value to 
one slightly different. For this purpose a volume m1Akv2 of the vapour of the 
second component is withdrawn from the main reservoir, and is then pushed into 
the smaller reservoir, which has initially the same concentration, the latter being 
altered as the result of the process. The whole volume pushed in is mlAkv2, and 
the partial pressure in the smaller reservoir is initially p2i and rises spontaneously 
and gradually to p2 + Ap2 at the end of the process. The work done in the process 
is obviously equal to the total volume pushed in, multiplied by the mean of the 
initial and final pressures. It is not necessary, as Dr Kar seems to imagine, to 
compress the vapour initially to a higher pressure. Indeed, if this were done, the 
process would not be reversible. 

When the error indicated above in Dr Kar’s work is set right, there is little in his 
communication left to comment upon. He refers in his note to a paper by him 
published in the Physikalische Zeitschrift. In view of the fact, however, that this 
and other writings of his on light scattering have already been subjected to 
criticism by Fiirthf, by Ornstein and Zernicke*, and by Mitra§, it would appear 
that no useful purpose would be served by discussing them further in the pages of 
the Philosophical Magazine. 

210 Bowbazaar Street, Calcutta 
31 March 1927 

*F Zernike, Doctorate Thesis, Amsterdam (1914). 

fF Fiirth, Physik Z. xxv, p. Ill (1924). 
*L S Ornstein and F Zernicke, Physik. Z. xxvii, p. 761 (1926). 

#M N Mitra, Indian J. Phys. i, p. 137 (1926). 



324 C V RAMAN: SCATTERING OF LIGHT 

Note added in proof, dated 27th July, 1927.—In a paper appearing in the ‘Indian 
Journal of Physicsvol. ii., the present writer has discussed the relation between 
light scattering and osmotic pressure in solutions. The formulae obtained are in 
complete agreement with those given in the Philosophical Magazine for January 
1923, when the known relation between osmotic pressure and vapour tension is 
kept in view. 
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A theory of light-scattering in liquids 

C V RAMAN, F.R.S. 
and 

K S KRISHNAN* 

1. Introduction 

The theory of light scattering in gases with optically anisotropic molecules was 
discussed by the late Lord Rayleigh1 and by Born*, whose investigations showed 
that the anisotropy results in the transversely scattered light becoming imper¬ 
fectly polarized and also in making its intensity greater than for a gas of equal 
refractivity with isotropic molecules. In a monograph^ by one of us, published in 
February 1922, and in further papers communicated shortly afterwards to the 
Philosophical Magazine", the case of dense fluids was dealt with, and it was shown 
that by considering the scattering due to the thermal fluctuations of density in the 
fluid and also the additional scattering due to the anisotropy and varying 
orientations of the molecules, the observed phenomena could be satisfactorily 
explained. A general theory of light scattering in fluids from the molecular 
standpoint was worked out shortly afterwards in two papers by Dr K R 
Ramanathan1* §. His treatment is very wide in its scope and is applicable equally to 
the case of polar and non-polar molecules. Dr Ramanathan has returned again to 
the subject, and in a recent paper** has examined critically the relation of his 
general theory to the special treatment worked out by R Ganst+ for the restricted 
class of liquids with non-polar molecules. 

An examination of the data for depolarization of the light scattered by fluids 
with the aid of Ramanathan’s formulae indicates an apparent change (usually a 
large diminution) in the optical anisotropy of the molecules of a given substance 

* Communicated by the Authors. 
fLord Rayleigh, Philos. Mag. xxxv, p. 373 (1918). 
♦M Born, Deutsch. Phys. Gesell. Ver. xix, p. 243 (1917). 
§C V Raman, Molecular Diffraction of Light, Calcutta Univ. Press (1922). 

"C V Raman and K R Ramanathan, Philos. Mag. xlv, p. 113 (1923); C V Raman and K. S Rao, xlv, 

p. 625 (1922). 
’ K R Ramanathan, Proc. Indian Assoc. Cultiv. Sci., viii, pp. 1 & 181 (1923). 

**K R Ramanathan, Indian J. Phys., i, p. 413 (1927). 

++R Gans, Z. Physik, xvii, p.353 (1923). 
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as it passes from the condition of vapour to that of liquid*. A similar discrepancy 
becomes apparent when the optical anisotropy of the molecule is determined 
from the electric double refraction in the liquid1, using the well-known formula 
due to Langevin, and is compared with the value derived from observations on 
light scattering in the vapour. As an explanation of this phenomenon it may of 
course be suggested that some kind of temporary grouping or association of 
neighbouring molecules occurs in the liquid in such a manner as to diminish their 
effective optical anisotropy. Such an assumption however, besides being artificial 
and qualitative, would appear difficult to sustain, particularly when it is noticed 
that the apparent diminution of optical anisotropy is quite as marked in liquids 
usually considered as “non-associated,” e.g. the paraffins, as in others which are 
typically “associated” like the alcohols. The facts stated above necessitate a 
revision of the theory of light scattering in liquids. It is proposed in this paper to 
put forward a theory which does not involve any artificial hypotheses and which 
offers a natural explanation of the observed facts. 

2. The fundamental postulates 

Any satisfactory theory of our subject must consider the optical properties of the 
molecules composing the fluid, their distribution and orientations in space, and 
the field actually acting on them. We assume that the molecules are polarizable 
differently along three mutually perpendicular directions fixed to them, which 
might be called the principal optic axes of the molecules. As to their distribution 
and orientations in space, we have not at present full knowledge. The molecular 
aggregation in liquids is presumably intermediate in character between the two 
extreme cases of an ideal crystalline solid and a perfect gas. If we follow an 
individual molecule in a liquid over a sufficiently long time, it can take up all 
possible positions and orientations, and thus the conditions approximate to 
those of a gas. If, however, we consider a molecule in relation to its immediate 
neighbours, the analogy between the solid and liquid states is closer. We are not 
justified in treating the space-distribution as random, because the molecules have 
a finite size, and in the dense assemblage forming a liquid they would naturally 
restrain each other’s freedom of movertient to a considerable extent. On the other 
hand, we shall not be seriously in error if we assume the freedom of orientation of 
the molecules to be comparatively unrestricted in most liquids. It is true that in 
many actual cases the molecules are highly unsymmetrical in shape, and hence in 
finding the probability of any particular configuration of neighbouring mole¬ 
cules, both spacing and orientation have to be considered together. Nevertheless, 

*K S Krishnan, Proc. Indian Assoc. Cultiv. Sci.y ix, p.251 (1926). 

fC V Raman and K S Krishnan, Philos. Mag. iii, p.727 (1927). 
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we may regard the effect of molecular collisions as equivalent approximately to a 
restriction of the possible arrangements of the molecules in space, while their 
freedom of orientation is retained. 

To make our ideas more precise, we may fix our attention on a volume element 
in the liquid whose linear dimensions are large in comparison with the size of a 
molecule, and consider the spontaneous fluctuations in the number and 
orientations of the molecules contained in it. We shall make the following 
assumptions: 

(1) That the fluctuations in density of the fluid present in an element of volume 
<5v are given by the usual Smoluchowski-Einstein expression 

-^ = ktK (i) 

where bn2 is the mean square of the deviation of the number of molecules per unit 
volume from its mean value n0, R and N are the gas constant and Avogadro 
number respectively per gram molecule, p is the isothermal compressibility, and T 
is the absolute temperature. 

(2) That the number of molecules in the volume element having at any instant 
any given orientation, will be the same as though all the molecules in the volume 
element were oriented entirely at random, and that fluctuations in orientations 
are entirely uncorrelated with the fluctuations in density. 

3. The polarization field in liquids 
/ 

We have next to consider the question of the field actually acting on any molecule 
in the liquid. In a gas this will evidently be the same as the field of the incident light 
waves. In a liquid, however, we have also to take into account the field due to the 
doublets induced in the surrounding molecules. This “polarization field” is 
usually taken to be (4n)/(3)xE, where x is the susceptibility of the medium per unit 
volume and E is the incident field, it being thus tacitly assumed that the 
polarization field acting on any given molecule is independent of its orientation in 
the field. This assumption would be valid, only if the molecules surrounding it 
were distributed in such a manner as to be equivalent to a spherically symmetrical 
arrangement of polarizable matter. While this assumption may be justified for 
molecules at a sufficient distance from the one under consideration, it is not 
necessarily true in respect of its immediate neighbours. If the shape of a molecule 
departs greatly from spherical symmetry, it would be incorrect to regard the 
distribution of polarizable matter immediately surrounding it as completely 
symmetrical. The polarization field acting on a molecule must thus, in general, 
vary with its orientation in the external field. To express this “anisotropy” of the 
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polarization field in mathematical language, we choose three mutually per¬ 

pendicular axes fixed in the molecule such that when the incident field lies along 
any one of them, the polarization field is also in the same direction, and is given by 

PiXE, P2XE, or p3xE, where pl, p2, p3 are constants characteristic of the molecule 
for the given density and temperature of the liquid. It is quite possible to discuss 
the general case where these axes of the molecule are different from its optic axes. 
However, for simplicity we may assume that the two sets of axes are coincident in 
direction. 

An important question which arises here is whether the local field acting on a 
molecule is influenced appreciably by the fluctuations of density and molecular 
orientation in its immediate neighbourhood. This question has been discussed by 
Ramanathan in his recent paper, and he has given reasons for assuming that the 
local field should be regarded as constant. His argument may be modified and 
expressed in the following way: The local field arises in part from the external 
field, and in part from the polarization of the entire medium surrounding the 
molecule under consideration. If the distribution at any instant, of polarizable 
matter surrounding the molecule, can be regarded as spherically symmetrical, it 
can be shown by dividing up the medium into concentric spherical shells that the 
polarization field acting on the molecule at the centre is unaffected by either a 
diminution or an increase of density in its immediate neighbourhood. This 
conclusion remains valid even if there be fluctuations from spherical symmetry in 
the distribution of polarizable matter round the molecule, for it may be shown 
that this would give rise to a fluctuation of the polarization field which would be 
uncorrelated in sign with the local variation of density and may therefore be left 
out of account. The argument of Ramanathan appears to be correct, and, as we 
shall show later in the course of the paper; its validity remains substantially 
unaffected even when, as in our present treatment, the polarization field acting on 
a molecule is assumed to vary with its orientation in the external field. We now 
proceed to modify the treatment of light-scattering given by Ramanathan so 
as to take the “anisotropy” of the polarization field into account. 

4. Radiation from a given molecule 

Let a beam of plane-polarized light be incident in the medium along the x-axis of 
a system of coordinates xyz fixed in space, the electric vector of the light wave, 
equal to E, say,-lying along the z-axis. Let us consider a molecule at O radiating 
under the influence of the light wave. We choose the optic axes of the molecule as 
the axes of another coordinate system of course rigidly fixed to the molecule, 
their orientation in space being defined with reference to the xyz axes by the usual 
Eulerian angles 0, </>, 1jj. Then the cosines of the angles between the different axes 
are given by the following table. 
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Table I 

X y z 

£ 0L1J = COS 9 COS (f) COS l/f 

— sin 4> sin \p 
ai2 = cos 0 sin </> cost/' 

+ cos (f) sin <]/ 

a13 = — sin# cost/' 

*1 a21 = —cos6cos(f)sin\J/ 
— sin</)cosi// 

a22 = ~ cos9 sin (p sin\]/ 

+ COS0 cosi// 

a23 = sin9simj/ 

c a31 = sin 0 cos 0 a32 = sin 9 sin 0 a32 = cos 9 

Now,.if A, B, C be the moments induced in a molecule per unit field acting 
respectively along its three axes, then the actual moments induced in the molecule 
at O along its axes by the electric vector of the light-wave are 

AE(i +p a)<*i3,' 

BE{ 1 + p2x)a23, , 

and CE{ 1 + p3x) a33 
J 

respectively. We may denote these expressions shortly by A'Eol13, 

C'Eol33, where 
A'Eol23, and 

A' = A{\+PaV 

B' = B(l+p2X\ > 

C = C(1 + p3x). 

When these moments are resolved along the x-axis, their sum is equal to 

Mx = E(Af<x13(xll + £'a23a21 + C'a33a31). (4) 

At a large distance d from the molecule measured along the y-axis, i.e. 
transversely to both the direction of vibration and the direction of propagation of 
the incidental light, the amplitude of the x-component in the radiation from the 
given molecule is obviously equal to 

where 

(5) 

Similarly, the amplitude of the z-component of the radiation from the given 
molecule will be equal to 

(6) 
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where Mz is the sum of the resolved components along the z-axis, of the moments 
induced in the molecule, and is given by 

MZ = E{A’*U + B'<x\, + C*l2). (7) 

5. Orientation scattering 

We now imagine the space occupied by the fluid to be divided into a large number 
of equal volume elements forming the cells of a regular cubic space-lattice. The 
linear dimensions of the volume element are assumed to be small in comparison 
with a wavelength, and at the same time large enough to include a great many 
molecules. The fluctuations in the number and orientations of the molecules in any 
one element may, in the circumstances, be considered to be independent of the 
fluctuations in the adjoining ones. At any given instant the radiations from the 
different molecules in a volume element may be taken to be in the same phase; and in 
order to get their instantaneous aggregate effect at the point of observation, we have 
merely to add up the amplitudes due to the individual molecules. Thus, for instance, 
the amplitude, at any given instant, of the x-component of the radiation from a 
volume element Sv will be given by 

(8) 

where £ denotes summation over all the molecules in Sv. 

We have next to compound the effects due to the different volume elements. 
Since each of these contains a large number of molecules, which, as mentioned in 
section 2, are oriented at random, the average value of (given by (4)) taken 
over the different volume elements will be nothing. However, for any single 
element, £Mx will, in general, be finite, being as often positive as negative , its 
actual value being determined by the chance orientations at the given instant of 
the molecules present in it. The values of XM* for different volume elements will 
thus be entirely uncorrelated, and the resultant effect is accordingly obtained by 
addition of the intensities (represented by the squares of the amplitudes), and not 
by addition of the amplitudes. Thus the problem reduces to one of finding the 
average value of the intensity taken over all the volume elements, and will 
evidently be the same as finding what is called in the theory of probabilities the 
“expectation” of intensity from a single volume element; i.e. the mean value of the 
intensity to be expected after a very large number of trials in each of which the 
number and the orientations of the molecules present in it are rearranged 
arbitrarily according to the principles of statistical mechanics. 

Since, as is evident from (1), the fluctuation of density is very small in comparison 
with the mean density, we may reasonably assume in the calculation that in the 
different trials the total number of molecules in the element of volume does not vary, 
only their orientations varying arbitrarily. The expectation ofx2 from Sv will then be 
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given by 

X2 = -^expectation of (XMJ2 from Sv, 

which can easily be shown to be equal to 

k4 c —r 
-2n0SvM2x, 

where M2 denotes the average value of Ml taken over all the molecules in the 
element, i.e. over all orientations, and is therefore given by 

II a *(t> = 2Tl '*i/r = 27t 
E2(A'a13an + £'a23a2i + C'a33a31)2 sin 6 d6 d<p dij/ 

Je = o J © II -e- t/r = 0 
re = n f%4> = 2n r + = 2n 

sin 6 d6 d</> dij/ 
J 0 = 0 4> = 0 » <Jj = 0 

(10) 

= E2F, (11) 

where 

F = io L(A' ~ B')2 + (B' - C)2 + (C - A’)2l (12) 

Then from (9) we get for the intensity of the x-component of the scattering per 
unit volume 

lx = j2E2n0F. (13) 

Coming now to the 2-component, we may write expression (7) for Mx shortly as 

Mx = EL, (14) 

where 

L = A'cc2l3 -1- #'a|3 + C'(xl3. (15) 

As before, by summing up the amplitudes of the radiations from the individual 
molecules in Sv at any instant, we get for the resultant amplitude 

(16) 

X, as before, denoting summation over all the molecules in Sv. For convenience in 
discussion we can rewrite the expression in the form 

k2 

z=je 
^A' + B' + C’ , , A' + B' + C' 

(17) 

k2 A' + B' + C . k2 ( A' + B' + C 

=je—3—nS?+jEAL- 3 3 
(18) 
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The two terms in (18) may be denoted by Zx and Z2 respectively. We shall in the 
first place consider the second term Z2, reserving a discussion of the other term to 
the next section. 

At any instant the average value of £(L — (A' + B' + C)/3) for the different 
volume elements can easily be shown to be zero. But as in the previous case its 
actual value for any single element will be finite, in general, and will be determined 
wholly by the chance orientations of the molecules in it. Hence, so far as the 
second term of (18), viz. Z2, is concerned, we have as before to add up the 
intensities due to the different volume elements in order to get the total intensity. 

Following the same reasoning as in the case of the x-component, we get for the 
expectation of intensity on account of the second term of expression (18) from a 
volume element Sv 

Z\ =—jE2n0Sv[ L — 
A'+ B' + C f\ 2 

(19) 

where the bar over the last factor denotes averaging over all orientations, 

/c4 
= -3j E2n0Sv x - B')2 + (B' - C')2 + (C - A')2]. (20) 

d 

k4 

jjE2n0Sv x |F. (21) 

Thus we get for the intensity of this part of the z-component, scattered per unit 
volume 

The expression 

(22) 

(23) 

gives the “orientation” scattering per unit volume. In the special case when 
A' = B' = C, i.e. when the moments induced in a molecule are isotropic, F = 0 and 
the orientation scattering naturally disappears. 

6. Density scattering 

We have still to consider the first term in (18), viz. 

k2r,A' + B' + C' c 
— t-r~ -nov. 
d 3 

(24) 

(A' + £' + C')/3 is the average moment induced in a molecule per unit external 
field, the average being taken over all directions of incidence of the field with 
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respect to the molecule. The actual field on the molecule which produces this 
moment can be divided into three parts: 

(a) The external field. 
(b) The field arising from the doublets outside a spherical volume element 

containing the molecule at its centre. 
(c) The field arising from the molecules within the volume element. 

For the reasons given in section 3, the fields (a) and (b) will be unaffected by the 
fluctuations of density in the volume element, and hence the corresponding 
contribution from these fields to the mean moment of the molecule, viz. 

A + B + Cf, 4te \ 

“1 ( +T7 
can be regarded as constant. 

The rest of the contribution to the mean moment, viz. 

UAal + B°2 + 

471 

<Tl = Pl- T’ 

4 71 
°2 — Pi > * 

471 
G3~P 3 ’ 

(25) 

(26) 

comes from field (c) due to the immediate neighbours, and hence will vary directly 
with the fluctuation of n in the volume element. However, in any actual case 
Aol + Bo2 + Co3 is negligible in comparison with A + B + C (generally 1 or 2%), 
and hence we may reasonably assume that the whole of the mean moment, i.e. 
(A’ + B' + C')/3, is independent of the fluctuations of n. 

Expression (24) can then be written in the form 

^ k2 A' + B' + C' t . k2rA' + B' + C\ t 
Zj. = —£---«0dv + —£---8n5v. 

a 3 a 3 
(27) 

The first term represents that part of the amplitude which will be constant for 
the different volume elements, and on compounding will cancel each other out by 
mutual interference, owing to the regularity in the arrangement of the volume 
elements in the medium. The amplitude represented by the second term, however, 
being determined by the chance fluctuation Sn, will be uncorrelated for the 
different volume elements, and we shall have to add their squares to get the 
resultant intensity. Thus 

A' + B' + 2_ 
Sn2Sv2, 

3 
(28) 
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which, using (1) and the relation 
r 

A' + B' + C n2-\ 

K°-3- 

where n is the refractive index of the medium, reduces to 

Thus we have for the “density scattering” per unit volume 

k* rtp (f-iy 

zl~d2 N \ 4n J ■ 

The total intensity of the z-component 

Iz Izl 4" Iz2’ 

where Izl and lz2 are given by (31) and (22) respectively. 

(29) 

(30) 

(31) 

(32) 

7. Depolarization and intensity of the scattered light 

If the incident light travelling along Ox is unpolarized, we shall have to take into 
consideration also the y-component of the primary vibrations, which, being 
along the direction of observation, will contribute equally to the intensities of the 
x- and z-components of the transversely scattered light, an amount given by (13). 

Thus in this case the intensity of the x-component will be equal to 2Iz and that 
of the z-component to lz + Ix, and the ratio of the components is given by 

r = 
2IX 

Iz + Ix 

2 n0F 

rtp(m2- iy 
N \ 4n J 

+ lnoF 

(33) 

Also the total intensity of the transversely scattered light expressed in terms of 
the incident intensity I0 = 2E2, becomes 

ft2 RTp, 2 

°2d2 NX* [M 
1): 

6 + 6r 

6-lr 
(34) 

In the special case when the polarization field is isotropic, 

471 
Pl=P2 = P3=Y 
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and 

(35) 

and the expressions r and / reduce naturally to those obtained recently by 
Ramanathan. 

8. Comparison with experiment: (a) Intensity 

We now proceed to consider how far the above expressions are in conformity 
with actual experimental results. First we take up the intensity of the transversely- 
scattered light. From a critical examination of the available data, it has been 
shown by one of us* * that relative measurements of intensity in a large number of 
organic liquids entirely support expression (34). We reproduce here the 
calculations for some typical cases for which we have accurate values for the 
compressibility from the measurements of TyreF (see table II). 

Thus over the whole range of intensities from 0-2 to 13, relative to ether, the 
agreement between the observed and calculated values is very satisfactory. 
Nitrobenzene is the only exception, the discrepancy being too large to be 
attributable to error of measurement. However, since it shows a very high 
depolarization (the highest in the list), any impurity present in the liquid is likely 
to lower the observed value of r and consequently the calculated value of / 
considerably; whereas the actual intensity will be increased. Further it is a 
coloured liquid. It would be of interest to repeat the measurement with a specially 
purified specimen. 

Recently in the authors’ laboratory, Mr Ramachandra Rao* has studied the 
scattering by six typical organic liquids over a wide range of temperature up to 
the critical point. The relative values of the intensity at different temperatures 
again confirm the validity of the above expression for I. 

Absolute measurements of intensity available also support expression (34), as 
will be evident from table III. (I/I0)d2 gives, according to our notation, the 
fraction of the incident unpolarized light scattered transversely per unit volume of 
the liquid, per unit solid angle. 

*KS Krishnan, Proc. Indian Assoc. Cultiv. Sci. ix, p. 251 (1926). 

fD Tyrer, J. Chem. Soc. cv, p. 2534 (1914). 
*S Ramachandra Rao, Indian J. Phys., ii. p. 7 (1927). 
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Table II 

Liquid 

r 

(observed) 

/ (relative to ether = 1) 

at 30°C 

Calculated 

according to 
(34) Observed 

Water 0085 0-19 0-19 

Methyl alcohol 0 060 0*51 0-56 

Ethyl alcohol 0053 0-58 0-57 

Ethyl acetate 0-230 0-95 0-98 

Carbon tetrachloride 0-053 0-96 1-02 

Chloroform 0-240 1*31 1*26 

Acetic acid 0-455 1-39 1 42 

Ethylene chloride 0-36 1-40 1-44 

Ethyl bromide 0-250 1-55 1-58 

Benzene 0-47 3-13 3-2 

Toluene 0*51 3-29 3-4 

Aniline 0-60 3-59 3-42 

Meta xylene 0-57 3-90 3-87 

Chlorobenzene 0-58 4-09 4-10 

Nitrobenzene 0-74 7-6 10*5 

0-64 | 10*9l 

Carbon bisulphide 0-685J 14-1J 
12-9 

Table III 

Liquid 

X 

in A.U. 

Temper¬ 

ature 

°C r 

/ 
-d2 
10 

Calculated 

according 

to (34) 

x 106 

Observed Observer 

Ethyl ether 4358 20 0-080 8-85 9-2 
Martin & 
Lehrman* 

Benzene 5440 15 
|0-41 

|p-47 

8-85) 

10-7 J 
10-7 ±0-55 

Cabannes 

& Daure+ 

*W H Martin and S Lehrman, J. Phys. Chem. xxiv. p. 478 (1920). 

+J Cabannes and P Daure, Comptes Rendus, clxxxiv. p. 520 (1927). 
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9. Comparison with experiment: (b) depolarization 

Expression (33) enables us to determine the depolarization of the light scattered 
by a fluid in terms of A, B, C, the optical constants of the molecule and pl9 p2, p3, 
the constants of anisotropy of the polarization field. In the case of a rarefied fluid, 
the polarization field is very small and may be neglected. For a dense fluid, if we 
disregard the “anisotropy” of the field and assume that 

4 n 
Pl=P2=P3=Y’ 

then the depolarizations in the liquid and gaseous states are connected by the 
simple relation 

RTP r,iq. r8as 

N °6-7 r,iq. 6 — 7rgas 
(36) 

The value of r,iq calculated from expression (36) usually, however, differs widely 
from the observed value. In the case of the carbon compounds, the differences are 
very marked in the case of the paraffins and the monohydric alcohols, the 
observed depolarization being much smaller than the calculated value; the 
differences are less conspicuous in the aromatic series of compounds. 

A natural explanation of these facts is furnished by taking into account the 
anisotropy of the polarization field. It is sufficient as an illustration to consider 
the cases of the paraffin series of hydrocarbons. As is well known from chemical 
considerations and from X-ray data, the molecules of these compounds form 
elongated chains of carbon atoms, to which the hydrogens are linked. The length 
of the chain is much greater than its cross-section. X-ray study of the liquid shows, 
as might be expected a priori, that the molecules lie much more frequently 
touching one another side to side and much less frequently end to end. In these 
circumstances it would obviously be incorrect to assume the polarization field 
acting on a molecule to be independent of its orientation in the field. A much 
closer approximation to the truth is to consider the molecule as equivalent to a 
doublet placed at the centre of a prolate ellipsoidal cavity scooped out of a 
continuous isotropic medium, the dimensions of the cavity being determined by 
those of the molecule. The values of pl9 p2, p3 are readily calculated from the 
expressions 

1 + e 

1 — e 
(37) 

Pl=P 3 = 2n 

where e is given by 

1 - e2 1 + e\ 
(38) 

b = c — (1 — c2)1/2-a, (39) 

a, b, c being the axes of the cavity. 



338 C V RAMAN: SCATTERING OF LIGHT 

In table IV are given the values of the depolarization factor computed in this 
way, and those observed are tabulated for comparison. A satisfactory agreement 

is indicated. 

Table IV. All the quantities refer to 30° C 

Dimensions 

of the mole¬ 

cule in A.U. 

rliq calculated from 

(36) 

(Isotropic 

polarization 

field) 

(33) 
(Anisotropic 

polarization 

field) 

f\. 

Substance a b = c r 
9 gas 

' liq. 

observed 

Pentane 8-7 4-9 00136 0-21 0074 0075 

Hexane 100 99 0015 0*31 0087 

0083 

0100 

f 0127 

Heptane 113 99 00158 0-38 (0100 

Octane 12 6 99 00186 0-46 0105 0129 

10. Summary 

An examination of the data for the depolarization of the light scattered by fluids, 
with the aid of the molecular theory due to Ramanathan, indicates an apparent 
change, usually a large diminution, in the optical anisotropy of the molecules of a 
given substance, as it passes from the condition of vapour to that of liquid. In the 
present paper a new theory is put forward which offers a natural explanation of 
the foregoing fact without any artificial hypotheses. In the treatment of the 
optical properties of liquids usually given, the polarization field acting on a 
molecule is assumed to be independent of its orientation in the field. This 
assumption is not justifiable when the shape of the molecule departs greatly from 
spherical symmetry, and consequently the distribution of polarizable matter 
surrounding it ceases to be symmetrical. The strength of the polarization field will 
in these circumstances be dependent on the orientation of the molecule in the 
field, and may be expressed in terms of three constants characteristic of the 
molecule for the given density and temperature of the fluid. The theory of light¬ 
scattering is developed on this basis, and gives an expression for the intensity of 
scattering which is in close accord with facts. It also enables the depolarization of 
the scattered light in the liquid to be successfully calculated from that of the 
corresponding vapour, at least in those cases where the constants of anisotropy of 
the polarization field can be determined from the shape of the molecule. 

210 Bowbazaar Street, Calcutta, India 
18 August 1927 
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The theory of light-scattering in liquids 

C V RAMAN, F.R.S.* 

In the July, 1928 issue of the Philosophical Magazine, Dr Y Rocard has made 
certain comments on the paper by myself and Mr Krishnan in the Philos. Mag. for 
March, 1928, to which it is necessary to reply. 

The outstanding facts of observation in regard to scattering of light in liquids 
are that while the intensity of scattering at the ordinary temperatures is much 

smaller in liquids in proportion to the density of the fluid than in the 
corresponding vapour, the depolarization of the transversely scattered light is 
much larger. Any theory of light scattering to be considered reasonably successful 
should not only explain these facts, but also indicate the manner in which the 
intensity and depolarization vary when the physical condition of the fluid is 
altered by change of temperature or pressure. The molecular theory of light¬ 
scattering outlined by me in 1922, and more fully formulated by Dr Ramanathan 
in November of the same year and published early in 1923, had precisely the 
foregoing for its object, and in a general way it was confirmed by the series of 
experimental researches carried out at Calcutta on the scattering of light by 
vapours and liquids at high temperatures and pressures (Proc. R. Soc. A, cii. 
p. 151,1922, and civ. p. 357,1923). The purpose of the paper in the Philos. Mag. for 
March, 1928 by Mr Krishnan and myself was to modify the original Raman- 
Ramanathan theory in the light of the newer knowledge concerning the 
molecular structure of liquids obtained by X-ray investigations. The fundamental 
idea of the paper is the use, instead of the spherically symmetrical polarization 
field of Lorentz, of an anisotropic polarization field, the constants of anisotropy 
depending mainly on the geometrical form of the molecules and also on the 
density of the fluid. The value of our attempt is to be judged not only by the 
greatly improved agreement between theory and the facts of observation thus 
brought about, but also by the success achieved with the aid of the same idea in 
explaining other electrical and optical properties of liquids which have hitherto 
been obscure (C V Raman and K S Krishnan, Proc. R. Soc. A, cxvii, pp. 1 and 589, 
1927-28). 

Dr Rocard thinks that some of the conclusions set forth in the papers by 
Dr Ramanathan and by ourselves had already been anticipated by Prof. L V 

* Communicated by the Author. 
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King. We believe that this remark has no adequate foundation. As a matter of 
fact, Prof. L V King never published any detailed theory of light scattering in 
liquids. In a brief letter in Nature (May 19, 1923) he put forward a conjectural 
amendment of the Raman-Ramanathan formula for the intensity of scattering. 
This was based on certain hypotheses regarding the origin of the observed 
depolarization in liquids, which were certainly inadmissible, as pointed out by me 
shortly afterwards in a letter to Nature (August 4, 1923) to which no reply by 
Prof. King was ever published. Prof. King certainly did not contemplate the 
existence of the simple relationship between the observed depolarizations in 
liquid and vapour which forms an essential part in the Raman-Ramanathan 
theory; and to ascribe to him a formula for such relationship, as Dr Rocard appa¬ 
rently wishes to do, would be quite unreasonable. 

Dr Rocard’s note in the Comptes Rendus for August, 1925, to which he refers, 
did not contain any definite statement or proof that the polarization field within a 
liquid could be regarded as unaffected by the fluctuations of density, and indeed 
he now himself disclaims such belief. The grounds on which we, on the other hand 
(in agreement with Ramanathan) consider such assumption to be valid, appear to 
us to be of a quantitative nature. The weight of experimental evidence also seems 
to be in our favour. 

210 Bowbazaar Street, Calcutta 
2 August 1928 
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Optical behaviour of protein solutions 

A very remarkable increase in light-scattering power is exhibited by gelatine 
solutions when the hydrogen-ion concentration approaches the value (about 
pH = 5) corresponding to the iso-electric point. This effect, which appears to have 
been known for some time, has been recently studied in detail by Kraemer and his 
co-workers, who give interesting curves showing the manner in which the Tyndall 
effect varies with pH and temperature (Colloid Symposium Monograph, 4, and 
J. Phys. Chem. May 1927). 

The phenomena are scarcely intelligible on the view commonly adopted that 
the Tyndall effect in a colloidal solution is simply proportional to the number of 
scattering particles of the same kind present in it. Their explanation becomes 
clearer if we apply to colloidal solutions the general thermodynamic theory of 
light-scattering, in which the Tyndall effect is regarded as due to local fluctuations 
of optical density in the medium. According to the latter theory, the scattering 
power of a colloidal solution would be connected with the osmotic pressure P of 
the particles, by the relation 

n2RT k(de/dk)2p/m 

2 NX* dP/dk ’ (l) 

where k is the concentration of the dispersed material, e is the optical dielectric 
constant of the solution and p/m is practically unity for a dilute solution. It is well 
known from the work of Jacques Loeb that the osmotic pressure of a gelatine 
solution alters in a notable manner with pH, becoming very small at the iso¬ 
electric point. Equation (1) then enables us to see at once why the Tyndall effect 
becomes very large under the same conditions. 

A detailed discussion of colloidal optics on the basis of the thermodynamic 
theory of light-scattering will be published in the Indian J. Phys. 

C V RAMAN 
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X-ray diffraction in liquids 

In order to find experimental support for the theory of X-ray diffraction in liquids 
put forward some three years ago by C V Raman and K R Ramanathan (Proc. 

Indian Assoc. Cultiv. Sci., 1923 8, p. 127), extensive studies have been undertaken 
in the authors’ laboratory of the phenomena observed when a pencil of 
monochromatic X-rays passes through a layer of fluid, particularly with the view 

of determining how the effects are influenced by the physical condition and the 
chemical nature of the substance under investigation. The photographs repro¬ 
duced here (figure 1 a and b) were obtained in the course of work on this line by 
one of us (C M Sogani) and represent the X-ray liquid haloes of hexane and 
cyclohexane respectively. The fluids were contained in cells with very thin walls of 
mica and the X-radiation of copper from a Shearer X-ray tube was used. 

a b 

Figure 1. X-ray diffraction haloes of liquids, 

a. Hexane; b, cyclo-hexane. 

The differences between the two patterns are sufficiently striking; cyclohexane 
shows a bright and sharply defined halo with a very clear dark space within, while 
hexane, on the other hand, shows a less intense and relatively diffuse halo, the 
inner margin of which is not sharply terminated but extends almost up to the 
direction of the incident rays. These differences indicate very clearly the effect of 
the geometrical form of the molecules on the X-ray scattering by a liquid. From 
an X-ray point of view, cyclohexane consisting of ring-formed—through 
arbitrarily orientated—molecules has a nearly homogeneous structure, while on 
the other hand the elongated shape and varying orientations of the molecules in 
hexane cause it to be much less homogeneous in X-ray scattering. This 
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explanation is supported by the observation that the diffraction halo of benzene 
resembles very closely that of cyclohexane. 

It is very interesting to contrast these facts with the optical behaviour of the 
three liquids with regard to the scattering of ordinary light. Optically, hexane and 
cyclohexane are far more nearly similar to each other, and differ strikingly from 
benzene, the depolarisation of the scattered light being small for hexane and 
cyclohexane and relatively large for benzene. Here, evidently, the geometrical 
form of the molecule is of much less importance than its chemical character. 

Further studies of the liquid-haloes for various organic, substances of the 
aromatic and aliphatic series, and specially with the long-chain compounds, are 
in progress. 

C V RAMAN 

C M SOGANI 

210 Bowbazaar Street 
Calcutta, India 
10 February 
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X-ray diffraction in liquids 

The experimental studies described in a previous note in Nature (23 April, p. 601) 
have been continued by one of us (C M Sogani) and the structure of some 
thirtyfive liquids has been studied by X-radiation. The present note indicates 
briefly some of the outstanding results of the investigation. 

The twenty aromatic liquids examined indicate a remarkable variation of the 
structure of the diffraction halo with the form, position and mass of the 
substituent groups which replace the hydrogen atoms in benzene. Ortho-, para- 
and meta-compounds are readily distinguished by their X-ray liquid haloes. 
When the benzene ring is loaded in an unsymmetrical manner, there is a 
broadening of the halo, which is the more striking the heavier the mass of the 
substituent group. The research furnishes numerous examples of this effect, a 
striking illustration being the difference in the haloes due to aniline and 
nitrobenzene respectively (figure (a) and (h)). In several of the liquids, the halo 
becomes doubled, a good example being that of mesitylene, where the two rings 
are of nearly equal intensity. 

The aliphatic liquids examined include several of the paraffins, some alcohols, 
and an extended series of the fatty acids ranging from formic acid up to brassidic 
acid, which has a chain of 22 carbon atoms. The results confirm the prediction of 
Raman and Ramanathan (Proc. Indian Assoc. Cultiv. Sci., 1923, 8, p. 154) that 
with such asymmetrical molecules, we may have more than one halo, the sizes of 
which correspond to different special configurations of neighbouring molecules 
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relatively to each other in the liquids. The most striking illustrations of this are 
furnished by acetic acid and glycerine, each of which gives two haloes, 
corresponding respectively to the mean distance between neighbouring mole¬ 
cules which lie side by side and those which lie end to end. With very long 
molecules, however, only the former type of halo appears on the plates, and its 
size, as expected, is found to be independent of the length of the carbon chain. 
With the earlier members of the aliphatic series, noticeable variations appear 
both in the size and the character of the halo with increasing length of the chain. 

The case of liquid mercury, which has also been examined, is of great interest in 
view of the monatomic character of its molecules, and also in view of the 
theoretical proof by Raman and Ramanathan (loc. cit.; 1923) that the X-ray 
scattering by liquids at small angles would be determined by the compressibility 
of the liquid. Mercury has the smallest compressibility of all known liquids 
(3-9 x 10“12), and in agreement with the theory of Raman and Ramanathan, it is 
found to give a halo with a sharply defined inner margin and a very clear space 
within. 

Further details will be found in papers appearing in the Indian J. Phys. 

210 Bowbazaar Street 
Calcutta, 25 August 

C V RAMAN 

C M SOGANI 
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Thermal degeneration of the X-ray haloes in liquids 

The theory of X-ray diffraction in fluids put forward some years ago by the writer 
with Dr Ramanathan (Proc. Indian Assoc. Cultiv. Sci., 1923, 8, pp. 127-162) 
indicates that the diffraction halo exhibited by liquids under ordinary conditions 
should be strikingly modified by rise of temperature. As explained in that paper, it 
follows from thermodynamic considerations that at ordinary temperatures the 
molecules of a liquid are ordered in space with a high degree of regularity, and the 
comparative sharpness of the X-ray halo at such temperatures is a consequence of 
this fact. With rise of temperature, however, the molecules are thrown into 
increasing disarray, as is shown by the considerably enhanced scattering power of 
the liquid for ordinary light. Accordingly, we should expect the X-ray halo to 
become more diffuse and faint; it should also contract to some extent, owing to 
the diminished density and consequent increase of the mean distance between 
neighbouring molecules. Vice versa, if the liquid is supercooled until it congeals 
into a glassy solid, we should expect the halo to become sharper and brighter, and 
at the same time to dilate somewhat. 

These consequences of the theory as well as the influence of the asymmetrical 
shape of the molecules on the structure of the X-ray haloes, were set out clearly in 
the paper, though at the time it was written no experimental evidence could be 
adduced in support. It is satisfactory to note that an examination of the subject 
undertaken by Dr N K Sethi and Mr S S Ramasubramanian in the writer’s 
laboratory has shown the predicted degeneration of the diffraction halo with the 
rise of temperature to be an experimental fact. There is found, as expected, a 
progressive change of the halo from a comparatively sharp and bright ring in the 
amorphous solid at low temperatures to a fainter and more diffuse aureole in the 
liquid state at high temperatures. 

C V RAMAN 

210 Bowbazaar Street 
Calcutta, 16 October 
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A critical-absorption photometer for the study of the 
Compton effect 

C V RAMAN, F.R.S. 
and 

C M SOGANI, M.Sc. 

(Received 5 March 1928) 

[Plate 1] 

1. Introduction 

That a change of wavelength occurs in X-ray scattering was first indicated by 
absorption measurements with the ionisation chamber, which showed that the 
absorption coefficient of a light element like aluminium was slightly greater for 
the scattered than for the primary X-rays. Later* more conclusive and direct 
evidence was obtained when spectrometric analysis of the scattered X-rays was 
first made by the ionisation and afterwards by the photographic method. This 
analysis disclosed the existence of an unshifted as well as the shifted line, and 
showed also that the latter becomes relatively more prominent with diminishing 
wavelength and lower atomic number of the scattering element. After the main 
features of the Compton effect were established by means of spectrometric 
measurements, however, absorption measurements with the ionisation method 
have again been employed for a detailed study of the phenomenon, for such 
measurements are much quicker than the spectrum experiments, where the final 
energy available is much smaller on account of the double scattering involved^ 

As mentioned above, the absorption measurements were based on the slight 
increase in the absorption coefficient of a light element when the wavelength 
changes from the unmodified to the modified value. The much larger and sudden 
diminution in absorption of X-rays when the frequency is altered from the short 
to the long wavelength side of the critical K-absorption limit of the element used 
as a filter, furnishes us with an easy and convenient method of exhibiting the 
wavelength change in X-ray scattering. In the present paper will be described a 

*A H Compton, Phys. Rev. (1923) 22, p. 408; P A Ross Proc. Natl. Acad. Sci. (1924) 10, p. 304; H M 

Sharp, Phys. Rev. (1925) 26, p. 691; Y H Woo, Phys. Rev. (1926) 27, p. 119, etc. 

fDe Foe, Phys. Rev. (1926) 27, p.675. 
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photographic wedge photometer based on this principle, which enables the 
characteristics of the Compton effect to be readily observed. It may be pointed 
out that the same idea could no doubt be utilised also in connection with the 
ionisation measurements of the Compton effect. 

2. Principle and description of the photometer 

The application of the idea of critical absorption demands a proper choice of the 
wavelength and the absorber. In other words, the wavelength X of the radiation 
used should be so related to the critical K-absorption limit Xk of the absorber, that 
whereas X is slightly smaller than Xk9 the wavelength X^ of the modified ray given 
by the well-known Compton equation 

X^- X = 0*0243(1 -cos 0) (1) 

becomes greater than Xk when the angle of scattering is larger than some 
convenient angle </>0. Confining ourselves to the characteristic K-radiation alone, 
a reference to the tables shows several substances for the target for which suitable 
absorbers are available. In tables I and II is given a list of elements of moderate 
atomic numbers suitable for use as targets and absorbers, and the minimum angle 
of scattering <f>0 at which the combination becomes effective for exhibiting the 
Compton effect. 

Table I 

At. 

no. of 

target Target Absorber 

00 

Kfl2 Kal 

o o 

21 Sc Ca 115 125 
22 Ti Sc 37 49 

31 Ga Cu 121 132 

32 Ge Zn 134 148 

33 As Ga 62 72 

34 Se Ge 49 60 

35 Br As 22 40 
38 Sr Br 131 141 

40 Zr Rb 93 104 
41 Nb Sr 81 90 

In the present experiments the radiation from a tin target of a metal shearer 
tube operated at about 60 KV was employed, and a palladium foil was used as 
filter. The wavelengths of the characteristic radiations Kal and Kfl2 for tin are 
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Table II 

At. 0O 
11KJ. 1 
target Target Absorber Kfl2 Kal 

42 Mo Y 

o 

55 

o 

60 
44 Ru Nb 34 49 
45 Rh Mo 23 42 
46 Pd Mo 103 114 
48 Cd Ru 80 91 
49 In Rh 74 85 
50 Sn Pd 59 71 
51 OU |Pd 108 120) 

jD 
1 Ag 57 69 J 

52 Te f Ag 103 1151 
1 Cd 49 62 J 

0-490 and 0-494 A.U. respectively, whereas the critical K-absorption limit of 
palladium is 0-506 A.U. 

Equation (1) then gives </>0 = 71° for the Kal line and </>0 = 59° for the Ka2 line. 
Consequently, as </> is increased from a small to a large angle, the transparency of 
the palladium foil will undergo an enormous increase on passing these values of 
0O. To be more definite, the transparency of a foil 0-1 mm thick will be increased 
nearly four hundred times in this process. Further, provided </> > </>0, the 
transmitting power will be seen obviously to depend upon the relative 
proportions of the modified and the unmodified scattering in any given case, 
increasing with the former. 

For the measurement of the intensity of the X-rays transmitted by the foil in 
any given case, a comparative method is adopted, the thickness of a light element 
like aluminium or iron, which is equivalent as regards absorption to the 
palladium being determined. To be able to do this from a single exposure, a wedge 
of such element (in the present case steel) with a suitable gradient of thickness is 
exposed side by side with the foil, the photographic plate being placed behind the 
combination and almost in contact with it. The resulting photograph will show 
two patches corresponding to the foil and the wedge respectively (see figures 1 
and 2, plate 1), and the point of the wedge which possesses the same transmission 
as the foil can be determined by inspection or more accurately with a 
microphotometer. Obviously the point of equality would shift towards the 
thinner end of the wedge as the modified radiation having wavelength > Xk 
increases in proportion. It may be added that, for 01mm of palladium, the 
equivalent thickness of steel would be 0-6 and 0-08 mm, respectively when the 
whole of the scattering radiation lies on the short or the long wavelength side of 
the critical limit. The two dots in the figure correspond to two holes drilled in the 
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steel wedge to serve as reference marks. Both the foil and the wedge were fixed in a 
metal plate with a suitable rectangular aperture, which was so designed as to 
serve as a plate-holder also. Arrangements were made to keep the photographic 
plate always in the same position with respect to the steel wedge. In order to 
protect the apparatus from stray radiation, the experimental beam was allowed 
to enter it only through a long lead tube. 

3. Experimental results 

Observations were made with three radiators, namely, carbon, aluminium and 
iron at various scattering angles. The results are set forth in tables III and IV, 
where t in the last column represents the thickness of the steel wedge at the point 
of equal transmission. Figures 1 and 2 (plate 1) correspond to the scattering from 
carbon at 60° and 90° respectively. Figures 3 and 8 are the reproductions of the 
microphotometer curves corresponding to the scattering from carbon at the 
various angles. In these curves the right hand part corresponds to palladium and 
the zero of the galvanometer falls outside the figures on the upper side. The 
microphotometer used was of the Moll type. For obtaining these intensity curves 

Table III 

Radiator <t> t 

O mm. 
Carbon 45 0.32 

99 60 0.31 
99 75 0.27 
99 90 0.22 
99 105 0.22 
99 120 0.22 

Table IV 

Radiator 
<t> t 

O mm. 
Aluminium 45 0.36 

99 60 0.36 
99 90 0.33 
99 120 0.33 

Iron 60 0.35 
99 90 0.34 
99 120 0.34 
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Figure 1. </> = 60 Figure 2. </> = 90 

Figure 3. 0 = 45 Figure 4. </> = 60 

Plate 1. (Contd; See also next page.) 
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Figure 5. 0 = 75 Figure 6. 0 = 90 

-M 

Figure 7. 0 = 105 

■ 
■ 

Figure 8. 0 = 20 

9HS 

Plate 1 
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the negatives were run from top to bottom (figures 1 and 2) across the same point 
of the wedge in each case. 

In case of scattering from carbon a cylindrical rod of carbon about 2 cm in 
diameter was irradiated so that the cross-section of the beam was a little greater 
than the diameter of the rod. To get the scattering from the more absorbing 
elements, namely, aluminium and iron, the primary beam was incident, nearly 
grazing the surface. The time of exposure for carbon was 10 min in each case, 
whereas exposures of 30 and 60 min were given in the case of aluminium and iron 
respectively. It may be remarked that the soft fluorescent radiation in the latter 
two cases would be cut off automatically to a large extent by the photometer itself. 

From a survey of the observations given above the following characteristics of 
the Compton effect are brought out. 

1. The change of wavelength of the modified line as a function of the scattering 
angle </> is given by equation (1). For, as calculated from that equation the 
modified Ka2 and Kal remain on the short wavelength side of the critical 
absorption limit till angles of scattering 59° and 71° respectively are reached. 
Hence, the point of equality of transmission between the steel wedge and the 
palladium foil should remain practically fixed as the angle of scattering is 
increased till it reaches the value 59°. A considerable change at 71° is also to be 
expected. In agreement with these indications, the microphotometer records 
(figures, 3 to 6) show that there is practically no change till an angle 60° is reached, 
and that the most rapid change occurs between 60° and 90°. 

2. The modified scattering is more prominent in the case of light radiators. 
Thus while the change in the point of equality for carbon as we pass from </) < </>0 
to 4>> (f)0 is large enough to be clearly detected by the eye (compare figures 1 and 
2, plate 10), the change is much less for aluminium and still less for iron. 

3. The ratio of the modified to the unmodified radiation continues to increase 
with increased angle of scattering. This is clearly shown in the case of carbon by 
the sequence of the microphotometer records (figures 5 to 8) for scattering 
angles 75°, 90°, 105° and 120°. 

The reason why the arrangement does not show the expected sensitiveness is 
that there is a considerable amount of white radiation mixed with the 
characteristic in the case of heavy target like tin. In addition there is the also to 
be considered. The sensitiveness will therefore obviously be increased if suitable 
filters are employed for cutting off the and most of the white radiation on 
either side of the Ka lines. This will, however, mean an increased exposure. A still 
better method would be to employ the radiation from a comparatively light 
element, in which case the white radiation will be relatively much less prominent. 
Even as it is, the apparatus is capable of readily exhibiting the main features of the 
Compton effect in an unambiguous manner. 
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4. Summary 

The great difference in transmission through a filter on the two sides of the 
K-absorption edge forms the basis of a very simple and convenient method of 
studying the characteristics of the Compton effect. For this purpose the material 
of the target for the X-ray tube and the material of the filter placed in the path of 
the scattered X-rays are so chosen that the unmodified scattered ray lies on the 
short-wave side of the limit, while the modified ray scattered through a 
sufficiently large angle is on the long wavelength side of the limit. The increased 
transparency for the scattered radiation at such angles is readily shown by a 
photographic plate exposed to the scattered radiation behind the filter, a steel 
wedge placed side by side with the filter forming the standard of comparison. The 
point of equality of transmission between wedge and filter shifts further and 
further towards the thin edge of the wedge with increasing proportion of modified 
to unmodified scattering. The known features of the Compton effect are 
unambiguously indicated. 
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Thermodynamics, wave-theory and the Compton effect 

Prof. A H Compton’s own explanation of the remarkable phenomenon 
discovered by him is well known and is set out very clearly in his recent book on 
“X-rays and Electrons”. Briefly, it is that radiation is of a corpuscular nature, that 
the momentum of the impinging quantum detaches the electron from the atom 
and causes it to recoil, while the deviated quantum loses energy in the process and 
degrades in frequency. This view of the Compton effect, like Einstein’s 
explanation of the emission of photoelectrons, approaches the relations between 
matter and radiation from a point of view so divergent from that of the familiar 
concepts of Maxwellian electrodynamics, that it is scarcely possible to under¬ 
stand how this conception of radiation is physically reconcilable with the familiar 
explanations of interference and diffraction phenomena. 

As is well known, there is an addition to the X-ray scattering of degraded 
frequency, an unmodified secondary radiation the existence of which has been 
explained by Prof. Compton as due to the whole group of electrons in the atom 
scattering conjointly. To this view, the objection might be raised that if one 
electron acting alone can scatter a quantum, and also all the Z electrons in the 
atom acting together, then why do we not observe scattering by two, three, or 
more electrons acting together at a time, with their corresponding fractional 
Compton shifts in wavelength? To the alternative explanation of the unmodified 
scattering given by Profs. Compton and Jauncey that it represents the scattering 
by an electron which the impinging quantum is unable to detach from the atom, 
the equally pertinent query may be asked, then why is the intensity of this type of 
radiation proportional to Z2 and not to Z? 

In addition to these objections of Prof. Compton’s explanations of his own 
discovery, there is another of a very fundamental nature which was also urged by 
me when, by invitation, I spoke at the British Association meeting at Toronto in 
August 1924, on the problems of the scattering of radiation. Maxwell’s theory of 
light not only explains the classical phenomena of interference and diffraction, 
but also, when taken in conjunction with the principles of thermodynamics, 
affords a very complete explanation of the phenomena of the scattering of 
ordinary light in gases, liquids, and crystals under the widest range of physical 
conditions. This has been fully demonstrated by me and my associates in a series 
of experimental and theoretical researches during the last six years. Is it 
conceivable, then, that Maxwell’s theory and thermodynamics taken together 
would fail in the closely allied field of X-ray research? Urging this point of view, I 
referred at the Toronto meeting to the beautifully simple explanation which the 
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classical wave-theory and thermodynamics together give of the X-ray diffraction 
haloes in liquids. 

During the current year I have returned to this subject, and in a series of 
memoirs which are being published in the Indian J. Phys., have developed a 
general theory of X-ray diffraction and scattering in which thermodynamics, the 
classical wave-principles and modern views of atomic structure are brought 
together and shown to afford a simple and intelligible explanation, not only of 
Prof. Compton’s own discovery, but also of the crucial experiments of Bothe and 
Geiger and of Compton and Simon, which at first sight seem so destructive of the 
classical wave-ideas. It is not possible in the columns of Nature to afford more 
than the briefest indication of the line of thought followed in these memoirs. 

The facts of temperature radiation from solids and fluids compel us to assume 
that the thermal agitation of bodies excites not only the atoms but also the 
electrons contained in them. Starting from this premise, it is shown on 
Maxwellian wave-principles that we must have two types of secondary 
X-radiation, one of intensity proportional to Z2 which corresponds to the normal 
or stationary state of the atom, and the other proportional to Z produced by the 
thermal fluctuations of the internal structure of the atom. The former is a 
stationary or diffraction effect, and the latter is of a highly fluctuating type, the 
intensity of which has no fixed values at any time or place and the laws of which 
can only be formulated as statistical relationships. This type of scattering is 
identifiable with the Compton effect, and the observed variations of the latter 
with direction of observation, atomic weight of scattering atoms and wavelength 
of X-rays, and the observed fluctuations with respect to time and direction, are all 
satisfactorily explained. 

In addition to these, the theory indicates that as the Compton effect is 
essentially a thermodynamic phenomenon involving degradation of energy, it 
should show a marked dependence on temperature. Experiments to verify this are 
in progress at Calcutta, but there are already sufficient indications in the 
literature of X-ray scattering and absorption and their variations with tempera¬ 
ture to indicate that the success of the experiments is a foregone conclusion. The 
results of the experimental work will also be published in the Indian J. Phys. 

C V RAMAN 

210 Bowbazaar Street 
Calcutta, 10 November 
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A classical derivation of the Compton effect 

C V RAMAN, F.R.S. 

Abstract 

With the aid of an atomic model in which the electrons are regarded as a gas distributed in a 
spherical enclosure surrounding the nucleus, it is shown that the classical wave-principles lead 

directly to a quantitative theory of the Compton effect and an explanation of the known experimental 

facts in connection with it. 

1. Introduction 

As the simplest possible model of a spherically symmetrical atom, consider a 
spherical enclosure of radius R within which are imprisoned a certain number Z 
of electrons. We shall assume that the electrons move about within the enclosure 
like the molecules of a gas. They are subject to the influence of a central field of 
force, but are prevented from coalescing with it by the energy of their movements 
and their mutual repulsions. Our atom model is placed in the path of a plane train 
of waves of definite frequency. What would be the nature of the secondary 
radiation emitted by the atom? We shall proceed to discuss this problem on the 
classical wave-principles. 

It will be assumed that each of the electrons is periodically accelerated along 
the direction of the electric force in the incident waves and emits secondary waves 
whose amplitude at a distance r is given by the expression — e2sin9/mc2r, where e, 

m and c have the usual meaning, and 9 is the angle between r and the electric force 
in the incident waves. The problem of determining the secondary radiation at a 
distance from the atom resolves itself into that of finding the sum of Z vibrations 
of equal amplitude but whose phases are different. An important point is that as 
the electrons have been assumed to be mobile, the phase-relations between the Z 
vibrations are continually variable with time. Has the problem of finding the 
resultant of Z such vibrations any definite meaning or answer? 

2. Theory of random interferences 

The question raised in the foregoing paragraph is very similar to those which 
continually arise in such optical problems as the theory of coronas, the scattering 
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of light by the molecules of a fluid and the like. We shall consider the 
mathematical formulation of our problem a little later, but the answer to it can be 
given forthwith by analogy with the known results in the optical cases referred to. 
The resultant of the Z vibrations can be divided into two parts. The first part is 
entirely determinate, its amplitude being a function of the angle between the 
primary and secondary rays which is invariable with time, its frequency is the 
same as that of the incident radiation, and its phase is definitely connected with it 
for each given direction. The second part is entirely indeterminate, so that neither 
the amplitude nor the phase can be specified at any given time or in any given 
direction, and consequently the frequency is also variable. Nevertheless, it is 
possible to specify the statistical expectation of intensity of this second and highly 
fluctuating type of secondary radiation, that is to say, the average value to which 
it tends in the mean of a large number of trials, and to determine the manner in 
which it tends to be distributed with reference to direction. This possibility of 
subdividing the resultant into two parts, one of which is stationary and 
determinate, and the other is fluctuating and indeterminate except in a statistical 
sense, follows in a strictly ’mathematical way from the theory of random 
interferences. 

3. Analysis of secondary radiation 

We may now proceed to demonstrate the foregoing statements. 
To enable the secondary radiation to be evaluated in a simple manner, we shall 

assume that the electrons move independently of each other in the spherical 
enclosure within which they are confined, and that the probability of any specified 
electron being found within a volume element dW of the enclosure is x{p)d\, 
where x{p) is a known function of the distance p of the volume element from the 
centre of the sphere. As the probability of the electron being found within the 
enclosure is unity, x{p) must satisfy the condition 

*R 

4itf>2x(p)dp=l. (1) 
Jo 

The sum of the Z vibrations at some distant point in some specified direction 
making an angle 2</> with the incident rays is 

e2 sin 6 
- ~mc2r ^-CQS(2nvt + Xi) + cos(27m + Xi) + • • ■ + cos{2nvt + *2)] (2) 

where Xi, Xn.Xz are the phases of the vibrations to be added. The resultant 
intensity is 

_ e4sin 26r ^ 
1 = m2c4r2 Cz + 2Xcos0<i - Z2)] (3) 
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where the summation within the brackets extends over the \Z{Z — 1) terms of the 
form cos (xi — x2)- The phase differences (xi ~ Xi) etc, may be expressed in terms 
of the positions of the two electrons concerned in each case. These positions are 
sufficiently specified by the coordinates pl5 p2,.. . Px,p2, • • • where p is the radial 
distance of the electron from the centre of the sphere and p is the direction-cosine 
of p with respect to the bisector of the angle between the incident and scattered 
rays. The statistical expectation of the value of cos (xi ~ Xi) in a large number of 
trials is given by the real part of the quadruple integral 

47C 
/*R 

0 

r r r +1 

J o 

r +1 

exp((^1)exp(-i^2)x(p1)x(P2)Pi/»2d/0idp2d/i1d/j2 (4) 
-1 J -1 

where 

if = 4np sin </>/A. 

Since the variables p and p are all independent, the integration with respect to 
px and p2 is readily effected. The quadruple integral (4) thus reduces to 

L_ %/ 

rR sin^ 
X(P)—r-^dp 

o * 
(5) 

We shall write (5) in the form F2, where F is evidently a function of R, X and the 
angle 0. Multiplying F2 by \Z{Z — 1) and substituting in (3), the latter reduces to 
the extremely simple form 

eA sin2 6 

m2c*r2 
\Z2F2 + Z(1 — F2)] (6) 

Equation (6) may be written in the form 

/^/i+72, where 

ef sin2 6 _e sm u 2 p,2 

m c r 
V) 

£ sin2 6 
h = ^^Z(l-F2)- 

m c r 
(8) 

The two parts Ix and I2 of the secondary radiation are fundamentally different 
in their physical nature as already remarked in the preceding section. 

4. The two types of secondary radiation 

We may point out that the first of the two types of secondary radiation into which 
we have resolved the emission from the atom is obviously the diffracted radiation 

from the atom. This is clear from its proportionality to Z2, and from the form of 
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the function appearing in (5). The clearest proof of its nature is however given 
when we attempt to find by the methods of the electromagnetic theory of light, the 
intensity of the diffraction-pattern due to a dielectric sphere. If the dielectric 
constant of the material of the sphere is a function of the radial distance from the 
centre and is given by the relation K — 1 = %(p) where x(p) is assumed small 
compared with unity, the intensity of the diffracted radiation is given by the 

expression 

7i2 sin2 6 
4 np2x(p) 

sin ij/ 

~T~ 

2 

The identity of form of this integral with that appearing in (5) and (7) makes the 
nature of the latter evident. 

Thus, of the two terms appearing in (6), the first term namely (7) is a perfectly 
determinate and invariable part which is the diffraction pattern of the atom. 
Hence, it follows that the second term in (6), namely (8) represents the statistical 

expectation of intensity of a quantity whose value in individual trials is 
indeterminate. This is clear from the fact that this term arises from a summation 
of amplitudes with entirely indeterminate phase-relationships which consequent¬ 
ly can give no definite result in any individual trial. The proportionality to Z 
instead of to Z2 is significant in this connection. A summation of the intensities 
instead of the amplitudes of the effects of the electrons is permissible for the 
determination of a statistical average only when the effects under consideration 
are completely uncorrelated in phase. An important point to be noticed also from 
equation (1) and expression (5) is that when (j) = 0, that is, in the direction of the 
primary beam, F2 = 1 and hence the expression (8) vanishes. This could have been 
expected a priori, for in the forward direction, the Z vibrations to be added have 
completely determinate phases, and hence the indeterminate part of the sum of 
the Z vibrations must vanish. 

The first type of secondary radiation being the diffraction by the atom, what 
meaning should we attach to the second and highly fluctuating type of radiation 
which is indicated by our atom-model? In this connection, we may remark that 
the possibility, or rather, the necessity for separating the secondary radiation into 
two distinct parts arises only when we employ a dynamic atomic model. In static 
atomic models where the electrons are supposed to occupy fixed positions within 
the atom, the phase-relations between them have always fixed values for any fixed 
direction, and the entire effect produced by the electrons is single and indivisible; 
we would have merely a diffraction-pattern or “structure factor” for the entire 
atom, differing considerably no doubt from that due to a smoothed-out 
distribution, but belonging to the same physical class of phenomenon. With static 
atom-models, therefore, it is not permissible to speak of any “independent” 
scattering by the electrons. 

From the fact that the statistical expectation of intensity of our second type of 
radiation is proportional to Z, the atomic number, the reader might be tempted to 
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suppose that this is simply the J J Thomson-C G Barkla type of scattering by 
the Z electrons in the atom acting “independently”, Such a view would be 

erroneous. For, in the first place, our formula is not simply the Thomson 
expression but appears with a very significant multiplying factor (1 — F2). But a 
more vital and fundamental difference is that our expression represents merely 
the statistical average of a quantity that fluctuates with time. This is essentially the 
result of using a dynamic atomic model, and the fluctuating effect involves also 
corresponding fluctuations with the time of the state of the atom itself, an idea not 
contemplated in the Thomson-Barkla theory. In fact, our investigation discloses 
that the so-called “Thomson scattering by the Z electrons acting independently” 
has no real existence either in a static or a dynamic atomic model. 

As remarked above, the fluctuations with time of the secondary radiation from 
the atom involve corresponding fluctuations in the electrical state of the atom 
which we may attribute to the movements of the electrons. If we postulate that the 
atom does not or cannot fluctuate, the fluctuating type of secondary radiation 
cannot exist. On the other hand, if we believe that our atom-model is not a wholly 
erroneous picture of the real atom and are prepared to concede the inference from 
it that a fluctuating type of secondary radiation from the atom does exist, then we 
must be equally prepared to accept the corollary that its emission is accompanied 
by a simultaneous fluctuation in the electrical state of the atom, the two 
phenomena in fact being inseparably linked with each other. 

We shall now proceed to identify the second or fluctuating type of secondary 
radiation with the Compton effect. It may seem surprising to be told that the 
classical wave-principles thus lead us directly to the existence of this effect and 
indeed also suffice to indicate its observed physical characters. The belief that the 
classical wave-principles are not easily reconcilable with the phenomena of the 
Compton effect must be ascribed, however, not to any defect of the wave- 
principles, but to the fact that they have not been interpreted correctly in the past 
in relation to the present problem. The existence of at least two different types of 
secondary X-radiation, one of which is of a highly “fluctuating” or incoherent 
character is the cardinal experimental fact which requires explanation, and we 
have seen already that the classical wave-principles taken together with a 
dynamic atom-model lead us to it very naturally. We shall presently see that they 
also explain the other facts known experimentally about the Compton effect. 

Our identification of the classical fluctuating secondary radiation with the 
Compton effect is not merely qualitative. It may be developed mathematically 
and proves itself to be solidly based. 

5. The characters of the Compton effect 

From equations (7) and (8) written above, and from the nature of the function F2 

which involves R, X and </>, it is readily seen that the ratio of the two types of 
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secondary radiations depends on Z the atomic number, upon the ratio of the 
wavelength X to the radius R of the atom, and upon the angle of diffraction 20. We 
shall consider these in order. 

As already remarked, the fluctuating type of radiation vanishes when 0 = 0. 
With increasing angle of diffraction, the value of F2 falls down from unity rather 
quickly, and ultimately reaches rather small values at large angles. The march of 

the function F2 with 0 depends of course on the structure-factor of the atom. The 
second type of radiation is, therefore, relatively to the first quite inconspicuous at 
small angles of diffraction. It reaches importance only when the angle of 
diffraction is such that F2 is a small fraction of unity, and then becomes quite 
comparable with the regularly diffracted radiation. 

The ratio of the second to the first type of radiation is largest for elements of low 
atomic number and becomes very small for elements of high atomic number. For 
elements of low atomic number, the two types of radiation are of comparable 
intensity even at very moderate angles of scattering; at larger angles, the 
fluctuating radiation becomes much the more conspicuous of the two. 

For any given angle of diffraction, F2 becomes smaller with decreasing 
wavelength of the incident radiation. Hence the ratio of the fluctuating to the 
stationary type of radiation increases with increasing hardness of the incident X- 
radiation. The angle of diffraction 2 0 at which the two become of comparable 
intensity becomes smaller at the same time, sin 0 being in fact proportional to X. 

We see therefore that the experimentally known facts regarding the ratio of the 
“unmodified” and “modified” types of X-ray scattering and its variation with the 
atomic number of the scattering element, the wavelength of the incident 
radiation, and the angle of diffraction are correctly indicated by the very simple 
theory developed in the foregoing pages. 

Our model atom is, of course, rather crude in its constitution. Its most defective 
feature is the assumption of an artificial barrier preventing the electrons from 
escaping outside. Such an artificial barrier is not really needed. In reality, any of 
the electrons is free to wander away from the atom into space if its kinetic energy 
should exceed the potential energy of its position in the central field of force. On 
the other hand, if its kinetic energy be less than this value, it cannot leave the atom 
and no barrier is needed to prevent its escape. If we imagine an electron to be so 
feebly bound that a small increment of energy would liberate it, such addition of 
energy would enable it to wander off from the atom. The escape of an electron 
from the atom may therefore be legitimately regarded as a possible mode of 
“fluctuation” in the electrical state of an atom, and one which is especially likely in 
the case of atoms in which the electrons are very loosely bound. We may 
therefore, without an undue stretch of language claim that considerations of a 
purely classical nature not only definitely predict the existence of a highly 
fluctuating type of secondary radiation from atoms, but also indicate that the 
fluctuation of the atom which must accompany the emission of such radiation 
consists of the ejection of an electron from it. 
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To be strictly logical, of course, we must be prepared to admit the possibility of 
other possible modes of fluctuation of the atom and the existence of correspond¬ 
ing special types of secondary radiation from it. Our simple atom-model with its 
virtually free electrons is not however capable of dealing with such cases 
quantitatively. 

To avoid misapprehension, it should be made clear that the “fluctuations” of 
the atom we are considering are quite different in nature from the “fluctuations” 
contemplated in thermodynamics and kinetic theory. We are here concerned with 
the “fluctuations” of the atom from its normal condition under the influence of 
external radiation. Whether simultaneous thermal excitation would modify the 
results is a question into which we need not enter here. 

6. The change of wavelength 

It now remains to consider the question of the change of wavelength and its 
relation to the motion of the ejected electron. Any type of secondary radiation 
from particles in motion necessarily involves changes of wavelength. Since the 
fluctuating secondary radiation is associated with the motion of an electron from 
within to outside the atom, we may naturally expect its frequency to be altered by 
reason of the Doppler effect. If we assume the electron to move with a velocity v in 
the direction of propagation of the primary waves, the wavelength of the spherical 
secondary waves emitted by it and observed in a direction making an angle % with 
the primary waves is 

X' = X -f X-{\ — cos x). (9) 
c 

Since we have assumed the electron to be periodically accelerated in the direction 
of the electric force, the only other possible way in which the incident radiation 
can act on the electron is by way of radiation pressure or electromagnetic 
momentum. This must be in the forward direction, for the secondary radiations 
from the electron being spherically symmetrical, they can have no resultant 
momentum in any direction. Thus, classical wave-principles justify (9) at least in 
form. We shall be doing no violence to them, though we may be offending 
Newtonian mechanics, by taking the forward momentum of the scattering 
electron to be the same as that of finite train of plane waves having the total 
energy hv. We then obtain 

X' = X-t-(1 — cos^) (10) 
me 

which is the Compton equation derived on the classical wave-principles. 
In obtaining (10), we have considered the electron, and altogether ignored the 

atom with which it is associated before expulsion. The radiation from the atom 
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does not consist of simple spherical waves as contemplated above, but of the 
complex fluctuating disturbance given by equation (6) of which the second part 
represents only a “statistical expectation” of intensity. Hence, we should be very 
far from being justified in assuming without further examination that the 
argument adduced above is valid for the case of the atom as distinguished from 
that of the free electron. Nevertheless there is good reason for accepting (10) as 
representing statistically the observed relation between wavelength and direction 
of observation, at least as an approximation. For, when the angle of diffraction is 
not too small, and especially for elements of low atomic number, equation (6) 
gives the statistical expectation of intensity as practically Z times that of a single 
free electron, and hence (10) may be regarded as statistically valid to a close 
approximation. 

It is a different matter if we ask what are the possibilities in any individual trial. 
To find an answer to this, we have to consider more closely the character of the 
fluctuating disturbance radiated from the atom. We must remember that not only 
is its intensity variable with time, but also its angular distribution, so that 
apparently we have no method, a priori, of finding what it would be in any 
individual trial. A way out of this difficulty is however indicated by the well- 
known general solution of the equation of wave-propagation discovered by 
Whittaker (See “Modern Analysis” Camb. University Press); Whittaker’s 
solution shows that even a most arbitrary type of wave-disturbance can be 
represented as the superposition of plane trains of waves travelling in all 
directions through space. We may thus analyse our fluctuating radiation into sets 
of plane waves travelling in different directions. Since the incident waves are 
themselves plane and periodic, we may accept the hint given by equation (10), and 
assume that it gives, as an approximation, the wavelength of the plane train 
travelling in the direction specified by the angle % as the result of such analysis. In 
any particular trial, therefore, the fluctuating part of the radiation emitted by the 
atom may be conceived as consisting, approximately, of a single such plane wave 
train or a group of closely adjacent plane wave-trains. In finding the correspond¬ 
ing velocity and direction of motion of the ejected electron, we have to take into 
account the momentum of the incident wave as well as that of the unsymmetri- 
cally scattered secondary wave. We understand in this way, why in any individual 
trial, the electron may be ejected in directions other than that of the primary ray. 
Its actual velocity and direction of motion depend on the incident and scattered 
waves jointly. Incidentally, it becomes evident why the argument of the “triangle 
of momenta” by which Compton obtained his formulae gives the same result for 
the change of wavelength as the simple classical theory of the emission of 
spherical secondary waves by the electron. 
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A new type of secondary radiation 

If we assume that the X-ray scattering of the ‘unmodified’ type observed by 
Prof. Compton corresponds to the normal or average state of the atoms and 
molecules, while the ‘modified’ scattering of altered wavelength corresponds to 
their fluctuations from that state, it would follow that we should expect also in the 
case of ordinary light two types of scattering, one determined by the normal 
optical properties of the atoms or molecules, and another representing the effect 
of their fluctuations from their normal state. It accordingly becomes necessary to 
test whether this is actually the case. The experiments we have made have 
confirmed this anticipation, and shown that in every case in which light is 
scattered by the molecules in dust-free liquids or gases, the diffuse radiation of the 
ordinary kind, having the same wavelength as the incident beam, is accompanied 
by a modified scattered radiation of degraded frequency. 

The new type of light scattering discovered by us naturally requires very 
powerful illumination for its observation. In our experiments, a beam of sunlight 
was converged successively by a telescope objective of 18 cm aperture and 230 cm 
focal length, and by a second lens of 5 cm focal length. At the focus of the second 
lens was placed the scattering material, which is either a liquid (carefully purified 
by repeated distillation in vacuo) or its dust-free vapour. To detect the presence of 
a modified scattered radiation, the method of complementary light-filters was 
used. A blue-violet filter, when coupled with a yellow-green filter and placed in the 
incident light, completely extinguished the track of the light through the liquid or 
vapour. The reappearance of the track when the yellow filter is transferred to a 
place between it and the observer’s eye is proof of the existence of a modified 
scattered radiation. Spectroscopic confirmation is also available. 

Some sixty different common liquids have been examined in this way, and 
every one of them showed the effect in greater or less degree. That the effect is a 
true scattering and not a fluorescence is indicated in the first place by its 
feebleness in comparison with the ordinary scattering, and secondly by its 
polarisation, which is in many cases quite strong and comparable with the 
polarisation of the ordinary scattering. The investigation is naturally much more 
difficult in the case of gases and vapours, owing to the excessive feebleness of the 
effect. Nevertheless, when the vapour is of sufficient density, for example with 
ether or amylene, the modified scattering is readily demonstrable. 

C VRAMAN 

K S KRISHNAN 

210 Bowbazaar Street, Calcutta, India 
16 February 
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A change of wavelength in light scattering 

Further observations by Mr Krishnan and myself on the new kind of light¬ 
scattering discovered by us have been made and have led to some very surprising 
and interesting results. 

In order to convince ourselves that the secondary radiation observed by us was 
a true scattering and not a fluorescence, we proceeded to examine the effect in 
greater detail. The principal difficulty in observing the effect with gases and 
vapours was its excessive feebleness. In the case of substances of sufficient light¬ 
scattering power, this difficulty was overcome by using an enclosed bulb and 
heating it up so as to secure an adequate density of vapour. Using a blue-violet 
filter in the track of the incident light, and a complementary green-yellow filter in 
front of the observer’s eye, the modified scattered radiation was observed with a 
number of organic vapours, and it was even possible to determine its state of 
polarisation. It was found that in certain cases, for e.g. pentane, it was strongly 
polarised, while in others, as for example naphthalene, it was only feebly so, the 
behaviour being parallel to that observed in the liquid state. Liquid carbon 
dioxide in a steel observation vessel was studied, and exhibited the modified 
scattering to a notable extent. When a cloud was formed within the vessel by 
expansion, the modified scattering brightened up at the same time as the ordinary 
or classical scattering. The conclusion is thus reached that the radiations of 
altered wavelength from neighbouring molecules are coherent with each other. 

A greater surprise was provided by the spectroscopic observations. Using 
sunlight with a blue filter as the illuminant, the modified scattered radiation was 
readily detected by the appearance in the spectrum of the scattered light of 
radiations absent from the incident light. With a suitably chosen filter in the 
incident light, the classical and modified scatterings appeared as separate regions 
in the spectrum separated by a dark region. This encouraged us to use a mercury 
arc as the source of light, all radiations of longer wavelength than 4358 A being 
cut out by a filter. The scattered radiations when examined with a spectroscope 
showed some sharp bright lines additional to those present in the incident light, 
their wavelength being longer than 4358 A; at least two such lines were prominent 
and appeared to be accompanied by some fainter lines, and in addition a 
continuous spectrum. The relation of frequencies between the new lines and those 
present in the incident light is being investigated by photographing and 
measuring the spectra. The preliminary visual observations appear to indicate 
that the position of the principal modified lines is the same for all substances, 
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though their intensity and that of the continuous spectrum does vary with their 
chemical nature. 

C V RAMAN 

210 Bowbazaar Street, Calcutta 
8 March 
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A new radiation* 

C V RAMAN, F.R.S. 

[Plate 1] 

1. Introduction 

I propose this evening to speak to you on a new kind of radiation or light- 
emission from atoms and molecules. To make the significance of the discovery 
clear, I propose to place before you the history of the investigations made at 
Calcutta which led up to it. Before doing so, however, a few preliminary remarks 
regarding radiation from atoms and molecules will not be out of place. 

Various ways are known to the physicist by which atoms or molecules may be 
caused to emit light, as for instance, heating a substance or bombarding it with a 
stream of electrons. The light thus emitted is usually characteristic of the atoms or 
molecules and is referred to as primary radiation. It is also possible to induce 
radiation from atoms and molecules by illuminating them strongly. Such light- 
emission is referred to as secondary radiation. The familiar diffusion of light by 
rough surfaces may be cited as an example of secondary radiation, but strictly 
speaking, it hardly deserves the name, being an effect occurring at the boundaries 
between media of different refractive indices and not a true volume-effect in which 
all the atoms and molecules of the substance take part. The first case discovered of 
secondary radiation really worthy of the name was the phenomenon of 
fluorescence whose laws were elucidated by the investigations of Sir George 
Stokes. This is a familiar effect which is exhibited in a very conspicuous manner in 
the visible region of the spectrum by various organic dry-stuffs. I have here a 
bottle of water in which an extremely small quantity of fluorescein is dissolved. 
You notice that when placed in the beam of light from the lantern, it shines with a 
vivid green light, and that the colour of the emission is not altered, though its 
brightness is changed, by placing filters of various colours between the bottle and 
the lantern. A violet filter excites the green fluorescence strongly, while a red filter 
has but little effect. 

Another kind of secondary radiation whose existence has been experimentally 
recognized more recently is the scattering of light by atoms and molecules. It is 
this scattering that gives us the light of the sky, the blue colour of the deep sea and 

*Inaugural Address delivered to the South Indian Science Association on Friday, the 16th March 
1928, at Bangalore. 
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the delicate opalescence of large masses of clear ice. I have here a large bottle of a 
very clear and transparent liquid, toluene, which as you notice contains hardly 
any dust-particles, but the track of the beam from the lantern passing through 
it is visible as a brilliant blue cone of light. This internal opalescence continues 
to be visible even after the most careful purification of the liquid by repeated 
distillation in vacuo. A similar opalescence is shown, though much less brightly, 
by dust-free gases and vapours, and also by solids. A large clear block of ice shows 
a blue colour in the track of the beam when sunlight passes through it. The blue 
opalescence of blocks of clear optical glass is also readily demonstrable. The 
molecular scattering of light is thus a phenomenon common to all states of 
matter. 

During the past seven years, the scattering of light in transparent media has 
been the subject of intensive experimental and theoretical investigation at 
Calcutta, and it is the researches made on this subject that have led to the 
discovery which I shall lay before you this evening. One important outcome of 
our researches has been to show that while light-scattering is in one sense a 
molecular phenomenon, in another sense it is a bulk-effect having a thermal 
origin. It is the thermal agitation of the molecules which causes them to be 
distributed and orientated in space with incomplete regularity, and it is the local 
fluctuations in the properties of the medium thus arising which give rise to optical 
heterogeneity and consequent diffusion of light. The subject of light-scattering is 
thus a meeting ground for thermodynamics, molecular physics and the wave- 
theory of radiation. That the combination of theories in such diverse fields of 
physics gives us predictions which have been experimentally verified, is one of the 
triumphs of modern physics. 

2. A new phenomenon 

While the quantitative investigations made at Calcutta have in the main 
substantiated the thermodynamic-wave-optical theory of light-scattering, indic¬ 
ations appeared even in our earliest studies of a new phenomenon which refused 
to fit in with our pre-conceived notions. Thus, in some observations made by me* 
with the assistance of Mr Seshagiri Rao in December, 1921, it was found that the 
depolarisation of the light transversely scattered by distilled water measured with 
a double-image prism and Nicol increased very markedly when a violet filter was 
placed in the path of the incident light. More careful investigations made with 
dust-free liquids inf 1922, confirmed this effect and showed it to exist also in methyl 
and ethyl alcohols, and to a lesser degree in ether. It was also noticed that the 

*“Molecular Diffraction of Light," Calcutta University Press, February, 1922. 

+C V Raman and K S Rao, Philos. Mag. (1923) 45, p.633. 
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colours of the scattered light from the different liquids studied did not match 
perfectly. An important advance was made when Dr Ramanathan* working at 
Calcutta in the summer of 1923, investigated the phenomenon more closely and 
discovered that it was not a true dependance of the depolarisation on the 
wavelength of the scattering radiation but was due to the presence in the scattered 
light of what he described as “a trace of fluorescence.” This was shown by the fact 
that the measured depolarisation depended on whether the blue filter used was 
placed in the path of the incident beam or of the scattered light, being smaller in 
the latter case. Accepting the explanation of the effect as “weak fluorescence,” it 
naturally became important to discover whether it was due to some impurity 
present in the substance. Dr Ramanathan tested this by careful chemical 
purification followed by repeated slow distillation of the liquid at the temperature 
of melting ice. He found that the effect persisted undiminished. 

The investigation of this species of “weak fluorescence” has ever since 1923 
been on our programme of research at Calcutta. Krishnan,1 who investigated 60 
liquids for light-scattering in the spring and summer of 1924, made systematic 
studies of the phenomenon, and found that it was shown markedly by water, 
ether, all the monohydric alcohols and a few other compounds. He pointed out 
that the liquids which exhibit the effect have certain family relationships amongst 
themselves, and that they are also substances whose molecules are known to be 
polar. The chemical importance of the subject led to Mr S Venkateswaran 
attempting to make a fuller study of it in the summer of 1925, but without any 
special success. The research was discontinued at the time but was resumed by 
him later in the current year (January 1928). The remarkable observation was 
made that the visible radiation which is excited in pure dry glycerine by 
ultraviolet radiation (sunlight filtered through Corning glass G. 586) is strongly 

polarised. 

The possibility of a similar effect in gases and vapours was also borne in mind 
and repeatedly looked for by the workers at Calcutta. The feebleness of the 
scattering in gases and vapours, and the infructuousness of the earlier efforts in 
this direction, however discouraged progress. 

3. Its universality 

Though the phenomenon was described in the paper of Dr Ramanathan and 
Mr Krishnan as a “feeble fluorescence,” the impression left on my mind at the 
time was that we had here an entirely new type of secondary radiation distinct 

*K R Ramanathan, Proc. Indian Assoc. Cultiv. Sci. (1923) VIII, p. 190. 

+K S Krishnan, Philos. Mag. (1925) L, p.697. 
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from what is usually described as fluorescence. The publication of the idea 
was however discouraged by the belief then entertained that only a few liquids 
exhibited the effect and by the supposition that it was unpolarised in the same 
way as ordinary fluorescence in liquids. Indeed, a chemical critic might even have 
asserted that the effect was in each case due to a trace of dissolved fluorescent 
impurity present in the substance which our efforts at purification had failed to 
remove. Early this year, however, a powerful impetus to further research was 
provided when I conceived the idea that the effect was some kind of optical 
analogue to the type of X-ray scattering discovered by Prof. Compton, for which 
he recently received the Nobel Prize in Physics. I immediately undertook an 
experimental re-examination of the subject in collaboration with Mr K S 
Krishnan and this has proved very fruitful in results. The first step taken in the 
research was to find whether the effect is shown by all liquids. The method of 
investigation was to use a powerful beam of sunlight from a heliostat 
concentrated by a 7" telescope objective combined with a short focus lens. This 
was passed through a blue-violet filter and then through the liquid under 
examination contained in an evacuated bulb and purified by repeated distillation 
in vacuo. A second filter of green glass was used which was complementary in 
colour to the blue-violet filter. If it were placed in the track of the incident light, all 
illumination disappears, while, if it be placed between the bulb and the observer’s 
eye, the opalescent track within the liquid continued to be visible, though less 
brightly. All the liquids examined (and they were some 80 in number) showed the 
effect in a striking manner. There was therefore no longer any doubt that the 
phenomenon was universal in character; with the bulb of toluene on the lantern, 
you see that the effect is readily demonstrable. The cone of light vanishes when I 
place the violet and green filters together, but it appears when I transfer the latter 
to a place between my audience and the observation bulb. 

Now the test with the complementary filters is precisely that ordinarily used for 
detecting fluorescence and indeed was first suggested by Stokes in his investig¬ 
ations on the subject. You may therefore rightly ask me the question how does 
this phenomenon differ from fluorescence? The answer to the question is, firstly, 
that it is of an entirely different order of intensity. A more satisfactory proof was 
however forthcoming when Mr Krishnan and myself examined the polarisation 
of this new type of radiation and found that it was nearly as strong as that of the 
ordinary light scattering in many cases, and is thus quite ‘distinct from ordinary 
fluorescence which is usually unpolarised. 

This is shown for the case of toluene in figures 1 and 2 in plate 1. Figure 1 is a 
photograph of the scattering by toluene of sunlight filtered through a blue-violet 
glass. It was taken through a double-image prism of iceland spar with an 
exposure of 3 sec. Figure 2 is a picture with an additional complementary filter of 
green glass interposed in front of the camera lens. The exposure necessary is now 
increased greatly by the insensitiveness of the plate to green light, and had to be as 
much as 25 min. It will be noticed that the polarisation of the track as shown by 
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the difference in brightness of the two polarised images is quite as prominent in 

figure 2 as in figure 1. 
I may also mention that Mr Krishnan and myself have succeeded in detecting 

the new radiation and observing its partial polarisation in a number of organic 
vapours and also in the gases C02 and N20. The problem in these cases is one of 
securing sufficient intensity of scattering for the effect to be detectable through the 
complementary filter. This can be secured by heating up the substance in a sealed 
bulb or by using steel observation-vessels for containing the compressed gases, so 
as to obtain sufficient density of the scattering molecules. The question of the 
background against which the track is observed is also of great importance. 

The new type of Secondary radiation is also observable in crystals such as ice 
and in amorphous solids. It is thus a phenomenon whose universal nature has to 
be recognised. 

4. Line-spectrum of new radiation 

That the secondary radiation passes the complementary filter and yet is strongly 
polarised to an extent comparable with the ordinary molecular scattering, is clear 
evidence that we have in it an entirely new type of secondary radiation which is 
distinct from either the ordinary scattering or the usual type of fluorescence. A 
striking and even startling confirmation of this view is furnished by an 
examination of its spectrum. Preliminary observations with sunlight filtered 
through a* combination which passes a narrow range of wavelengths, showed the 
spectrum of the new radiation to consist mainly of a narrow range of wavelengths 
clearly separated from the incident spectrum by a dark space. This encouraged 
me to take up observations with a monochromatic source of light. A quartz 
mercury lamp with a filter which completely cuts out all the visible lines of longer 
wavelength than the indigo line 4,358 A.U. was found to be very effective. When 
the light from such a lamp was passed through the bulb containing a dust-free 
liquid, and the spectrum of the scattered light was observed through a direct- 
vision spectroscope, it was found to exhibit two or more sharp bright lines in the 
blue and green regions of the spectrum. These lines are not present in the 
spectrum of the incident light or in the unfiltered light of the mercury arc and are 
thus manufactured by the molecules of the liquid. 

Figures 3(1) and 3 (2) and figures 4(1) and 4 (2) show the phenomenon. They are 
spectrograms taken with a small Hilger quartz instrument of the scattering by 
liquid benzene. Figure 3 was taken with the light from the quartz mercury arc 
filtered through a blue glass which allows the wavelengths from about 3,500 A.U. 
to 4,400 A.U. to pass through. Figure 3(1) represents the incident-spectrum and 
figure 3 (2) the scattered spectrum, and the latter shows a number of sharp lines 
not present in figure 3(1). These are indicated in the figure. Figures 4 (1) and 4 (2) 
similarly represent the incident and scattered spectra with benzene liquid, the 
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filter used being a potassium permanganate solution. Here again the new lines 
which appear are indicated in the figure. Visual observations were also made 
using a quinine sulphate solution together with the blue glass as a filter and thus 
cutting off all the radiations except 4,358 A.U. from the incident spectrum. Some 
of the modified lines then disappear, leaving only those of longer wavelength. It is 
thus clear that each line in the incident spectrum gives rise to at least two lines in 
the scattered spectrum, one in the original or unmodified position, and a second 
in a shifted position of longer wavelength. There is thus a striking analogy with 
the Compton effect in the X-ray region. 

There has, as yet, not been sufficient time for photographing the spectra from a 
large number of liquids, or even for measuring the photographs already obtained. 
Visual observations have however been made with a large number of liquids. 
There is an astonishing similarity between the spectra obtained with different 
liquids. When only the 4,358 line was used, most liquids showed in the spectrum 
of the scattered light, a bright line in the blue-green region of the spectrum (about 
5,000 A.U.), whose position was practically the same for chemically similar 
liquids such as pentane, hexane and octane for instance. There was, however, a 
recognizable difference in the position of the modified line when other liquids 
such as benzene or water were used. When the 4,047 line of the mercury arc was 
let in by removing the quinine sulphate solution, a second modified line in the 
blue region of the spectrum was seen with most liquids. 

Photographs obtained so far with benzene and toluene suggest that there may 
be several modified lines, and that each modified line may be a doublet in some 
cases. In many liquids, the scattered spectrum shows in addition to sharp lines 
also an unmistakable continuous spectrum accompanying it. Carbon disulphide 
behaves in an exceptional manner, showing a diffuse band. 

Observations already made show that the new lines in the scattered spectrum 
are usually markedly polarised; they also suggest that a continuous spectrum, 
when present, is less markedly polarised. 

5. Nature of the new radiation 

The discovery set out above naturally opens up an array of problems for 
investigation. The most pressing question is, how is the modified scattered 
radiation, as we may call it, generated by the molecules of the liquid? As a 
tentative explanation, we may adopt the language of the quantum theory, and say 
that the incident quantum of radiation is partially absorbed by the molecule, and 
that the unabsorbed part is scattered. The suggestion does not seem to be 
altogether absurd and indeed such a possibility is already contemplated in the 
Kramers-Heisenberg theory of dispersion. If we accept the idea indicated above, 
then the difference between the incident and scattered quanta would correspond 
to a quantum of absorption by the molecule. The measurement of the frequencies 
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of the new spectral lines thus opens a new pathway of research into molecular 
spectra, particularly those in the infrared region. 

If a molecule can take up part of the incident quantum of radiation and scatter 
the remaining part, then it might also be capable of adding a quantum of its own 
characteristic frequency to the incident radiation when scattering it. In such a 
case we should expect a modified line of increased frequency. Such a result 
appears to be shown in figure 3(2) of plate 1, as a solitary line in the extreme left 
of the photograph. This result, however, requires to be confirmed by more 
photographs and with other liquids. So far it would appear that a degradation of 
frequency is more probable than an enhancement. It is too early to speculate at 
present on the origin of the continuous radiation observed in some cases, whether 
it is due to changes in the molecule itself, or whether it arises from inelastic 
collisions of the second kind within the liquid resulting in partial transformation 
of the incident quantum of radiation into translatory kinetic energy of the 
molecules. When further data are obtained, it should be possible to express a 
definite opinion on this point, and also on the role played by the solvent in the 
explanation of ordinary fluorescence. 

6. Relation to thermodynamics 

As explained in the introduction, the ordinary scattering of light can be regarded 
equally well as a molecular effect, and as a bulk effect arising from the 
thermodynamic fluctuations of the whole medium. The question arises whether 
the new type of secondary radiation is exclusively a molecular effect or not, and 
whether it is related in any way to thermodynamics. The question is obviously 
one to be answered by experiment and theory conjointly. The comparative study 
of the effect at different temperatures and in different states of aggregation of 
matter is obviously of great importance in this connection. It has already been 
remarked that the effect is observable in gases and vapours and indeed it is found 
possible to determine its intensity and polarisation in the gaseous state. It is also 
of great interest to remark that the solid crystal ice also shows the sharp modified 
lines in the scattered spectrum in approximately the same positions as pure water. 
The only observations made with amorphous solids are with optical glass. Here 
the modified scattered spectrum consists of diffuse bands and not sharp lines. 
Whether this is generally true for all amorphous solids, and whether any changes 
occur at low and high temperatures remains to be determined by experiment. 

7. Coherent or non-coherent radiation? 

An important question to be decided in the first instance by experiment is 
whether the modified scattered radiations from the different molecules are 
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incoherent with each other. One is tempted to assume that this must be the case, 
but a somewhat astonishing observation made with liquid carbon dioxide 
contained in steel observation vessels gives us pause here. It was found on 
blowing off the C02 by opening a stopcock, a cloud formed within the vessels 
which scattered light strongly in the ordinary way. On viewing the cloud through 
the complementary filter, the scattered radiation of modified frequency also 
brightened up greatly. This would suggest that the assumption of non-coherence 
is unjustifiable. Further, some qualitative observations suggest that the modified 
scattering by a mixture of carbon disulphide and methyl alcohol also brightens 
up notably at the critical solution temperature. Quantitative observations are 
necessary to decide the very fundamental question raised here. 

8. Possible X-ray analogies 

If a quantum of radiation can be absorbed in part and scattered in part in the 
optical region of the spectrum, should not similar phenomena also occur in X-ray 
scattering? The type of scattering discovered by Prof. Compton may possibly be 
only one of numerous other types of scattering with modified frequencies, some 
with a line spectrum and some in the nature of continuous radiation. The extreme 
ultra-violet region of the spectrum may also furnish us with numerous examples 
of the new type of radiation, which clearly occupies a position intermediate 
between scattering and fluorescence. 

9. Conclusion 

We are obviously only at the fringe of a fascinating new region of experimental 
research which promises to throw light on diverse problems relating to radiation 
and wave-theory, X-ray optics, atomic and molecular spectra, fluorescence and 
scattering, thermodynamics and chemistry. It all remains to be worked out. 

I have to add in conclusion that I owe much to the valuable co-operation in this 
research of Mr K S Krishnan, and the assistance of Mr S Venkateswaran and 
other workers in my laboratory. 

The line spectrum of the new radiation was first seen on the 28th February 
1928. The observation was given publicity the following day. 
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The optical analogue of the Compton effect 

The presence in the light scattered by fluids, of wavelengths different from those 
present in the incident light, is shown very clearly by the accompanying 
photographs (figure 1). In the illustration (1) represents the spectrum of the light 
from a quartz mercury vapour lamp, from which all wavelengths greater than 
that of the indigo line have been filtered out. This line (4358 A) is marked D in the 
spectrogram, and C is the group of lines 4047,4078, and 4109 A. Spectrogram (2) 
shows the spectrum of the scattered light, the fluid used being toluene in this case. 

A BCD 

(1) 

(2) 

a be 

Figure 1. (1) Spectrum of incident light; 

(2) spectrum of scattered light. 

It will be seen that besides the lines present in the incident spectrum, there are 
several other lines present in the scattered spectrum. These are marked a, b, c in 
the figure, and in addition there is seen visually another group of lines which is of 
still greater wavelength and lies in a region outside that photographed. When a 
suitable filter was put in the incident light to cut off the 4358 line, this latter group 
also disappeared, showing that it derived its origin from the 4358 line in the 
incident radiation. Similarly, the group marked c in spectrogram (2) disappeared 
when the group of lines 4047, 4078 and 4109 was filtered out from the incident 
radiation by quinine solution, while the group due to 4358 A continued to be seen. 
Thus the analogy with the Compton effect becomes clear, except that we are 
dealing with shifts of wavelength far larger than those met with in the X-ray 
region. 

As a tentative explanation of the new spectral lines thus produced by light¬ 
scattering, it may be assumed that an incident quantum of radiation may be 
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scattered by the molecules of a fluid either as a whole or in part, in the former case 
giving the original wavelength, and in the latter case an increased wavelength. 
This explanation is supported by the fact that the diminution in frequency is of 
the same order of magnitude as the frequency of the molecular infra-red 
absorption line. Further, it is found that the shift of wavelength is not quite the 
same for different molecules, and this supports the explanation suggested. 

Careful measurements of wavelength now being made should settle this point 
denfinitely at an early date. 

C V RAMAN 
K S KRISHNAN 

210 Bowbazaar Street, Calcutta 
22 March 
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A new class of spectra due to secondary radiation 
Part I 

C V RAMAN, F.R.S. 
and 

K S KRISHNAN 

(Received for publication 7th May 1928) 

[Plates 1-3] 

1. Introduction 

The discovery of a new type of secondary radiation, distinct from either the 
classical scattering or ordinary fluorescence, has been recorded in an address 
delivered recently by one of us and published in the previous issue of this 
Journal.1 Whenever light is diffused by the molecules of a transparent medium, 
the scattered radiations contain not only the wavelengths present in the incident 
light but also radiations of modified frequency. The effect is most striking when 
the scattering medium is a dust-free liquid, and the incident radiations consist of 
sharply defined spectral lines, e.g. the light of a quartz mercury lamp. It is then 
found that in the spectrum of the scattered light we have besides the incident lines 
also other new lines which are usually quite sharp. A continuous spectrum may 
also be observed and is specially noticeable in certain liquids. The scattered 
radiation of altered wavelengths is partially polarised. Though the effects 
mentioned above are most readily studied with liquids, other media such as 
vapours, crystals and even amorphous solids exhibit the modified scattering, 
which is thus a universal phenomenon. The explanation was tentatively put 
forward that the new type of secondary radiation is produced when the incident 
quantum of radiation is partly absorbed by the molecule, shifting it to a higher 
level of energy, and is partly scattered. The difference between the frequencies of 
the incident and scattered radiations would thus correspond to a characteristic 
frequency of the molecule. Accepting this explanation it follows that correspond¬ 
ing to a given frequency of the incident radiation, we should expect a new line in 
the spectrum of the scattered radiation for each one of the characteristic 
frequencies of the molecule, that is to say, for each incident frequency we should 

1A New Radiation by C V Raman, Indian J. Phys. 1928 2, p. 387. See also C V Raman and K S 

Krishnan, Nature (London) 1928 121, p. 501. 
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expect as many lines of modified frequency as the molecule has characteristic 
electronic frequencies. Further, when the incident radiation contains several 
spectral lines, we should expect several sets of such modified lines in the scattered 
spectrum. The new type of secondary radiation should thus create for us a whole 
new class of spectra, and indeed as many new spectra as there are chemical 
substances suitable for study, multiplied by the number of spectral lines available 

in the light-source used. 
The discovery of the new radiation thus opens up a wonderful avenue of 

research in spectroscopy. During the past few weeks we have succeeded in 
obtaining a number of spectrograms of the scattered radiation with the following 
liquids selected for their importance, namely, benzene, toluene, pentane, ether, 
methyl alcohol and water. The spectrograms obtained with benzene have been 
measured. It is proposed in this paper to detail the highly significant results which 
have emerged from the detailed study of the spectrograms for benzene, and from a 
qualitative study of the spectra obtained with the other liquids. 

2. Experimental methods 

As the source of illumination we used a commercial 3,000 C.P. mercury vapour 
lamp in quartz, made by the Hewittic Electric Company, which was found to be 
thoroughly reliable and efficient in its working. The light of the lamp was 
concentrated by an 8-inch glass condenser into a bulb containing the dust-free 
liquid under examination. The larger the bulb the more satisfactory are the 
conditions of observation and it is therefore desirable to use a bulb of clear non- 
fluorescent glass, having a diameter at least as large as the image of the quartz 
lamp formed by the condenser. On the other hand, a large bulb involves the use of 
a large quantity of the liquid and correspondingly greater expense. With liquids 
such as water or the common chemicals such as benzene, this is not a serious 
consideration. But in the case of the more costly chemicals it sets a limit to the size 
of the bulbs to be employed. 

It is of importance that the liquid to be used for study should be chemically the 
purest available. For purpose of further purification, it is placed in a second large 
bulb connecting with the observation bulb, and transferred to the latter by 
distillation in vacuum. If the bulbs have been thoroughly cleansed before filling, a 
single distillation may suffice. It is usually advisable however to wash back the 
distilled liquid from the observation bulb to the distillation bulb several times. 
The distillation should be conducted at as low a temperature as possible. For this 
purpose the initial vacuum should be good, and the observation bulb is cooled 
with ice, so that the distillation occurs quickly when the second bulb is only 
moderately warmed. The final distillate is then obtained as a very clear liquid free 
from dust or other fluorescent impurity and is then used immediately for the 
optical observations. 
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The modified lines in the scattered spectrum can easily be seen with a pocket 
spectroscope. The most convenient direction of observation is that transverse to 
the path of the beam of light through the liquid, though of course any other 
direction of observation is theoretically permissible. The maximum intensity is 
obtained when the axis of the spectroscope is pointed along the direction of the 
image of the quartz lamp formed within the liquid, as the greatest depth of 
illuminated liquid is obtained in this way. For purpose of visual observation, it is 
helpful to exclude wavelengths greater than 4358*3 A.U. from the incident light by 
placing in its path a violet glass, which completely cuts out the blue, green and 
yellow regions of the mercury spectrum. The spectrum of the modified scattering 
(lines and in some cases also bands and continuous spectrum) is then very 
conspicuous in the blue-green region of the spectrum. With a little practice the 
wavelengths of the brightest modified lines can even be read off on the drum of a 
Hilger constant deviation spectrometer. Photographic study of the spectrum is, 
however, obviously the most convenient and accurate method for quantitative 
work, and indeed for the fainter lines the only method available. 

The spectrograms reproduced with this paper (Plates 1 and 2) were 
obtained with a Hilger E2 quartz spectrograph, the reproductions being 
enlarged about twice from the original negatives. When sufficiently sensitive 
plates, e.g. Ilford Iso-Zenith are used, an exposure of a few hours is sufficient to 
obtain a fairly good spectrogram. In order, however, to obtain the fainter details, 
exposures of twelve or twenty four hours are desirable. As the quartz mercury 
lamp runs without attention, very long exposures can be given without any 
trouble or fatigue. 

Usually the spectrograms are taken with the complete light from the mercury 
arc incident within the liquid. As the glass dome and condenser of the lamp cut 
out the extreme ultraviolet, the incident radiation extends from about 3400 A.U. 
towards longer wavelengths: Owing to the operation of the Rayleigh 2“ 4 law, the 
longer wavelengths (except the most intense lines) are practically suppressed in 
the classical or unmodified scattering, and hence the numerous lines present in 
the visible region of the spectrum of the mercury arc do not trouble us much. 
Indeed such of the brighter incident lines as appear in the scattered spectrum 
serve as a convenient scale of wavelengths. 

If it is desired to use instead of the whole incident spectrum, only selected lines 
as the radiation to be scattered, this is done by placing suitable filters between the 
lamp and the observation bulb. A fresh strong solution of quinine sulphate 
followed by a blue glass serves to cut out everything except the 4358 A.U. line and 
its close companions, from the incident spectrum. A Corning ultraviolet glass 
filter (G586) by itself passes a narrow region of the spectrum including the group 
of three lines near 3650 A.U. 

A solution of potassium permanganate passes the strong lines 4047 A.U. and 
4358 A.U. and their close companions. A strong solution of cobalt sulphocyanate 
in water is also useful. It transmits the group of lines near 4047 A.U. and 
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suppresses the other bright lines in the ultraviolet and visible regions of the 
spectrum. 

3. Experimental results 

Figure 1 in plate 1 gives the direct spectrum of the mercury arc in quartz, up to 
and including the two yellow lines, the exposure being such as to give a 
satisfactory picture in which the brightest lines are not heavily overexposed. 
Figures 2, 3 and 4 are the scattered spectra of benzene, toluene and pentane 
respectively. The two yellow lines do not appear in them while the lines in the 
violet and ultraviolet are somewhat overexposed. This is a natural consequence 
of the Rayleigh A~4 law for the classical scattering. On comparing figure 1 with 
figures 2, 3 and 4, it will be seen that the latter contain a great many new lines not 
present in the direct spectrum of the mercury arc. These lines will be referred to in 
what follows as modified lines. It will be noticed their intensity is comparable with 
that of some of the weaker unmodified lines. 

Figure 7 in plate 2 is another direct spectrum of the mercury arc produced 
for comparison with figures 8, 9 and 10 in the same plate, which are the scattered 
spectra from pentane, ethyl ether and methyl alcohol respectively. Figure 11 in 
plate 2 represents the scattered spectrum from distilled water and figure 12 the 
spectrum of the incident light for comparison with it. (A violet filter had been 
used in the incident light which cut off the lines in the blue, green and yellow 
regions of the incident spectrum). 

Figures 5 and 6 in plate 1 are of special interest. Figure 5 represents the 
spectrum of the mercury arc filtered through quinine sulphate solution and a blue 
glass, which transmit only the 4358-3 A.U. line and its close companions (the two 
feeble lines of shorter wavelength appearing to the left of it are due to stray light). 
Figure 6 is the spectrum of the light thus filtered after being scattered by benzene 
liquid. 

4. Qualitative study of the spectra 

A general scrutiny of the spectrograms reproduced in plates 1 and 2 brings 
out several features of interest and importance. 

In the first place it is clear from an inter-comparison of figures 2 and 6 both of 
which represent the scattering by liquid benzene, that when the quinine filter 
suppresses the bright lines in the incident spectrum, of shorter wavelength than 
4358-3 A.U., it also suppresses from the scattered spectrum many of the modified 

lines with wavelengths both greater and smaller than 4358-3 A.U. With a 
potassium permanganate filter instead of quinine sulphate, we have the 4047 line 
in addition to the 4358 line in the incident spectrum, and several of the modified 
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scattered lines suppressed previously re-appear.2 On the other hand Corning 
glass (G 586) ultraviolet filter, which transmits the 3650 lines and cuts out the 
4047 and 4358 groups from the incident light, also cuts out all the modified 
scattered lines which appear when either quinine sulphate or potassium 
permanganate filters3 are used. It is thus clear that each line in the incident 

spectrum generates its own modified radiations in the scattered spectrum, independ¬ 

ently of the other lines. 

All the modified scattered radiations seen in the spectrograms are generated by 
the intense lines lying in the region from 3650 to 4358 A.U. of the incident 
spectrum. That incident lines of longer wavelength are not equally effective is not 
surprising. For even the classical scattering of such wavelengths becomes very 
weak in consequence of the Rayleigh l-4 law, and the modified scattering, if any, 
due to such wavelengths may also be expected to be feeble. Further, even if there 
were such lines they could hardly be expected to appear on the plates, owing to 
the relative insensitiveness of the photographic plate used, in the green and yellow 
regions. A careful visual examination may perhaps reveal them, but the attempts 
so far made have not been successful with the liquids studied in the present paper. 
The dependence of the intensity of the modified scattered lines on the wavelength 
of the incident lines, is a subject for further experimental research. 

On figure 6 of plate 1, the modified lines due to the incident 4358*3 A.U. line 
are all of longer wavelength, except one, which appears feebly but quite clearly in 
the original negative, but is perhaps not visible in the reproductions. The 
existence of this line proves in a perfectly unmistakable way that while a 

degradation of frequency is by far the most probable effect in light-scattering, an 

enhancement of frequency may also occur. We shall have more to say about this 
line later on. 

5. Relation of modified scattering to chemical constitution 

An inter-comparison of figures 2,3,4,8,9,10 and 11 in the plates shows in a 
striking way the manner in which the chemical constitution of the molecule 
influences the modified scattering. It is clear that each chemical substance has its 
own special type of modified scattering, no two of the spectra being exactly alike. 
Nevertheless, certain general similarities are noticeable in the scattered spectra 
due to compounds having similar chemical characters. For instance, in plate 2, 
the brightest groups of lines in the scattered spectra of the three aliphatic 

2See plate 1, figures 3 and 4 reproduced in the address on “A New Radiation,” Indian J. Phys. 2, 

facing p. 396. 
3 A spectrogram of the scattering by liquid benzene with the Corning glass filter in the incident light 

has been obtained but is not reproduced in the present paper. 
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compounds pentane, ethyl ether and methyl alcohol, are in approximately the 
same positions, one group of lines appearing in the region 4076 A.U. to 4100 A.U., 
a second group in the region 4500 A.U. to 4600 A.U., and a third group (visually 
very bright, but only very faintly visible in the photographs) in the region 4900 
A.U. to 5000 A.U. Comparing the scattered spectra of the two aromatic 
compounds benzene and toluene, we see that toluene gives many more lines than 
benzene, but that the lines due to toluene are less intense, some of the brighter 
lines due to benzene and toluene are in nearly identical positions, and these differ 
distinctly from the positions of the brighter groups of lines obtained with the 
aliphatic compounds. On the other hand, a close comparison of the spectra due to 
toluene and ether shows certain similarities evidently connected with the 
presence in both the compounds of the methyl group CH3. 

The scattered spectrum of water (plate 2, figure 11) is very remarkable, as it 
shows bright bands instead of sharp lines. It is very interesting that methyl 
alcohol shows in addition to sharp lines, also diffuse bands, one of which is seen in 
figure 10, plate 2 in the region 4100 A.D. to 4105 A.D., that is to say, in the 
same region as the first and brightest band obtained with water. We may 
presumably attribute this similarity to the presence in methyl alcohol, of the 
hydroxyl group OH. 

Further discussion of the relationship between chemical constitution and the 
scattered spectra must evidently be postponed till a large number of compounds 
have been studied, and the positions and intensities of the modified lines observed 
with them have been determined and tabulated. Even the preliminary work 
described above, however, makes it clear that the scattered spectrum is 
practically a description in spectroscopic form, of the chemical constitution of the 
molecule. Since the lines are in many cases sharp and can therefore be very 
accurately measured, the frequency differences between the incident and modified 
lines can be accurately determined. The study of the scattered spectra thus 
promises to be of great importance for the future of chemistry as an exact science. 

6. Measurements of the benzene spectrum 

The spectrum of the light scattered by liquid benzene, which is reproduced in 
figure 2 of plate 1, was measured with a Hilger travelling micrometer, and such 
of the lines appearing in it as were present in the direct spectrum of the mercury 
arc were located and identified by comparison with the photograph reproduced 
in figure 1. From the known wavelengths of the standard lines thus identified, the 
wavelengths of the modified scattered lines appearing only in figure 2 and not in 
figure 1 were determined from the measurements, using the Hartmann simplified 
interpolation formula. The wavelengths of the modified scattered lines thus 
measured are probably accurate to 05 A.U. in the case of well-exposed lines, and 
to within 10 A.U. in the case offaint or diffuse lines. Greater accuracy should be 
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possible if an iron arc be used as a comparison and the wavelengths determined 
from the nearest standard lines by interpolation. The quartz spectrograph used 
provides in the blue region a dispersion of about 50 A.U. per mm on the original 
negative. In view of the brightness and sharpness of the modified scattered lines, a 
dispersion much greater than this should prove useful and make a greater 
accuracy of measurement possible. The present work being of a preliminary 
nature, we have contented ourselves with determinations of wavelength to within 
0-5 A.U. or 10 A.U. With the improvements mentioned above, a ten- or a 
hundred-fold increase of accuracy might well be hoped for. 

In Table I, the wavelengths of the lines in the scattered spectrum of benzene 
have been separated into two classes and shown under the headings “Unmodified 
lines” and “Modified lines” respectively, the former being the original lines 
present in the incident spectrum and the latter the additional lines present only in 
the scattered spectrum. Under the heading “Origin of the modified lines” are 
indicated the wavelength of the incident line which gives rise to each modified 
line, and the difference in wave-number between the incident and the modified 
lines in question. The identification of the exciting line corresponding to each 
modified line is assisted and confirmed by observations and photographs with 
light-filters placed in the path of the incident light. 

In Table II are shown the wavelengths of the modified lines excited when only 
the 4358*3 A.U. line and its close companions are present in the incident 
spectrum. 

In Table III is given an analysis of the data given in Tables I and II; against 
each of the strong lines present in the mercury arc spectrum, are shown the 
differences in wave-number between it and the modified lines to which it gives 
rise. 

7. Interpretation of results 

From the analysis of the measurements given in Table III several striking results 
emerge. 

The first and most significant result is that the shift of the modified line with 
respect to the exciting line (measured in wave-numbers) is independent of the 
frequency of the exciting line. This is shown by the fact that the shift is the same for 
all exciting lines, within the limits of error in measurement. 

The second most significant result is that very similar groups of lines are 
generated by each incident line in the spectrum. This is shown by the fact that for 
each incident line, modified lines are to be found in known positions relative to it, 
or else, if they are absent, an adequate explanation is forthcoming, e.g. insufficient 
intensity of the incident line, or of the modified line, or of both, or else the 
obscuration of a modified line by strong lines in the incident spectrum. 
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Table I. Spectrum of benzene-scattering 

Unmodified lines Modified lines 
Origin of the 
modified lines 

Wavelength 
(in A.U.) 

Wave- 
number 

(in vacuo 

per cm) 
Inten¬ 

sity 
Wavelength 

(in A.U.) 

Wave- 
number 

(in vacuo 

per cm) 
Inten¬ 

sity 

Exciting 
lines 

(in A.U.) 

Difference 
of wave- 
numbers 

3341-5 29918 1 
3543-4 28213 3 • 

3561-7 28068 3 
3579-7 27927 0 
3598-0 27824 1 

(Band) 
3615-8 27649 1 
3650-1 27389 100 
3654-8 27354 30 
3663-3 27290 30 
3680-0 27166 3 
3704-3 26988 6 

3732-8 26782 2 3650-1 607 
3737-7 26747 1 3654-8 607 
3746-6 26683 0 3663-3 607 

3751-7 26647 5 
3767-7 26534 0 3650-1 855 

3771-0 26511 1 
3787-1 26399 15 3650-1 990 

3789-8 26379 10 
3801-7 26297 6 

r 3813-4 26216 'j 3650-1 1173 
4 ! imperfectly resolved > [ 
[ 3815-8 26199 J 2j 3654-8 1155 

3820-4 26168 5 
3828-0 26116 o, 3663-3 1174 , 

3860-3 25897 5 
3875-3 25797 1 3650-1 1592 

(very 
broad) 

3891 25693 1 4046-6 -988 
3895-3 25665 2 
3902-0 25621 6 
3906-5 25591 20 
3984-0 25098 8 
4046-6 24705 100 
4077-8 24516 30 
4108-9 24331 10 



390 C V RAMAN: SCATTERING OF LIGHT 

Table I. (Contd.) 
Spectrum of benzene-scattering 

Origin of the 
Unmodified lines Modified lines modified lines 

Wave- 
number 

Wavelength (in vacuo Inten- Wavelength 
(in A.U.) per cm) sity (in A.U.) 

Wave- 
number Exciting Difference 

(in vacuo Inten- lines of wave- 
per cm) sity (in A.U.) numbers 

4339-2 23039 15 
4347-5 22995 30 
4358-3 22938 200 

1916 1 20336 5 
4960-4 20154 1 

5460-7 18308 1 

41151 
4125-1 
4147-7 
4178-2 
4190-6 
4215-5 
4248-8 

4282-1 

4476-4 
4525-8 
4548-3 
4554-9 
4593-6 
4618-6 
4658-9 
46830 

5029-6 

24294 
24235 
24103 
23927 
23856 
23715 
23529 

23346 

22333 
22089 
22004 
21948 
21763 
21646 
21458 
21348 

19877 

3 
4 
1 
0 
0 

10 
5 

0 

1 
0 
0 

10 

2 
10 

1 
1 

(very 
broad) 

1 

3654-8 
3663-3 
4046-6 
4358-3 
4046-6 
4046-6 
4077-8 
4046-6 
4108-9 

4358-3 
4358-3 
43.47-5 
4358-3 
4358-3 
4046-6 
4077-8 
4358-3 

4358-3 

3060 
3055 
602 

-989 
849 
990 
987 

1176 
985 

605 
849 
991 
990 

1175 
3059 
3058 
1590 

3061 

Thirdly, the order of the relative intensities within each group of modified lines 
appears to depend but little on the frequency of the line which excites the group. 
The shifts of + 990 and of 3059 in wave-number give rise to the brightest modified 
lines in every case. 

A fourth and most interesting result is that while most of the modified lines are 
degraded in frequency relatively to the exciting lines, an enhancement of frequency 
is also possible, though such modified line of enhanced frequency is usually of 
extremely low intensity. Further the enhancement of frequency of such line is 
equal to the degradation of frequency of another modified line. This is shown by 
the identity in magnitude (within the limits of accuracy of measurements) of the 
shifts of opposite signs shown in the first and fifth columns of Table III. 
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Table II. Spectrum of benzene-scattering 
(Only the 4358 A.U. group of lines were incident) 

Unmodified lines Modified lines 
Origin of the • 
modified lines 

Wavelength 
(in A.U.) 

Wave- 
number 

(in vacuo 

per cm) 
Inten¬ 

sity 

Wave- 
number 

Wavelength (in vacuo 

(in A.U.) per cm) 
Inten¬ 

sity 

Exciting 
line 

(in A.U.) 

Difference 
of wave- 
numbers 

4178-5 23925 0 4358-3 -987 
4339-2 23039 15 
4347-5 22995 30 
4358-3 22938 200 

4476-4 22333 1 4358-3 605 
4524-3 22097 0 4358-3 841 
4534-5 22047 0 4339-2 992 
4543-4 22004 0 4347-5 991 
4555-1 21947 10 4358-3 991 
4593-9 21762 2 4358-3 1176 
4683-5 21316 1 

(broad) 
4358-3 1592 

5029-6 19877 1 4358-3 3061 

A fifth and rather curious result, which is probably not an accident, is that one 
of the shifts in wave-number (1591) is approximately the sum of two others 
(606 + 990 = 1596). It may be significant to note that the modified lines showing 
this shift appear distinctly more diffuse on the plate than other modified lines. 

8. Origin of the modified spectrum 

The results set out above definitely prove the correctness of the explanation of the 
new type of secondary radiation advanced by one of us previously,4 namely, that 
the incident quantum of radiation is partly absorbed and partly scattered by the 
molecule. The shift of frequency would then correspond to some characteristic 
frequency of the molecule and would therefore be independent of the frequency of 
the exciting radiation. The latter is, with the liquids under study, far removed 
from either the characteristic ultraviolet or infrared frequencies of the molecule, 
and hence the phenomenon we are studying is a pure scattering effect and does 
not partake of the nature of resonance radiation. The great differences in the 

4Indian J. Phys., 1928, 2, p.395. 
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brightness of the different modified lines produced by a given incident line must 
presumably be ascribed to the differences in the “Einsteinian coefficients of 
probability” of the transitions induced by the incident radiation. 

The existence of lines of enhanced frequency referred to above may be regarded 
as a definite experimental proof that negative transitions may be induced by 
incident radiation, that is to say, that a molecule may pass to a state of lower 

energy as the result of radiation falling upon it. This of course will be possible only 
if it be initially in a state of higher energy than the normal. As the number of 
molecules in a liquid in the state of higher energy at any instant would be only a 
fraction of the number present in the normal state, the feebleness of the modified 
line corresponding to such negative transition is readily understood. The fact that 
the negative shift of frequency is equal to the positive shift of frequency for some 
other modified line is also intelligible if we assume that the initial state of higher 
energy is identical with one of those to which the molecule might be raised from 
the normal state by the incident radiation. As the result of the existence of thermal 
agitation within the fluid, a certain fraction of the molecules (which may be taken 
as exp( — w/kT), where w is the increase of energy) exist in the higher level of 

energy under consideration and tend under the action of the incident radiation to 
return to the normal state. Multiplying the observed shift of frequency by 
Planck’s constant, the energy difference w is readily calculated. Thus correspond¬ 
ing to a shift of wave-number equal to 990, exp( — w/kT) comes out as about 
1 /120 at room temperature (viz. 30° C), which is of the same order of magnitude as 
the relative intensities of the two modified lines with positive and negative shift of 
frequency. 

As the modified lines of enhanced frequency do not appear very clearly in the 
reproductions of the spectrograms (though they are quite definite in the original 
negatives) it was thought advisable to exhibit the same with a microphotometric 
record of the spectrogram appearing as figure 6 of plate 1. This is reproduced 
as plate 3. The line of enhanced frequency (4178*5 A.U.) is seen as a small but 
perfectly distinct hump in the record. Its feebleness in comparison with the line 
4554-9 is quite evident, the latter being the most intense of all the modified lines in 
the spectrogram. 

9. Infra-red spectrum of benzene 

From Table III we extract below in Table IV the shifts of wave-numbers and the 
wavelengths to which they correspond. 

Of these the two marked with a star give us the shifted lines of greatest intensity. 
The curves of absorption of liquid benzene obtained by Coblentz5 with a rock- 

5Quoted by J W Ellis, Phys. Rev. 1926, 27, p.305. 
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Table IV 

Shift of wave- 
number 3059 1591 1175 990 849 606 

Wavelength 
(in g) 3-268* 6-28 8*51 10-10* 11-78 16-50 

salt spectroscope show rather broad troughs lying roughly at the wavelengths 
3-3//, 5*5/x, 6*8/x, 8*7/x, 9-9// and ll*9/x, the most prominent of these being the one 
at 9*9/x. Bell6 gives tan absorption curve for benzene obtained with his infrared 
spectrometer in which a series of absorptions appear at 3-3 /x, 5-1//, 5*5 /z, 6*2/x, 
6-7 /x, 7-2 /x, 8-5 /x, 9*7 to 102 g and 11*8 /x respectively. Of these the absorption at 
3*3 /x is the sharpest and most prominent and may be certainly identified with the 
3*268 g shown in Table IV. The absorptions at 8*5 /x and 11-8/x are also very 
prominent and have wavelengths agreeing very closely with those shown in 
Table IV. The absorption between 9*7 g and 102 /x forms a very prominent 
feature. We may reasonably identify it with our wavelength 10* 10 /x. In Bell’s 
curve for benzene, the absorption at 6*2 g is more shallow than that at 6*7 g; but he 
points out that the absorption band at 6*2 g is prominently shown by certain 
wavelength 6*28 g, with which it may be identified, appearing in our Table IV, 
and not 6*7 g. The absorptions at 5T /x, 5*5 g and 7*2 g also fail to appear in our 
Table IV. The reason for this is yet to be found. 

From the foregoing comparison, it is clear that the wavelengths appearing in 
Table IV correspond to certain fundamental frequencies of absorption of light by 
the benzene molecule. Further it is evident that the shift of the modified lines in 

scattering by liquids, furnishes us with an extremely accurate method of determining 

these fundamental infrared frequencies of the molecule and of the changes produced 
in it by varying the chemical constitution. 

Attempts have been made by Ellis, Andrews and others to identify the infrared 
frequencies of the molecule with the frequencies of relative oscillation of the 
chemically bonded atoms in the molecule. For instance, Bates and Andrews7 
identify the wavelengths 3*3 /x and 9*9 /x respectively with the oscillations of the 
hydrogen-carbon bond and the carbon-carbon bond in benzene, and the latter8 
has even attempted to calculate the specific heat of liquids on the abasis of certain 
assumed fundamental frequencies of vibration of the molecule. The relation 
between the modified scattering of light and the structure of the molecule, and 

6F K Bell J. Am. Chem. Soc. 1925, 57, p.2814. 
7J R Bates and D H Andrews Proc. Natl. Acad. Sci. Washington 1928, 14, p. 128. 
8D H Andrews, Proc. R. Acad. Amsterdam 1926, 29, p.744. 
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specially its bearings on Franck’s9 recent work on photochemical decomposition 
will form the subject of a separate paper. 

10. Summary and conclusion 

(a) The paper concerns itself with a new class of spectra observed when light from 
a quartz mercury lamp is diffused within a liquid and the scattered light is 
spectroscopically analysed. A large number of new lines are observed in the 
scattered spectrum which are not present in the incident spectrum. 

(b) The scattered spectra from benzene, toluene, pentane, ether, methyl alcohol 
and water have been photographed. 

(c) Each liquid shows a distinctive scattered spectrum, but certain general 
similarities are exhibited by liquids having chemically similar groups in their 
composition. 

(id) The scattered spectrum of benzene has been measured and analysed. From 
the measurements and also from special spectrograms obtained with single-line 
filters in the path of the incident light, it is shown that corresponding to each 
unmodified line in the spectrum there are seven modified lines observable, of 
which two are specially prominent. The frequency differences between the 
unmodified and modified lines are independent of the wavelength of the incident 
lines. 

(e) Six out of the seven in the group of modified lines have frequencies lower 
than that of the exciting line while one has a higher frequency, the increase of wave- 
number being numerically the same for it as the decrease of wave-number for one 
of the six lines of degraded frequency. 

(/) The shift of frequency of the modified lines is found to agree with certain 
characteristic infrared frequencies of the molecule and in fact the method is 
capable of yielding extremely accurate measurements of these frequencies. 

(g) The observations are explicable on the supposition that the incident 
quantum of radiation may be absorbed in part and scattered in part by the 
molecule. If the molecule is initially in the normal state, the transition induced by 
the radiation must naturally be to a higher level of energy, and hence the scattered 
radiation will have a degraded frequency. But if the molecule is initially in a level 
of energy higher than the normal, the radiation will induce a return to the normal 
level, and in this case we get a modified scattered radiation of higher frequency 
than the incident. The possibility of such negative transitions induced by 

9J Franck, Trans. Faraday Soc. 1925, 21, p.536. 
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radiation is proved by the* observations. The comparative feebleness of the 
modified line of higher frequency is readily explained on a thermodynamic basis. 

We have much pleasure in acknowledging the valuable assistance received 
from Mr S Venkateswaran in the course of the experiments described in this 
paper. 
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The negative absorption of radiation 

In Einstein’s celebrated derivation of the Planck radiation formula, an equilib¬ 
rium is considered to exist between three elementary processes: (1) a spontaneous 
emission from the atoms, (2) an absorption of energy by the atoms proportional 
to the energy density in the field, and (3) an induced emission of energy from the 
atoms, also proportional to the energy density. The third process can be 
described as a negative absorption of radiation, and is quite characteristic for 
Einstein’s theory, as the omission of it from the equations leads to Wien’s 
radiation formula instead of to Planck’s. The negative absorption of radiation 
also figures prominently in the Kramers-Heisenberg theory of dispersion. The 
physical existence of such absorption has been up to now an article of faith rather 
than a proved experimental fact, and indeed some writers (Ornstein and Burger, 
S N Bose) have been tempted to question its reality. 

A definite experimental proof is now forthcoming of the reality of negative 
absorption. We have discovered (Nature, April 21, 1928, p. 619) that when a 
liquid, for e.g. benzene, is irradiated by monochromatic light, the radiation 
scattered by the molecules contains several spectral lines of modified frequencies. 
Careful measurements have shown that the difference between the incident and 
scattered frequencies is exactly equal to an infrared frequency of the molecule, so 
that the process of modified scattering involves the absorption of radiation by the 
molecule. As the molecule has several characteristic infrared frequencies, we have 
an equal number of modified scattered lines. This is seen in the photograph 
reproduced in figure 1, which is from a spectrogram of the scattering by liquid 
benzene, of the light of the mercury arc from which practically everything except 
the 4358 A group of lines had been filtered out. In the spectrogram, the 
wavelengths in the incident radiation are marked in A, and the modified scattered 
lines are indicated by arrowheads. (It may be mentioned in passing that the 
benzene had not been completely purified, hence a marked continuous spectrum 
is also present in the modified scattering). The brightest modified lines are of 
longer wavelength than 4358 A, and their frequencies are determined by the 
infrared absorption lines at 16-55//, 11-78//, 10-10//, 8-51//, 6-27// and 3-267//. 
(These wavelengths can be determined more accurately in this way than with an 
infrared spectrometer). 

An inspection of the actual spectrogram, however, shows two modified lines of 
shorter wavelength than the exciting 4358-3 line, and the measurements show that 
their frequencies exceed that of the latter by the infrared frequencies of the 
molecule, namely, those corresponding to 16-55 // and 10-10// respectively. The 
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Figure 1 

presence of these lines proves simultaneously the existence in the liquid of 
molecules at levels of energy correspondingly higher than the normal, and the fact 
that the incident radiation induces a return to a lower state of energy; in other 
words, that there is a negative absorption of the radiation. The feebleness of the 
modified line of enhanced frequency, in relation to the modified line of degraded 
frequency, is consistent with the supposition that the transitions in either 
direction are equally probable, if we take into account the fact that the proportion 
of molecules in the liquid in a higher level of energy than the normal is small at the 
ordinary temperatures. 

210 Bowbazaar Street, Calcutta 

15 May 

C VRAM AN 

K S KRISHNAN 
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Polarisation of scattered light-quanta 

It is well known from the work of Barkla, Compton and others that X-rays 
scattered through 90° by matter are completely polarised, irrespective of whether 
the electron remains bound or suffers ejection from the atom as the result of the 
impact of the quantum upon it. The recent discovery of a new type of light 
scattering with altered frequency (Nature, May 5, p. 711) makes it of importance 
to ascertain whether a light-quantum which is scattered with diminished energy is 
less perfectly polarised than in the ordinary case. 

We have investigated this question with several liquids by analysing the 
scattered light with a spectrograph having a suitably orientated Nicol placed in 
front of its slit. The results obtained are extraordinarily interesting, as will be seen . 
from figure 1. Figure 1(h) represents the spectrum of the incident light from the 
mercury arc. Figure l(u) represents the spectrum of the scattered light from liquid 
benzene, the upper and lower halves of the spectrogram corresponding respec¬ 
tively to the two principal directions of vibration. It is seen that some of the new 
lines which appear only in the scattered spectrum are actually polarised much 
more completely than the lines present in the incident spectrum. Further, the 
degree of polarisation varies greatly from line to line, some of the new lines being 
strongly polarised, others only very partially so. So large are the differences in 
polarisation that the relative intensity of the lines is quite different in the upper 
and lower halves of the spectrogram. In the case of amyl alcohol as well 
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(Figure 1(c))-the new lines in the scattered spectrum are polarised to varying 
extents, and the continuous radiation appearing in it is also partially polarised. 

The strong polarisation of the modified light scattering is intelligible in view of 
the analogy with the Compton effect. Since the different modified lines represent 
different electronic transitions induced in the molecule by the incident radiation, 
the varying extents of their polarisation may be interpreted as due to the optical 
anisotropy of the molecule being very different for different types of deformation. 
That some of the intense modified lines are polarised even more strongly than the 
unmodified lines need not occasion surprise, if we remember that the classical 
light scattering in a liquid is much less perfectly polarised than the scattering by 
the molecules of the corresponding vapour. If we assume that the modified 
scattering is an incoherent type of radiation, we should expect its intensity to be 
proportional to the density of the fluid, and its polarisation to be comparable 

with that of the classical scattering in the corresponding vapour (not liquid). These 
expectations appear to be not very far from the truth. 

C V RAMAN 
K S KRISHNAN 

210 Bowbazaar Street, Calcutta 
14 June 
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Molecular spectra in the extreme infrared 

The appearance in the spectrum of monochromatic light diffused by fluids of new 
lines of modified frequency (Indian J. Phys. 2, pp. 387 and 399; 1928), gives us a 
powerful, accurate and convenient method of exploring molecular spectra, 
especially in the near and extreme infrared regions. We have only to photograph 
the spectrum of the scattered light, and the frequency-differences between the 
incident light and the new radiations excited by it give us the molecular 
frequencies. As an illustration of what the method is capable of, we may mention 
the case of carbon tetrachloride, the spectrum of the mercury arc scattered by 
which is reproduced as figure 1 B, 1 A being the incident spectrum. The 4358 A 
line, which is the principal exciter, is accompanied by three sharp lines close to it 
on the right, from which we deduce 45-4 fi, 31-8 and 21-7 /a as wavelengths of 
three hitherto unknown infrared lines in the spectrum of the carbon tetrachloride 
molecule. In addition, we have a doublet 13-0 // and 12*6 /a, the position of which 
as an unresolved line was approximately known from the work of Coblentz. 

Figure 1 C shows the nebulosity or continuous spectrum accompanying the 
4358 line when it is scattered by benzene. The existence of a continuous radiation 
accompanying the lines and bands in the scattered spectrum from liquids has 

Figure 1 

401 
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been pointed out by us earlier and is indeed visible in our published photographs. 
Its natural explanation would appear to be that it arises from a combination of 
the rotational frequencies of the molecule with the frequencies of the incident or 
scattered radiations, the impedance to the free rotation of the molecules in a dense 
fluid being the reason why such combination results in a continuous spectrum 
instead of discrete lines. The unmodified lines being the strongest, the nebulosity 
accompanying them appears very conspicuous. Incidentally, with reference to a 
recent interesting paper by Cabannes and Daure (Comptes Rendus, June 4,1928), 
we may direct attention to the distinctly imperfect symmetry of the nebulosity on 
the two sides of the 4358 line appearing in figure 1 C. 

210 Bowbazaar Street, Calcutta 
5 July 

C V RAMAN 
K S KRISHNAN 
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The production of new radiations by light scattering 
Part I 

C V RAMAN, F.R.S. 
and 

K S KRISHNAN 
N 

(Received 7 August 1928) 

[Plates 1,2] 

1. Introduction 

In two preliminary papers1 we have recorded the discovery that when 
monochromatic light is scattered in a transparent medium (be it gas, vapour, 
liquid, amorphous solid or crystal), the diffused radiation ceases to be mono¬ 
chromatic, and several new lines or sometimes bands (associated in many cases 
with a continuous spectrum) appear in the spectrograms of the diffused radia¬ 
tion. Further, the new radiations are, in general, strongly polarised. That the 
phenomenon is entirely distinct from what is usually known as fluorescence is 
clear from the fact that the effect is observed when both the exciting radiation and 
the new radiations generated by it are far removed from the characteristic 
ultraviolet and infrared frequencies of the medium. As an illustration we may 
mention the case of transparent crystalline quartz in which the effect is very well 
shown with the 4358 A.U. line of mercury as the exciting line, the new lines also 
appearing in the indigo-blue region of the spectrum. Our preliminary studies 
have proved conclusively that the effect arises in the following way: The incident 
quantum of radiation is either scattered as a whole, in which case we have the 
classical scattering, or else is absorbed in part by the molecules of the medium, the 
remaining part appearing as a scattered quantum. The part absorbed shifts the 
molecule to a level of energy different from the initial state. The possibility of a 
process of this kind, in respect of the electronic state of an atom, was first 
contemplated by Smekal,2 and figures prominently in the theory of dispersion 
due to Kramers and Heisenberg,3 and in the papers of Schrodinger4 our 

1 Raman, Indian J. Phys. 1928 2, p. 387; Raman and Krishnan, Indian J. Phys. 1928 2, p. 399. 
2 Naturwissenschaften 1923, 11, p.873. 
3Z. Phys. (1925) 31, p. 681. 
4 Ahhandlungen zur Wellenmechanik, Leipzig (1927) p. 112. 
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experiments furnish definite proof of the possibility of such processes, and show 
that they may occur also in such complicated systems as the molecules of a 
vapour or a liquid or even in a complete crystal. In the series of papers of which 
this is the first our further studies of the new radiations will be discussed. 

2. Experimental methods 

The experimental arrangements were exactly the same as those described in the 
previous papers. The liquids to be examined were rendered dust-free in the usual 
manner by repeated slow distillation in vacuo, and the final distillate was 
contained in a bulb of about 500 to 600 c.c. capacity. A 3000-c.p. mercury arc 
served as the source of monochromatic illumination and was concentrated with 
an 8-inch condenser, at the centre of the liquid bulb, which was kept immersed in a 
suitably blackened glass tank containing water. By interposing a strong solution 
of quinine sulphate and a plate of blue glass between the condenser and the liquid, 
practically all the lines of the incident mercury spectrum excepting the 4358-3 line 
and its close companions were cut out. In the case of carbon tetrachloride, where 
the modified lines were sufficiently close to the exciting line, no filters were used. 

The spectrum of the scattered light was taken with a Hilger quartz spectro¬ 
graph (£2), using very rapid photographic plates (Ilford Iso-zenith, H & D 
700). In the case of the single line pictures of benzene and toluene an exposure of 
about 40 hours was necessary, while for carbon tetrachloride, for which the 
complete mercury arc was incident, an exposure of only 25 hours was given. 

3. Experimental results 

In plates 1 and 2 arc reproduced the spectrograms of the scattering by benzene, 
toluene and carbon tetrachloride. The plates were measured with a Hilger 
travelling micrometer and the wavelengths of the modified lines were calculated, 
using the mercury lines (feebly transmitted by the filters) as standards for 
reference. A simplified Hartmann formula was used for interpolation. 

Figure 1. Incident spectrum. 

Figure 2. Benzene scattering. 

Figure 3. Toluene scattering. 

Figure 4. Incident spectrum. 

Figure 5. Carbon tetrachloride scattering. 
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Polarisation of scattered radiations 

Plate 2 



NEW RADIATIONS BY LIGHT SCATTERING 407 

Description of plates 
Plate 1 

Figure 1 gives the spectrum of the mercury arc from which practically all the lines excepting the 7 

4358 group have been cut out by interposing a solution of quinine sulphate and a blue glass plate. 

Figure 2 is the spectrogram of the radiations shown in figure 1 when scattered by liquid benzene. 

Figure 3 is a similar spectrogram of the radiations scattered by toluene. 

Figure 4 is the direct spectrum of the mercury arc which was incident on carbon tetrachloride. 

Figure 5 being the corresponding scattered spectrum. Note the appearance of relatively feeble lines 

of enhanced frequency. 

Plate 2 

Figure 6 Spectrum of the 7 4358 group of lines diffused by a plate of ground glass. 

Figure 7 Spectrum of the same as scattered by benzene. Note the nebulosity accompanying the, 

scattered line, which is not present in figure 6. 

Figure 8 shows the same line as scattered by carbon tetrachloride. The nebulosity is not so prominent 

as in benzene. 

Figure 9 gives the complete spectrum of the mercury arc used for polarisation measurements (for 

comparison with figures 10 to 12). 

Figure 10 Spectrum of the mercury arc scattered by benzene, taken with a nicol in front of the slit 

of the spectrograph. In (a) the shorter axis of the nicol was perpendicular to the track, while in (b) 

it was parallel to the track. 

Figure 11 shows similarly the polarisation of the scattered radiations from carbon tetrachloride. 

Figure 12 is a similar spectrogram of the radiations scattered by amyl alcohol. Note the continuous 

radiations are also partly polarised. 

4. Infrared spectra of the molecules 

As has been shown in our previous papers, the shift in frequency of the modified 
lines must correspond to a characteristic frequency of the molecule. In the 
following table are exhioited the shifts in wave-number of the different modified 
lines and the corresponding infrared wavelengths characteristic of the molecule. 
The infrared absorption spectra of these liquids have been studied by Coblentz,5 
Bell6 and others, and their values are also reproduced in the table for comparison. 

5Quoted by J W Ellis, Phys. Rev. (1926) 27, p. 305. 

6J. Am. Chem. Soc. (1925) 47, p. 2814. 

Figure 6. Diffused by ground glass. 

Figure 7. Scattered by benzene. 

Figure 8. Scattered by carbon tetrachloride. 

Figure 9. Incident spectrum. 

Figure 10. Benzene. 

Figure 11. Carbon tetrachloride. 

Figure 12. Amyl alcohol. 
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Table I. Spectrum of benzene scattering 

Origin of the 

Unmodified lines Modified lines modified lines 

Wave- Wave- Wave- 

Wave- number Wave- number length of Difference 

length (in vacuo Inten- length (in vacuo Inten- the excit- of wave- 

I.A. per cm) sity I.A. per cm) sity ing line numbers 

4178-0 23928 0 4358-3 -990 

4246-7 23541 0 4358-3 -603 

4339-2 23039 15 

4347-5 22995 30 

4358-3 22938 200 

4476-4 22333 1 4358-3 605 

4525-8 22089 0 4358-3 849 

4534-5 22047 0 4339-2 992 

4543-4 22004 0 4347-5 991 

4555-1 21947 10 4358-3 991 

4593-9 21762 2 4358-3 1176 

4683-5 21346 1 4358-3 1592 

5029-6 19877 1 

Broad 

4358-3 3061 

Considering the uncertainties in the direct measurement of infrared spectra, the 
agreement between the values of the characteristic wavelengths calculated from 
light-scattering and those measured directly should be considered satisfactory; 
thus confirming the conclusions drawn in our previous papers regarding the 
origin of the modified lines. 

5. Light scattering and infrared spectroscopy 

Attention was drawn in our previous papers to the usefulness of light scattering as 
a convenient and accurate method in infrared spectroscopy. In a single 
spectrogram taken in the visible region we get all the infrared frequencies of the 
molecule simultaneously photographed, and they could be measured much more 
accurately than with an infrared spectrometer. For example, in the case of sharp, 
bright lines, as some of those appearing in the spectrograms are, we can, with an 
instrument of larger dispersion and using suitable comparison standards, 
measure them correct to a hundredth of an Angstrom unit, which corresponds in 
the near infrared, say 3 /t, to an accuracy of about 1 part in 60,000, and in the 
extreme infrared say, 20 /t, to 1 part in 10,000. In fact, the accuracy is limited only 
by the width of the modified line. 
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Table II. Spectrum of toluene scattering 

Origin of the 

Unmodified lines Modified lines modified lines 

Wave- Wave- Wave- 

Wave- number Wave- number length of Difference 

length (in vacuo Inten- length (in vacuo Inten- the excit- of wave- 

I.A. per cm) sity I.A. per cm) sity ing line numbers 

4176-1 23939 0 4358-3 - 1001 

4213-7 23725 0 4358-3 -787 

4262-3 23455 0 4358-3 -517 

4315-6 23165 1 4358-3 -227 

4339-2 23039 15 

4347-5 22995 30 

4358-3 22938 200 

4399-5 22723 2 4358-3 215 

4424-9 22593 1 4358-3 345 

4448-4 22474 0 4347-5 521 

4459-3 22419 2 4358-3 519 

4479-8 22316 1 4358-3 622 

4501-7 22208 0 
(4347-5 787 

(4358-3 730 

4512-8 22153 4 4358-3 785 

4547-1 21986 0 4347-5 1009 

4558-0 21933 7 4358-3 1005 

4563-0 21909 1 4358-3 1029 

4591-0 21776 1 4358-3 1162 

Broad 

4600-8 21729 2 4358-3 1209 

4638-0 21555 1 4358-3 1383 

4648-3 21507 0 4358-3 1431 

4664-0 21435 0 4358-3 1503 

4685-5 21336 2 4358-3 1602 

4994-3 20017 0 4358-3 2921 

5027-3 19886 1 4358-3 3052 

The appearance in the scattered spectra of toluene and carbon tetrachloride of 
modified lines corresponding to several hitherto unknown frequencies of the 
molecules, in the extreme infrared region as far as 46 fi,7 emphasises the ready 
applicability of the method especially to regions not accessible to the ordinary 
infrared spectrometer. 

7In fact in the case of toluene there is a line corresponding to even longer wavelengths which could not, 

however, be measured in the particular negative. 
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Table III. Spectrum of carbon tetrachloride scattering 

Unmodified lines 

Origin of the 
Modified lines modified lines 

Wave- 
Wave- number 
length (in vacuo Inten- 

I.A. per cm) sity 

4339-2 23039 15 
4347-5 22995 30 
4358-3 22938 200 

Wave¬ 
length 

I.A. 

Wave- 
number 

(in vacuo 

per cm) 
Inten¬ 

sity 

Wave¬ 
length 

of the ex¬ 
citing line 

Difference 
of wave- 
numbers 

4273-5 23393 1 4358-3 -455 
4299-6 23251 2 4358-3 -313 
4317-2 23157 2 4358-3 -219 

4400-3 22719 7 4358-3 219 
4418-5 22626 8 4358-3 312 
4447-3 22479 10 4358-3 459 
4509-3 22170 2 4358-3 768 
4514-0 22147 2 4358-3 791 

6. Enhancement of frequency in light scattering 

While most of the modified lines are of smaller frequency than the exciting line 
there appear in all the three spectrograms (figures 2,3 and 5) some relatively feeble 
lines whose frequencies exceed the frequency of the exciting line by an infrared 
frequency of the molecule. These lines are particularly conspicuous in the case of 
carbon tetrachloride, where corresponding to each of the three prominent lines 
on the longer wavelength side of the exciting line we have a weaker line on the 
shorter wavelength side. The appearance of these lines of enhanced frequency 
proves in the first place the existence in the liquid at ordinary temperatures of 
some molecules at a level of energy higher than the normal by that corresponding 
to an infrared frequency of the molecule, and secondly, that the incident light 
induces a return of these molecules to the normal state. That is to say, while most 
of the molecules taking part in modified scattering are in the normal state and 
absorb a part of the incident light quantum, thus giving rise to a scattered 
radiation of smaller frequency, there is also a small number in the liquid, already 
in the higher level of energy, which under the influence of the incident radiation 
can be induced to part with their energy by a return to the normal state, thus 
giving rise to a scattered radiation of correspondingly higher frequency. In the 
existence of these lines of enhanced frequency we have for the first time a direct 
experimental proof of induced emission of radiation by molecules. 
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Table IV. Infrared spectra of the molecules 

Benzene Toluene Carbon Tetrachloride 

Infrared Infrared Infrared 

Shift wavelength Shift wavelength Shift wavelength 

in in in 

wave- Calcu- Observed wave- Calcu- Observed wave- Calcu- Observed 

number lated (Bell) number lated (Coblentz) number lated (Coblentz) 

Cm-1 P P Cm'1 P P Cm'1 H ju 

3061 3-27 3-3 

3052 3-28 

2921 3-42 3-4 

1602 6-24 6-2 

1592 6-28 6-2 

1503 6-65 

1431 6-99 6-9 

1383 7-23 

1209 8-27 

1176 8-57 8-5 

1162 8-60 8-6 

1029 9-71 

i f 9-7 1005 9-94 9-9 

991 1009 1 
1 to 

1 ̂  10-2 

849 11-78 11-8 791 12-64 

13 

786 12-72 12-1 

768 13-02 

730 13-69 13-9 

622 16-07 

605 16-52 • 

520 19-23 

457 21-9 

345 29-0 

312 32-0 

219 45-6 

215 46-5 

It may be of interest to recall in this place that the idea of an induced emission of 
radiation or what has sometimes been described as a “negative absorption of 
radiation,” was first put forward by Einstein in his celebrated paper8 on the 
derivation of Planck’s radiation formula, and forms an essential feature of his 
theory. The idea also figures prominently in the theory of dispersion developed by 
Kramers and Heisenberg (loc. cit.). 

»Phys. Z. (1917) 18, p. 121. 
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The relative intensities of the positive and negative lines corresponding to a 
given molecular frequency v can be easily calculated. The proportion of molecules 

in the higher level of energy is obviously given by the relation 

/ = exp( — hv/kT), 

where h is the Planck constant, k is the Boltzmann constant per molecule, and Tis 

the absolute temperature. If we assume, as we might reasonably, that the 
transitions of the molecule to and from the higher level are equally probable, then 
the above ratio, viz. exp( — hv/kT) also represents the ratio of the intensities of 
the corresponding negative and positive lines. 

Taking for example the case of carbon tetrachloride, corresponding to the 
shifts in wave-number 219, 312 and 457 (cm-1) the calculated values for the ratio 
of intensities of the negative and positive lines are 1:2*8, 1:4*4 and 1:8*8 
respectively, at the temperature of the experiment, viz. 30° C. Accurate measure¬ 
ments of the actual intensities of the lines have not been made. A rough estimate, 
however, of the intensities from the negative, using for comparison a series of 
graded exposures taken on the same negative and in the same region of the 
spectrum, gave the values 1:3,1:5 and 1:10 respectively, in good agreement with 
the calculated values. 

Conversely, we can take the observed intensity relationships between the 
different positive and the corresponding negative lines as an experimental 
verification of the assumption made in the earlier paragraph, that the forward 
and backward transitions of the molecule are equally probable. The probabilities 
of transitions of the molecule from the normal state to different energy levels are, 
of course, different, and the differences in the intensities of the different modified 
lines of degraded frequency are obviously due to this cause. 

The rapid fall in the value of the ratio as v increases offers a ready explanation 
why we do not get negative lines corresponding to large shifts of frequency. Also 
as the temperature is increased, since the proportion of molecules in a higher 
energy level also increases, we should expect the negative lines to brighten up 
relatively to the corresponding positive lines. Experiments are in progress to test 
this point. 

7. Continuous spectrum accompanying the scattered lines 

The molecular frequencies in the near and extreme infrared, determining the 
shifts of the various modified lines discussed in the previous sections, are 
presumably vibrational frequencies. The question naturally arises whether we 
should not expect also shifts corresponding to the pure rotational frequencies of 
the molecules. For example, in the case of benzene, taking the rotational 
frequency of the molecule to be of the order of 100// the corresponding shifts for 
the 4358 line will be slightly less than 20 A.U., and should be capable of being, 
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detected. A visual examination with a direct vision spectroscope of benzene, 
toluene and some other liquids, showed a nebulosity or continuous spectrum 
accompanying the prominent lines in the scattered spectrum. The actual 
spectrograms reproduced here and in our earlier papers also show a general 
broadening of the lines. However, in view of the presence of a general 
photographic halation accompanying the bright lines—the plates used were not 
backed—we thought it desirable to take fresh pictures with a larger dispersion 
instrument, and they are reproduced here. Figure 7 (plate 2) shows the nebulosity 
accompanying the 4358 line scattered by liquid benzene, figure 6 being the direct 
mercury spectrum diffused by a plate of ground glass, taken with the same 
instrument.9 Figure 8 shows the scattering by carbon tetrachloride where, 
however, the nebulosity is not so conspicuous as in benzene. 

From the fact that in the case of benzene the extension of the nebulosity from 
the exciting line is of the same order of magnitude as the rotational frequency of 
the molecule, one is tempted, by analogy with the explanation of the origin of the 
modified lines, to attribute the nebulosity to a combination of the rotational 
frequencies of the molecule with the frequency of the incident radiation. Owing to 
the continual impedance to rotation which must be present in a dense medium, it 
is not difficult to understand why we get a continuous spectrum instead of 
discrete lines. In connection with this explanation it may be pointed out that the 
nebulosity extends unsymmetrically on the two sides of the exciting line, being 
more conspicuous on the longer wavelength side. 

Whether the comparatively feeble continuous spectrum in carbon tetra¬ 
chloride scattering is due to a smaller rotational frequency of the molecule or is in 
any way connected with its symmetrical nature, is more than we can venture to 
answer at present. Further observations, especially in the vapour state, or in the 
liquid at different temperatures, are obviously necessary before we can fully 
understand the origin of this nebulosity. 

8. Polarisation of scattered radiations 

In view of the imperfection in polarisation of the classical light-scattering at 90°, it 
becomes of importance to ascertain the nature of the polarisation of the modified 
radiations. For this purpose two spectrograms were taken with equal exposures 
and under identical conditions, side by side on the same plate, using a nicol in 
front of the slit of the spectrograph. During the first exposure the shorter axis of 
the nicol was perpendicular to the track in the liquid, and during the second, 
parallel to the track. 

Figure 9 gives the direct spectrum of the mercury arc, incident in the liquid, 

9In this connection see an interesting paper by Cabannes and Daure, Comptes Rendus, June 4, 1928. 
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figure 10 the scattered spectra of benzene, figure 11 of carbon tetrachloride, and 

figure 12 of amyl alcohol. 
The following are some of the interesting results which emerge from a study of 

these spectrograms: 
(1) All the unmodified lines (i.e. classical scattering) are polarised to practically 

the same extent. 
(2) For a given shift of frequency, the modified lines excited by the different 

incident lines are polarised to the same degree, but differ in polarisation from the 
unmodified lines. 

(3) The modified lines corresponding to different frequency shifts are polarised 
to different extents, the intensity of the weaker component varying from almost 
nothing to about 40 or 50% of that of the stronger line. For example, in the case of 
carbon tetrachloride, the most prominent modified line (which corresponds to a 
shift of 457 cm-1) is more or less completely polarised, while the other two 
prominent lines show a large imperfection in polarisation. 

(4) The negative lines (i.e. of enhanced frequency) are polarised to the same 
extent as the corresponding positive lines. 

(5) The strong modified lines are usually more polarised than the feeble ones. 
(6) The general continuous spectrum appearing in the scattering by amyl 

alcohol is also strikingly polarised. 
A tentative explanation of these results regarding the polarisation of the 

modified lines may be suggested by analogy with the ideas put forward by the late 
Lord Rayleigh and by Born to explain the observed imperfection of polarisation 
of the classical scattering. In the classical theory the molecules of the medium 
behave under the influence of the incident light-vector, like oscillating doublets, 
which, as a consequence radiate out energy. If the moment induced in the 
molecule is in the same direction as the inducing force, the transverse scattering 
would obviously be completely polarised. The imperfection in polarisation 
experimentally observed therefore suggests that there are three principal 
directions in the molecule mutually perpendicular to one another, only along 
which moments can be induced, and that to varying extents. If the incident force 
lies along any one of these directions the induced moment is along the same 
direction. In every other case we have to resolve the incident force along the 
principal axes of the molecule and then determine the corresponding moments 
induced in these directions. Incidentally, we may point out that on this basis, 
assuming the molecules to be independent scattering centres, as is very nearly the 
case in a gas, the ratio of the intensities of the two principal polarised 
components of the scattered light can never exceed 50%, the latter limit being 
reached when the molecule is polarisable only along one axis. 

Carrying now the analogy to the case of modified scattering let us tentatively 
assume that for a given energy transition of the molecule, there are three principal 
directions in the molecule, the Einstein coefficients of probability of transition 
under the influence of an external force incident respectively along these three 
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directions being different. As regards the actual mechanism which leads to such 
an anisotropy we shall for the present leave it an open question. The imperfection 
in polarisation of the modified lines follows then as a necessary consequence. If, 
further, we take these principal axes, as well as the corresponding principal 
Einstein coefficients, to be different for different energy transitions of the 
molecule, the differences in the intensity and the degree of polarisation of the 
different modified lines are also readily explained. That for a given frequency shift 
the polarisation is independent of the inducing line is also obvious. The identity in 
the degree of polarisation of the positive and negative lines corresponding to a 
given frequency shift will then merely be a consequence of the equal probability of 
transitions in the positive and negative directions; that is to say, for the same 
reasons for which, as we pointed out in section 6, the intensities of the negative 
and positive lines are in the ratio of the number of molecules in a correspondingly 
higher level of energy, to the number in the normal state. 

It is significant in connection with the above explanation that there is no 
modified line in the spectrograms for which the ratio of the intensities of the 
principal polarised components is greater than 50%. Physically interpreted, this 
limiting value of the polarisation signifies that the vibration to which the 
frequency under consideration corresponds, can take place only along a definite 
axis in the molecule, which is a priori not improbable. 

It remains now to discuss the relation between the polarisation of the 
unmodified radiations and that of the different modified ones. The modified 
radiations are presumably incoherent, i.e. the radiations at any given instant from 
neighbouring molecules have no definite phase relationship, so that the 
polarisation of the modified radiation would be characteristic of the molecule and 
independent of its state of aggregation. On the other hand, the unmodified 
radiations from neighbouring molecules are definitely correlated in phase, and 
their polarisation will be characteristic of the molecule only in the vapour state. 
Actual calculation shows the polarisation in the liquid state to be considerably 
smaller. Thus for a fair comparison we should take the polarisation of the 
modified lines as given by the spectrograms with that of ordinary classical 
scattering not in the liquid but in the vapour. The vapour values for the ratio of 
components of classical scattering are benzene 4-5%, amyl alcohol, 1-2%, and 
carbon tetrachloride 0-5%. 

On making the actual comparison we find that most of the modified lines are 
much less polarised than the unmodified ones. If we can take the degree of 
anisotropy of the transitions corresponding to the infrared frequencies as 
evidenced by the imperfection of polarisation of the corresponding modified 
lines, as being typical of the anisotropy of all other kinds of energy transitions of 
the molecule which determine its refractivity, especially the electronic transitions 
of ultra-violet frequencies, then the smaller polarisation of the modified lines is 
easily understandable; because the anisotropy of the molecule as a whole, which 
determines the polarisation of classical scattering, is merely a resultant of the 
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anisotropies of all the individual transitions (suitably weighted) of the molecule, 
and must, therefore, necessarily correspond to a greater spherical symmetry. 

9. Dependence on wavelength 

It is well known that the classical scattering falls off rapidly with increasing 
wavelength, following Rayleigh’s X~A law, and it will, therefore, be of interest to 
find how the intensity of the modified radiations depend on the wavelength of the 
exciting line. No quantitative measurements have yet been made which would 
enable us to decide this question. But we may draw attention here to the 
spectrogram of carbon tetrachloride scattering, which throws some light on the 
point. Comparing the intensities of the green X 5460-7 line and the ultra-violet 
X 3906-5 line of the mercury arc, as they appear in the spectrum of the scattered 
light the former line is much brighter, whereas comparing the modified lines 
excited by them, those excited by the green line are distinctly feebler than the ones 
excited by the ultra-violet line. It would thus appear that the intensity of the 
modified line changes with wavelength even more rapidly than is indicated by 
Rayleigh’s inverse fourth-power law. 

This is further confirmed by visual observations on the spectrum of scattered 
light with a direct vision spectroscope. Though as seen through the spectroscope 
the scattered green mercury line is far more intense than the indigo or violet lines, 
the modified lines excited by the green line could not be detected, whereas those 
due to the violet and indigo lines are very conspicuous. 

10. Summary 

In two preliminary papers the authors have shown that when any transparent 
medium, be it gas, vapour, liquid, amorphous solid or crystal, is irradiated by 
monochromatic light the radiations scattered by the molecules contain several 
spectral lines of modified frequencies, the difference between the incident and 
scattered frequencies, corresponding to a characteristic infrared frequency of the 
molecule. The present paper describes further studies on these radiations. 

{a) Using the A4358 group of lines of the mercury arc as the exciting radiations, 
the scattered spectra of benzene, toluene and carbon tetrachloride have been 
photographed and measured. 

(b) The characteristic infrared frequencies of the molecules are calculated from 
the frequencies of the modified lines and are compared with the values obtained 
from direct measurements of infrared absorption. The calculation gives several 
molecular frequencies hitherto unknown. 

(c) The usefulness of light-scattering as a powerful, convenient and accurate 
method of exploring molecular spectra, is pointed out. 
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(id) While most of the modified lines are of smaller frequency than the exciting 
line, there are some relatively feeble lines whose frequencies exceed the frequency 
of the exciting line by an infrared frequency of the molecule. In the appearance of 
these lines we have for the first time a direct experimental proof of induced 

emission (or negative absorption) of radiation by molecules. 
(e) The scattered lines are sometimes accompanied by a nebulosity or 

continuous spectrum, extending unsymmetrically on the two sides. Its origin is 
discussed. 

(/) The modified radiations scattered at 90° exhibit striking polarisation, the 
degree of polarisation being different for lines corresponding to different 
frequency shifts. A tentative explanation is suggested. 

(g) Some preliminary remarks are made regarding the dependence of the 
intensities of the modified lines on the wavelength of the exciting line. 
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Rotation of molecules induced by light 

In an earlier note to Nature (August 25, p. 278) we ventured to suggest that the 
nebulosity or wings which accompany the original lines of the mercury arc after 
scattering in benzene liquid, are the effect of those collisions of the incident light- 
quanta with the molecules which result in a change of their rotational state. At the 
present time we are not very clear as to the conditions under which a spin may be 
set up in the molecule when it collides with a light-quantum. It appears, however, 
reasonable to suppose that the probability of such spin being induced should 
depend, among other factors, on the degree of optical anisotropy of the molecule. 

In agreement with this supposition it is found that while the aromatic 
compounds such as benzene, toluene, pyridine, etc. which have a strong optical 
anisotropy, exhibit the wings of the scattered lines in a striking manner, the 
aliphatic compounds such as carbon tetrachloride, ether, alcohol, etc. which are 
much more nearly isotropic optically, exhibit the effect only very feebly. A further 
confirmation of this idea is furnished by photographs of the scattered spectrum 
from carbon disulphide taken by Mr P V Krishnamurthy in our laboratory. 

It is well known that the carbon disulphide molecule has a high degree of 
optical anisotropy. The photographs show, as expected, besides some displaced 
lines, also strong wings accompanying the original lines of the mercury arc. 
Incidentally, we may mention that the wings appear to consist of unpolarised 
light. 

C VRAMAN 

K S KRISHNAN 

210 Bowbazaar Street, Calcutta 
18 October 
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Investigations of the scattering of light 

Prof. C G Darwin, in his interesting account in Nature of October 20, 1928 
(p. 630), makes a reference to recent work on the scattering of light. It appears 
desirable in this connexion to point out that the existence in the light scattered by 
liquids and solids of radiations of modified wavelength was established so early as 
1923 by investigations made at Calcutta. Dr K R Ramanathan showed (Proc. 

Indian Assoc. Cultiv. Sci. 1923, 8, p. 190) that when violet rays pass through 
carefully purified water or alcohol there is an appreciable quantity of radiations 
in the green region of the spectrum present in the scattered light. Further studies 
of the effect in other substances are described by Mr K S Krishnan in the Philos. 

Mag. in October 1925 and by me in J. Opt. Soc. Am. in October 1927. These 
investigations were of course well known to workers in this field. 

In a lecture delivered at Bangalore on March 16, 1928, and published and 
distributed on March 31, investigations were described showing first, the 
universality of the effect, namely, that it is observed in the widest variety of 
physical conditions (gas, vapour, liquid, crystal or amorphous solid) and in the 
largest possible variety of chemical individuals (more than eighty different 
substances); secondly, that the modified radiation is strongly polarised and is thus 
a true scattering effect; thirdly, that each incident radiation produces a different 
set of modified scattered radiations; fourthly, that the scattered radiations consist 
in many cases of fairly sharp lines in displaced positions; and fifthly, that the 
frequency differences between the incident and scattered radiations represent the 
absorption frequencies of the medium. These observations established and 
emphasised the fundamental character of the phenomenon in a manner which 
any isolated observation with a single substance would have quite failed to 
achieve. 

The Russian physicists, to whose observation on the effect in quartz Prof. 
Darwin refers, made their first communication on the subject after the 
publication of the notes in Nature of March 31 and April 21. Their paper 
appeared in print after sixteen other printed papers on the effect, by various 
authors, had appeared in recognised scientific periodicals. 

C V RAMAN 

210 Bowbazaar Street, Calcutta 
13 November 
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The Raman effect 

Investigation of molecular structure by light scattering 

c V RAMAN 

(Received 9th September 1929) 

PART I 

1. Introduction and historical 

In the scheme of discussion organised by the Faraday Society, the phenomenon 
of the scattering of light of altered wavelength rightly occupies a position 
intermediate between the molecular spectra in the ultraviolet and the infrared 
regions because it stands in intimate relation to both these fields of research. 
Before dealing with these relationships and indicating the kind of information it 
gives regarding molecular structure, it would seem proper to give a brief historical 
introduction to the subject. 

Eight years ago we commenced at Calcutta an extensive programme of 
research on the phenomena of scattering of light in gaseous, fluid and solid media. 
The inspiration for this scheme of research was derived in the first instance from 
Rayleigh’s well-known theory of the blue sky, and the hope that our laboratory 
studies would furnish a solid experimental basis for the explanation of such 
natural phenomena as the colour of the sea and the colour of ice in glaciers. It 
soon became clear, however, from our experimental results, that the work taken 
up by us would go far beyond this restricted purpose, and lead us to most valuable 
information on such fundamental problems as the constitution of the solid and 
liquid states, the structure and optical properties of molecules and the nature of 
radiation itself. In a little essay published by the Calcutta University in February, 
1922, a preliminary survey was made of the whole field. In the concluding chapter 
of this essay, entitled “The Scattering of Light and the Quantum Theory,” it was 
pointed out that if the process of scattering could be regarded as a collision 
between a light quantum localised in space and an individual molecule, the 
observed laws of light-scattering would be quite different from that anticipated 
on the classical principles of the electromagnetic theory of light. According to the 
latter, the variations in the spacing and orientation of the molecules in the fluid 
and the consequent local fluctuations-of optical density would determine the 

420 
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magnitude and characteristics of scattering, while according to the extreme light- 
quantum point of view, the individual scattering processes would be wholly 
incoherent with each other, and the resulting intensity of scattering would depend 
on the density of the fluid as a whole, and not on its local fluctuations. Our 
experimental investigations in 1922 and 1923 showed that the theory of light¬ 
scattering based on the Maxwellian principles and the statistical thermodynamic 
concept of fluctuations were in substantial agreement with the observations. 
From the very first, however, evidence was encountered of the presence of a 
disturbing effect. In several carefully purified liquids, notably water, ether, the 
alcohols, and also in ice, optical glass, etc. it was unmistakably evident that the 
scattering of light contemplated according to the classical theories was accom¬ 
panied by a radiation of altered wavelength. These observations were duly 
published at the time, and it may be therefore justly claimed that the existence of 
this new optical phenomenon had been established about the same time, and 
independently of the well-known work of Compton in the X-ray region. It will be 
recalled that Compton was inclined to attribute the softening of X-rays by 
scattering to what he called “a general fluorescent radiation” until his spec¬ 
troscopic investigations gave an entirely different version of the matter. It is not 
surprising, therefore, that the optical effect brought into evidence by the Calcutta 
investigations was also labelled as a “special type of feeble fluorescence”. The 
difficulty of explaining its excitation by incident light of frequency far removed, 
both from the infrared and the ultraviolet characteristic frequencies of the 
molecules, was obvious to me from the first. For this reason the further 
investigation of this phenomenon was definitely placed on the programme of 
research at Calcutta. Some attempts were made in 1924 and 1925 to make a 
spectroscopic study of the effect. Unfortunately, however, owing to the feebleness 
of the radiation, our attempts to photograph its spectrum were made using 
sunlight, with coloured glass filters as the exciting radiation, and the results 
obtained did not prove sufficiently encouraging. 

2. The nature of the Effect 

The true nature of the phenomenon became evident to me for the first time 
towards the end of 1927 when engaged in an attempt to explain the Compton- 
Effect as due to a kind of fluctuation in the state of the scattering atom in the field 
of radiation. The ejection of the electron from an atom is obviously a very violent 
kind of fluctuation in its electrical state. Much milder types of fluctuations are 
obviously possible, and would give rise to a change of wavelength in light¬ 
scattering by molecules according to the scheme, 

Molecule + Radiation ^Molecule + Radiation 
(normal) (excited) (degraded frequency) 
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The idea was vigorously followed up, and the importance of using mono¬ 
chromatic light as the exciting radiation soon became evident. Connected 
accounts of the discovery and of its history were given in a lecture delivered to the 
South-Indian Association at Bangalore, on the 16th March 1928, and published 
in the Indian Journal of Physics, on the 31st March 1928. All the essential features 
of the phenomenon were set out in this lecture, namely: 

(a) Its universality, as supported by observations of it in gases, vapours, 
liquids, crystals and amorphous solids, also in a great variety of chemical 

substances, both organic and inorganic. 
(b) Its spectral character, consisting of lines in some cases, more or less diffuse 

bands in others, and in addition, a more or less diffuse continuous spectrum 

accompanying the lines or bands. 
(c) The theoretical explanation of the phenomenon, as involving an exchange 

of energy between the quantum and the molecule, and the equality of the change 
of frequency (positive or negative) to a characteristic frequency of the molecule, 
and the consequent utility of the phenomenon as an aid to the exploration of 
molecular spectra—especially in the infrared. 

(d) The possibility of an enhancement in the frequency in addition to the 
degradation of it, but the greater probability of the latter. 

(e) The strong polarisation of the radiations scattered with altered wavelength. 
(/) The distinctness of the new phenomenon from fluorescence, though in 

obvious relationship with it. 
(g) Its analogy to the Compton-Effect, and the indicated existence of an X-ray 

scattering with altered wavelength of a more general type than the Compton- 
Effect. 

(h) The incoherent nature of the radiation. 
Since the publication of the paper, the subject has been extensively studied in 

other countries, and admirable contributions have been made to the subject, 
notably by Wood, Pringsheim, McLennan, Rasetti, Cabannes, Daure and others. 
A bibliography of the subject with 160 references and abstracts has been compiled 
by Dr Ganesan, and has just been published in the Indian Journal of Physics. 

3. Gases 

In the case of gases the intensity of the scattered light is very weak, but by the use 
of very high pressures, spectrographs of great light-gathering power, and intense 
intrinsic illumination, the difficulties of investigation may be successfully 
overcome. The great importance of working with gases is obviously that here the 
molecular freedom, both for rotation and vibration, is greatest, and hence the 
possibility arises of getting sharper lines and greater resolution than in the liquid 
state. The rotational frequencies in liquids manifest themselves as a diffuse 
spectrum or wings accompanying the principal lines. In gases and especially with 
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light molecules, the rotational effects can be clearly resolved. Notable success in 
this direction has been achieved by McLennan, Wood and Rasetti. The 
importance of this development cannot be over-estimated as the moments of 
inertia of the molecule, and the coupling of rotation with vibration, are capable of 
determination from the measurements. So far, detailed reports have been made 
on HC1, NH3, H2, 02, and N2. Even in the case of large molecules, by using 
spectrographs of sufficient resolving power, important progress in this direction 
remains to be achieved. 

4. Liquids 

Liquids are by far the most convenient to study the effect with, and a fair number, 
especially organic chemicals, have been examined so far. Amongst the investi¬ 
gators who have drawn important conclusions concerning the relation between 
chemical structure and the molecular frequencies, as determined by the method of 
light-scattering, I would mention Daure in France, Kohlrausch and Dadieu at 
Graz, Petrikaln in Riga, Venkateswaran and Ganesan at Calcutta. Reference will 
be made later to this question, but I would like here to emphasise the great 
importance of a critical comparison of the data obtained in the liquid and the 
corresponding vapours. Ramdas’ early work on ether vapour appeared to 
suggest the identity of the frequencies of the molecular vibration in the two states. 
It must be remembered, however, in the case of polar molecules, we have reason 
to believe that association occurs in the liquid state, and hence we cannot assume 
without critical examination that a vapour and a liquid would give identical 
frequencies. Indeed, some discrepancies have been noted already in NH4 and 
HC1. Water presents a very notable example of molecular association. The 
structure of the band obtained with water and the change that occurs with rise of 
temperature has been studied by several investigators. The most detailed 
investigation appears to be that of Venkateswaran and Ganesan at Calcutta. 
These authors have also attempted to correlate the effects observed with water 
and with ice. It would be of interest to investigate water-vapour and connect the 
three together by quantitative study. The field for the study of the effect in liquids 
offered by organic chemistry is so vast that only a small fraction of the substances 
offering themselves have been studied as yet. 

5. Mixtures and solutions 

The important physicochemical problem of the nature of solutions naturally 
offers itself for investigation by the method of light-scattering, and several 
investigators have already commenced work on the subject. The most promising 
question is that of the completeness (or otherwise?) of dissociation of electrolytes 
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in solution. The subject has received attention from Carelli, Pringsheim and 
Rosen, Daure, Venkateswaran and Ganesan, and others. Perhaps the most 
interesting results are those of Daure, who examined a number of chlorides. He 
found that CC14, PC13, etc. give sharp lines corresponding to the M—Cl bond. 
The results obtained with bismuth and antimony chlorides in solution showed a 
broadening of the lines with increased dilution until they finally disappeared. 
Ganesan and Venkateswaran similarly find that the well known bands due to 
water in aqueous solutions of H2S04, HC1, HN03 acids become sharper and 
sharper with increasing concentration of acid. These results appear very 
significant. 

The similarities exhibited by solutions of carbonates of different radicals and 
similarly of the sulphates and nitrates amongst each other appear to support the 
idea that the characteristic frequencies are those of the ionised acid radical. Much, 
however, remains to be done in this field of research, particularly in the direction 
of the exact quantitative study of the mixtures of liquids, the constituent 
molecules of which are believed to associate or combine with each other. 

6. Crystals and amorphous solids 

As already mentioned, ice was the first crystal in which the spectral character of 
the scattered radiation was examined and reported. It has a special interest, as it is 
perhaps the only substance in which direct comparison of the solid and the liquid 
state has been published so far. Subsequently, observations of the effect in various 
other crystals have been reported upon, notably quartz, calcite, gypsum, topaz 
and Rochelle salt. The case of gypsum, which has been examined by K S 
Krishnan, is perhaps the most interesting of all. As is well known, this substance 
contains two molecules of water of crystallisation. Krishnan found, from 
photographs taken with large dispersion, that in addition to the wavelengths 
which could reasonably be attributed to the S04 radical, three sharp lines, at 2-8, 
2-9, 3 0 // respectively, were obtained. These evidently are due to the water of 
crystallisation, and it is worthy of note that they are practically in the same 
position as the components of the band observed with water and ice though 
considerably sharper than even in the case of ice. The relative intensities in the 
three substances are, however, different. The comparison with the data for strong 
H4S04 solutions given by Ganesan and Venkateswaran is also of interest. It 
would seem that even in concentrated acid solutions, an approach is made 
towards the state of H20 in the solid crystal. 

Another point of great interest is as regards the degree of sharpness of the lines 
obtained with the crystals. In the photographs taken with calcite and quartz by 
Krishnan in July, 1928, this is the most striking feature. With rise of temperature, 
however, the lines become diffuse, and in amorphous quartz becomes so diffuse 
that Pringsheim failed to observe them. Recently, however, Gross and Romo- 
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nova have succeeded in photographing the diffuse bands with fused quartz and 
optical glass. The latter had been previously observed visually at Calcutta in the 
very first studies. Langer reports having obtained very diffuse lines with 
Rochelle salt. All these facts of observation may, perhaps, be connected by the 
general idea which I entertained from the first that the more perfect and ordered 
the arrangement of the molecules in a space lattice, the sharper would be the lines 
in the scattered-spectrum. It is well known from X-ray work that only relatively 
few crystals really give perfect X-ray reflections, and that in order to account for 
the facts, a mosaic theory of crystal structure is now generally believed in. The 
theory of imperfection of crystals developed by Smekal, Zwicky, and others may 
be recalled in this connection. It would seem that the scattered light furnishes with 
a measure of the perfection or otherwise of crystals, just as X-ray diffraction does. 
This idea, however, requires further investigations for complete establishment. 
The failure to obtain the evidence of the effect in rock salt, sylvine, etc. has been 
explained as due to the ionic nature of the lattice of the crystals. How far the well- 
known imperfections of the rock-salt as a crystal contributes to failure is a matter 
for consideration. It is not unlikely that many crystals will offer themselves for 
investigation for light scattering. The difficulty of course is to grow a sufficiently 
large and clear crystal. 

7. Intensity and polarisation 

It cannot be over-emphasised that measurements of the frequencies of the radi¬ 
ations appearing in light scattering do not, by themselves, give the maximum of 
information available by such studies. It is necessary also to obtain quantitative 
information regarding the intensity of the new lines, both relatively to the lines of 
unaltered wavelength and to the incident radiation. Further, the state of 
polarisation of the lines is also a matter of great importance. In the first report, 
and also more fully in the papers contributed in collaboration with K S 
Krishnan, the principal features were clearly emphasized. In the first place, the 
intensity of the new lines (absolutely) increases rapidly with the decreasing 
wavelength of the incident radiations. This increase is analogous to the well- 
known Rayleigh fourth-power law of the classical scattering, and appears in some 
cases at any rate to be more pronounced. The different lines appear to be 
polarised to very different extents. Further, some of the lines corresponding to 
well-known infrared absorption frequencies fail to appear in the scattered light. 
The absolute intensity of the scattered radiation with altered wavelength is much 
smaller than of the classical scattering. 

While these qualitative results are of general application, obviously much more 
precise statements are essential, and it is here that there is the greatest scope for 
future research. The subject has received attention also from Pringsheim, 
Cabannes and Daure and others. As yet, however, the information available is 
very meagre. 
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The fact that the different lines are differently polarised is obviously 
fundamental. The question of intensity is essentially related to that of polaris¬ 
ation. If we understand completely why some lines are strongly polarised and 
why others are weakly polarised, we would at the same time get a clear 
comprehension of why some infrared absorption lines fail to appear in scattering 
and vice versa. Incidentally, it may be remarked that the lines corresponding to 
vibration frequencies of the molecule would stand on a different footing from 
rotation lines, or from rotation-vibration combination lines. Each of these classes 
would have to be separately studied. Then, again, the question arises, how the 
intensity and polarisation would be influenced by change of state. The work of 
Ramdas seems to suggest that probably we have merely an enhancement of the 
intensity in proportion to density, without a change of polarisation in the new 
lines. This, however, is far from being established, and it may even prove to be 
untenable. The impedance to free rotation in the liquid state must profoundly 
influence the rotational transitions, and hence also the intensity of the scattered 
radiation in general. In this connection work with liquids at low temperatures or 
under high pressures would be of value. It is not unlikely that a broadening of the 
lines and a development of a continuous spectrum may be noticed. An effect of 
this kind has, indeed, already been observed by Venkateswaran in glycerine, even 
after careful purification. 

It may be pointed out that even as regards the polarisation of light scattered 
without change of wavelength , the information available is not adequate. Some 
recent work by P V Krishnamoorthy at Calcutta seems to indicate that in liquids 
at any rate, the depolarisation of the classically scattered light shows a very rapid 
increase as we approach towards the ultraviolet. The theory of anomalous 
dispersion, indeed, leads us to anticipate the existence of some such effect. Further 
investigations on this topic, however, would seem very desirable. Mr Krishna¬ 
moorthy has also found that the ratio of intensity of the new lines to the old 
lines is considerably larger than was previously supposed. Daure has also 
reported results supporting Krishnamoorthy’s work. It may be remarked here 
that in liquids the ratio would be considerably larger than in vapours. This is a 
consequence of the thermodynamic theory of the classical scattering. 

8. Relationship with ultraviolet and infrared spectra 

It is obvious that having ascertained the characteristic molecular frequencies— 
rotational, vibrational, rotional—vibrational and also electronic transitions, if 
any, we can proceed to utilise the data for an interpretation of the molecular 
spectra of the ultraviolet, and also for understanding infrared absorption and 
emission data. The question of possible alternative formulations of the funda¬ 
mental energy levels of the molecule will naturally arise here. The evidence, 
however, seems fairly clear that the vibrational frequencies observed in light 
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scattering are really fundamental frequencies, and not due to inter-combination 
between the fundamental vibrational frequencies of the molecule. This would 
seem to be fairly clear from the comparative data for substances with similar 
chemical constitution, but with atoms of differing weight in the molecule. Daure’s 
results with a series of chlorides and Ganesan and Venkateswaran’s results on 
bromoform, as compared with chloroform, show a remarkable and parallel 
shifting of the frequencies observed in light scattering towards longer wave¬ 
lengths with increasing weight of the substituent atoms. It would be incredible 
that such beautiful parallelism would be observed if the frequencies were 
differences of the fundamental frequencies of the molecules, and not the latter 
themselves. 

Several papers have already appeared on the interpretation of ultraviolet 
absorption and fluorescent spectra, and of the infrared absorption spectra with 
the aid of the results from light scattering. Obviously, however, an immense 
amount of work remains to be accomplished. 

The data already obtained with organic liquids show how, in quite a number of 
cases, it is possible to identify particular frequencies with vibration of particular 
chemical bonds in the molecule. Apart from the frequencies as measured, it is 
fairly certain that a study of the polarisation character of the new lines would 
enable a further advance to be made in this direction. It is found, for instance, that 
the frequency corresponding to the C—H bond in aliphatics and aromatics is 
different, and that the polarisation is even more strikingly so. 

9. Theory of the effect and its relation to molecular structure 

The theory of dispersion in the form which it takes on the wave-mechanics 
formally explains the phenomena of light scattering. Several attempts to 
formulate the theory in a more concrete form so as to fit in with facts observed in 
particular cases have already been made. Special reference may be made here to 
Professor Kemble’s explanation of Wood’s observations with hydrochloric acid 
gas. The Dirac theory has also been used by two Italian writers, Amaldi and Segre, 
to give a general interpretation of light scattering and its relation to fluorescence. 
In a separate communication, I shall endeavour to indicate what would seem to 
me to be a promising line of further attack on the whole question of the 
relationship between molecular scattering of light, infrared absorption, and the 
theory of dispersion. 
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PART II* 

Faraday was not only the greatest experimental physicist of the nineteenth 
century, but by his discovery of benzene can claim to be regarded as one of the 
founders of modern chemistry. It is therefore very appropriate that the Faraday 
Society should offer itself as a forum for the discussion of a new phenomenon 
which forms a kind of bridge between the sciences of physics and chemistry. As 
explained in my written paper, its discovery was no accident, but was the result of 
systematic research on the subject of the molecular scattering of light continued 
for several years in the hope that results of a fundamental character would be 
reached. It is proposed in this address to deal with the explanation of the 
phenomenon and with its relation to molecular structure, problems of deep 
interest to physicist and chemist alike. 

In the first day’s discussion we heard a good deal about spectroscopic 
nomenclature and especially about the very large number of symbols necessary 
to describe the physical state of a molecule in its electronic, vibrational, and 
rotational energy levels. It may not, therefore, be superfluous to emphasise that a 
molecule, in spite of this apparent complexity of structure, is after all a single 
physical entity, and that its properties should be capable of being described in a 
simple manner. The study of the phenomena of light-scattering and also certain 
related investigations conducted at Calcutta on electric and magnetic birefring¬ 
ence of fluids disclose that many of the polyatomic molecules familiar to the 
chemist possess very remarkable properties. Chief amongst them is the pos¬ 
session, in many cases, of extraordinary degrees of optical, electrical and magnetic 
anisotropy. 

As an instance of the new results reached at Calcutta in this direction we may 
refer to the cases of the aromatic hydrocarbons, benzene, naphthalene, and 
anthracene. The crystalline birefringence exhibited by the two latter substances 
has been recently measured by Mr Bhagavantam and has been found to be about 
twice and thrice as great respectively as that of calcite. High as is the degree of 
optical anisotropy indicated by these measurements, even more remarkable is 
their magnetic anisotropy established by observations with the crystalline solids. 
The naphthalene and anthracene molecules have a diamagnetic susceptibility 
about four and five times respectively greater in a direction normal to the plane of 
the carbon rings than the minimum value in a direction parallel to the plane. The 
aromatic and aliphatic series of compounds of carbon offer a most interesting 
contrast in this respect. As was found several years ago by Cotton and Mouton, 
benzene and the aromatic compounds of carbon generally in the fluid state show 
strong magnetic birefringence similar to that of a positive uniaxial crystal. By 

*Substance of an oral address given at the Bristol meeting by way of supplementing the written paper 

bearing the same title (see Part I above) which was printed and circulated in advance. Part I was 

mainly historical in character. 
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means of a specially constructed electromagnet, we have been recently able to 
detect the magnetic birefringence of the aliphatic hydrocarbons, and Mr 
Ramanathan’s measurements with them show the birefringence to be very feeble 
and similar to that of a negative uniaxial crystal. These observations indicate that 
the well-known chemical differences between the aromatic and aliphatics 
correspond to a difference in their magnetic characters which is so striking and 
significant that it may not be too much to say that the ultimate explanation of the 
facts of organic chemistry may be found via the studies of magnetic behaviour of 
carbon compounds. 

In the case of the benzene molecule, our studies of light-scattering and of 
magnetic birefringence enable us definitely to assert that a direction normal to the 
plane of the carbon atoms is an axis of minimum optical polarisability and of 
maximum diamagnetic susceptibility. On the other hand, we have convincing 
reasons for believing that in the triatomic molecules of C02 and CS2, the line 
joining the centres of the atoms coincides with the direction of the maximum 

optical as well as of the maximum diamagnetic susceptibility. The explanation of 
such facts concerning the optical and magnetic characters of different types of 
polyatomic molecules in terms of the electronic configurations in them offers itself 
as an important problem for the spectroscopists to solve. 

It was in the attempt to investigate experimentally how the optical anisotropy 
of molecules varied with the wavelength of the incident radiation that we were led 
at Calcutta to the discovery of the existence of scattered radiations with altered 
wavelength. Before dealing with this phenomenon, we may venture to turn from 
the problems of spectroscopy to some physical considerations regarding the 
scattering of light by molecule. 

Investigations on the molecular scattering of light of the classical kind show 
very clearly that the intensity of such secondary radiation stands in the closest 
quantitative relationship with the refractivity of the molecules. The classical 
theory of dispersion also teaches us that the refractivity of molecules for visible 
rays and for radiations in the near ultraviolet is determined by the existence of 
characteristic molecular frequencies lying mainly in the far ultraviolet region of 
the spectrum. 

When light is scattered by a molecule, the incident radiation has usually a 
frequency less than the characteristic ultraviolet frequencies of the molecules; 
hence the energy of the incident quantum of radiation is insufficient to cause the 
electrons in the molecule to pass definitely into a higher energy level. Neverthe¬ 
less, it is the tendency of the incident radiations to disturb these electrons that is 
responsible for the classical scattering of light. As the characteristic infrared 

molecular vibrations or rotations contribute to a negligible extent to the 
refractivity for visible light, it follows that they do not play any important part in 
the process of light-scattering as conceived in the classical theory. 

We may, at this stage, ask ourselves, how are we to explain the fact that the 
classical type of scattering is actually accompanied by radiations of altered 
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wavelength? In my very first report, I suggested a simple and easily understood 
picture of the process involved in this new phenomenon. The quantum of 
radiation exchanges energy with the molecule on which it is incident. Part of the 

, energy of the quantum is taken over by the molecule which thus passes into an 
excited condition. Vice versa, an excited molecule may give up its energy to the 
quantum which then goes off with increased energy. The first process naturally 
occurs more frequently, as there are more unexcited molecules than excited ones. 
The process pictured is one which can actually occur, for the incident quantum of 
energy is greater than the quantum of energy absorbed by the molecule; that the 
interpretation is a valid one is shown by the fact that the difference between the 
frequencies of the incident and scattered radiations is characteristic for the 
molecule, and in not a few cases agrees with known infrared absorption 
frequencies. 

Several writers have criticised this simple picture of the process of light 
scattering as inadequate. I believe these criticisms are based on a misapprehen¬ 
sion. It is true that the theory of dispersion in the form which it takes in the 
quantum theory involves the consideration of three different levels of energy A, B 

and C of the scattering system, and that the change of frequency which occurs in 
the scattering process is the difference between the energy quanta required from a 
transition from A to C, and from B to C. The ultimate result is, of course, a 
transition of the system from A to B. The critics have, it seems to me, overlooked 
the fact that in the cases with which we are actually concerned, the introduction of 
the third level C is merely a mathematical device. The fact that the scattering with 
altered wavelength is usually only a feeble addition to the classical type of 
scattering, and that its intensity increases rapidly with increasing frequency of the 
incident radiation, indicates that the third level C with which we are chiefly 
concerned is an electronic level corresponding to a characteristic frequency of the 
molecule in the far ultraviolet. When the incident light is in the visible or near 
ultraviolet, its quantum of energy is insufficient actually to cause the molecule to 
pass over into the state C, and the transition of the molecule assumed for the 
purpose of the calculation is a purely virtual one which cannot actually occur. 
There is an interchange of energy between the molecule and the quantum only if 
the initial and final states of the former are different, and the frequency of the 
scattered radiation depends only on the difference of these two states. 

We may at this stage, endeavour to picture to ourself in greater detail the 
process which causes the molecule to go over into a different state of energy as the 
result of the radiation falling upon it. There are two types of physical theory 
which experience proves to be useful in the exploration of a new field of research. 

The first is the a priori or fundamental type of theory based upon a deep analysis 
of all the elements involved in the problem. The second is the phenomenological 
theory which accepts the observed facts and endeavours to connect them with 
other observed facts in a coherent manner. The former type of theory is the more 
ambitious, and we may venture to hope that some day it will be possible to work it 
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out in full detail, for our phenomenon. Meanwhile, however, and especially in the 
case of the polyatomic molecules so important to the chemists generally, it seems 
probable that progress will be achieved more quickly with the aid of theories of 
the phenomenological type. 

In the first place we may ask ourselves, why does the impact of radiation cause 
the molecule to change its energy-level of vibration or rotation? The answer to 
this is, very probably, that while the effect of the light on the molecule is primarily 
to disturb the electrons in it, there must be a tendency to alter at the same time 
also the rotational and vibrational energy-levels. The spectroscopist knows very 
well that it is only an approximation to regard changes in electronic, vibrational 
and rotational energy-levels of a molecule as independent of each other. In 
reality, all three are connected with each other, and it is impossible for the 
incident light to disturb the electrons in the molecule without at the same time 
tending to disturb the atomic nuclei and also the molecule as a whole and thereby 
altering its state of vibration and spin. If the classical notions of mechanics were 
valid, all three types of disturbance would occur simultaneously. In the newer 
physics, we should say that the probabilities of the three types of transition 
occurring in any given molecule are definitely related to each other. If the 
interconnections of the three types of transition are known empirically from the 
spectroscopic data for any given molecule, we could proceed from them to 
calculate the behaviour of the molecule in light-scattering or vice versa. 

The case of radiation inducing a change in the spin-energy of the molecule is 
the one in which it seems most hopeful to obtain a quantitative picture of the 
phenomenon. It would be quite inappropriate to regard this is a simple case of 
mechanical collision between two particles resulting in a spin being set up in one 
of them. What is actually involved is the mechanical action of the field of the light¬ 
wave on the electric charges contained in the molecule. If we assume that the 
molecule has no permanent electric moment, or decide to ignore the latter if it be 
present, the mechanical action on the molecule would be due to the reaction of the 
field with the oscillating electric doublet induced by it in the molecule. The 
resulting couple would vanish completely if the molecule were optically isotropic, 
as the direction of the field and of the doublet would then be coincident. Actually, 
however, it is known that all molecules are optically anisotropic, some molecules 
such as benzene, C02, CS2, etc. strongly so. Hence such optical anisotropy of the 
molecule makes it possible for the field of the light-wave to exert a couple on the 
molecule and alter its state of spin. It is interesting to notice that the available 
experimental evidence indicates the intensity of the rotational effect to be much 
greater in the case of strongly anisotropic molecules such as those mentioned 
above, than for molecules which are known to be more nearly isotropic optically, 
e.g. CH4, CC14, etc. It is believed that the considerations set out above, when more 
fully developed with the aid of the new mechanics will furnish a basis for 
quantitative comparison with experiment. 

We may now pass on to consider changes in the vibrational state of the 
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molecule induced by the incident radiation. From thermodynamical consider¬ 
ations it is evident that the great majority of the molecules in a substance would 

be in the zero vibrational state at ordinary temperatures, and hence it is clear, 
especially in view of what has been said above regarding the nature of the 
transitions induced by light, that they must correspond to the fundamental 
vibration frequencies of the molecules. [In exceptional cases, harmonics of such 
vibrations, and summations of two fundamental frequencies may occur with low 
intensities]. It appears desirable to emphasise this point particularly because the 
contrary opinion expressed by Langer in a note to Nature dealing with the case of 
CC14, appears to have gained currency in certain quarters and is quoted by Prof. 
R W Wood with approval in his communication to the Faraday Soc. The figures 
given by Langer in his note in Nature do not prove his contention, as the observed 
absorption frequencies of CC14 in the infrared can be explained with equal 
numerical accuracy and physically in a much more acceptable way by taking the 
frequencies in the far infrared observed in the light-scattering as the funda¬ 
mentals, and the absorptions in the near infrared as summationals derived from 
them. [Indeed this has been done recently by another American writer in a paper 
in Phys. Rev.]. The view that the vibration frequencies observed in light¬ 
scattering are really the fundamentals is supported by very cogent and convincing 
evidence. Particularly striking in this connection is the fact that the frequencies 
found move further and further into the region of the remote infrared with 
increasing atomic weights, as we should expect them to do if they were 
fundamental frequencies. The diagram given by Prof. Pringsheim in his recent 
article in the Handb. Phys. (Band XXI, p. 612, Abb. 5) from the observations of 
Daure is specially instructive in this respect. 

To enable us to understand why the light in disturbing the electrons also tends 
to set the atomic nuclei in vibration, it appears advantageous to adopt the 
method of representation used by Prof. Franck in his well known theory of 
photochemical dissociation of molecules, and by Prof. Victor Henri in the 
beautiful discourse which we have listened to on the work of the Zurich school of 
physical chemists with polyatomic molecules. For simplicity, we may consider a 
diatomic molecule and draw a graph connecting the potential energy of the atoms 
as a function of their nuclear separation. The graph exhibits a minimum at a 
distance of separation of the atoms corresponding to their position of equilib¬ 
rium. If now the molecule passes into an excited electronic state, we have to draw 
a new graph corresponding to such greater energy, and the distance of the nuclei 
at the lowest point of the new graph will be different from the first. In other words, 

if we excite the electrons, there is an inherent probability that we also alter the 
nuclear separation of the atoms in the molecule. In the experiments on light¬ 
scattering, the incident radiation quantum has insufficient energy to make the 
electron actually pass into an excited state. But the tendency to do so is there, and 
hence it is to be expected that in a certain proportion of the encounters with the 
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radiation-quanta, the molecules will absorb energy and pass into a higher 
vibrational state. 

If the form of the potential energy graphs were known, it should be possible to 
express this tendency in a quantitative form and thus to determine the intensity of 
the light scattered with changed wavelength. 

In the case of polyatomic molecules, our one-dimensional picture may be, in 
general, too simple and may require elaboration into a three-dimensional scheme 
connecting the excitation of the electrons in different directions with the 
probabilities of excitation of different types of nuclear vibration. In this way, the 
remarkable variation in the polarisation of the scattered radiations of different 
wavelengths may receive a satisfactory explanation. 



Nobel Lecture (1931) 

The molecular scattering of light 

Nobel lecture delivered at Stockholm, 11th December 1930 

C V RAMAN 

1. The colour of the sea 

In the history of science, we often find that the study of some natural phenomenon 
has been the starting point in the development of a new branch of knowledge. We 
have an instance of this in the colour of skylight, which has inspired numerous 
optical investigations, and the explanation of which, proposed by the late Lord 
Rayleigh, and subsequently verified by observation, forms the beginning of our 
knowledge of the subject of this lecture. Even more striking, though not so 
familiar to all, is the colour exhibited by oceanic waters. A voyage to Europe in 
the summer of 1921 gave me the first opportunity of observing the wonderful blue 
opalescence of the Mediterranean Sea. It seemed not unlikely that the pheno¬ 
menon owed its origin to the scattering of sunlight by the molecules of the water. 
To test this explanation, it appeared desirable to ascertain the laws governing the 
diffusion of light in liquids, and experiments with this object were started 
immediately on my return to Calcutta in September 1921. It soon became 
evident, however, that the subject possessed a significance extending far beyond 
the special purpose for which the work was undertaken, and that it offered 
unlimited scope for research. It seemed indeed that the study of light-scattering 
might carry one into the deepest problems of physics and chemistry, and it was 
this belief which led to the subject becoming the main theme of our activities at 
Calcutta from that time onwards. 

2. The theory of fluctuations 

From the work of the first few months, it became clear that the molecular 
scattering of light was a very general phenomenon which could be studied not 
only in gases and vapours but also in liquids and in crystalline and amorphous 
solids, and that it was primarily an effect arising from molecular disarray in the 
medium and consequent local fluctuations in its optical density. Except in 
amorphous solids, such molecular disarray could presumably be ascribed to 
thermal agitation, and the experimental results appeared to support this view. 

434 
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The fact that molecules are optically anisotropic and can orientate freely in 
liquids was found to give rise to an additional type of scattering. This could be 
distinguished from the scattering due to fluctuations in density by reason of its 
being practically unpolarised, whereas the latter was completely polarised in the 
transverse direction. The whole subject was critically reviewed and the results till 
then obtained were set out in an essay published by the Calcutta University Press 
in February 1922. 

The various problems requiring solution indicated in this essay were 
investigated with the aid of a succession of able collaborators. It is possible to 
mention briefly only a few of the numerous investigations which were carried out 
at Calcutta during the six years 1922 to 1927. The scattering of light in fluids was 
studied by Ramanathan over a wide range of pressures and temperatures with 
results which appeared to support the fluctuations theory of its origin. His work 
also disclosed the remarkable changes in the state of polarisation which 
accompany the variations of intensity with temperature in vapours and in liquids. 
Liquid mixtures were investigated by Kameswara Rao and furnished optical 
proof of the existence in such systems of simultaneous fluctuations of density, 
composition and molecular orientation. Srivastava studied the scattering of light 
in crystals in relation to the thermal fluctuations of density and their increase with 
temperature. Ramdas investigated the scattering of light by liquid surfaces due to 
thermal agitation, and established a relation between surface-tension and 
surface-opalescence. He also traced the transition from surface-opalescence to 
volume-opalescence which occurs at the critical temperature. Sogani investigated 
X-ray diffraction in liquids, in order to connect it with their optical behaviour and 
test the application of fluctuation theory to X-ray scattering. 

3. The anisotropy of molecules 

As stated above, the state of polarisation of the light scattered in fluids is 
connected with the optical anisotropy of the molecules. Much of the work done at 
Calcutta during the years 1922 to 1927 was intended to obtain data concerning 
this property and to establish its relations with various optical phenomena. 
Krishnan examined a great many liquids, and by his work showed very clearly the 
dependence of the optical anisotropy of the molecule on its chemical constitution. 
Ramakrishna Rao studied the depolarisation of scattered light in a very large 
number of gases and vapours and obtained information of high importance for 
the progress of the subject. Venkateswaran studied the scattering of light in 
aqueous solutions to find the influence on it of electrolytic dissociation. 
Ramachandra Rao investigated liquids having highly elongated molecules and 
also highly polar substances over a wide range of temperatures, and discovered 
the influence of molecular shape and molecular association on the depolarisation 
of scattered light in liquids. 
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The interpretation of the observations with liquids involved the development 
of a molecular theory of light-scattering in dense media which was undertaken by 
Ramanathan, myself and Krishnan. A revised opalescence formula was derived 
which differed from that of Einstein and yielded results in better agreement with 
observation. Krishnan and myself also published a series of investigations 
showing how the optical anisotropy of the molecules deduced from light¬ 
scattering could be utilized to interpret the optical and dielectric behaviour of 
fluids and also the electric, magnetic and mechanical birefringence exhibited by 
them. The conclusions derived from these studies enabled a connection to be 
established between the molecular anisotropy observed in fluids and the optical, 
electric and magnetic aelotropy exhibited by solids in the crystalline state. 

4. A new phenomenon 

The investigations referred to above were in the main guided by the classical 
electromagnetic theory of light, the application of which to the problems of light¬ 
scattering is chiefly associated with the names of Rayleigh and of Einstein. 
Nevertheless, the possibility that the corpuscular nature of light might come into 
evidence in scattering was not overlooked and was in fact elaborately discussed in 
the essay of February 1922 which was published at least a year before the well- 
known discoveries of Compton on X-ray scattering. While our experiments in the 
main appeared to support the electromagnetic theory of light, evidence came to 
hand at a very early stage of the investigations of the existence of a phenomenon 
which seemed to stand outside the classical scheme of thought. The scattering of 
light in transparent fluids is extremely feeble, much weaker in fact than the 
Tyndall effect usually observed in turbid media. It was experimentally discovered 
that associated with the Rayleigh-Einstein type of molecular scattering, was 
another and still feebler type of secondary radiation, the intensity of which was of 
the order of magnitude of a few hundredths of the classical scattering and differed 
from it in not having the same wavelength as the primary or incident radiation. 
The first observation of this phenomenon was made at Calcutta in April 1923 by 
Ramanathan who was led to it in attempting to explain why in certain liquids 
(water, ether, methyl and ethyl alcohols), the depolarisation of scattered light 
varied with the wavelength of the incident radiation. Ramanathan found that 
after exhaustive chemical purification and repeated slow distillation of the liquid 
in vacuum, the new radiation persisted undiminished in intensity, showing that it 
was a characteristic property of the substance studied and not due to any 
fluorescent impurity. Krishnan observed a similar effect in many other liquids in 
1924, and a somewhat more conspicuous phenomenon was observed by me in ice 
and in optical glasses. 
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5. The optical analogue of the Compton effect 

The origin of this puzzling phenomenon naturally interested us, and in the 
summer of 1925, Venkateswaran attempted to investigate it by photographing 
the spectrum of the scattered light from liquids, using sunlight filtered through 
colour screens, but was unable to report any decisive results. Ramakrishna Rao in 
his studies on the depolarisation of scattering during 1926 and 1927 looked 
carefully for a similar phenomenon in gases and vapours, but without success. 
This problem was taken up again by Krishnan towards the end of 1927. While his 
work was in progress, the first indication of the true nature of the phenomenon 
came to hand from a different quarter. One of the problems interesting us at this 
time was the behaviour in light-scattering of highly viscous organic liquids which 
were capable of passing over into the glassy state. Venkateswaran undertook to 
study this question, and reported the highly-interesting result that the colour of 
sunlight scattered in a highly-purified sample of glycerine was a brilliant green 
instead of the usual blue. The phenomenon appeared to be similar to that 
discovered by Ramanathan in water and the alcohols, but of much greater 
intensity, and, therefore, more easily studied. No time was lost in following up the 
matter. Tests were made with a series of filters transmitting narrow regions of the 
solar spectrum and placed in the path of the incident beam, which showed that in 
every case the colour of the scattered light was different from that of the incident 
light, and was displaced from it towards the red. The radiations were also strongly 
polarised. These facts indicated a clear analogy between the empirical characters 
of the phenomenon and the Compton effect. The work of Compton had made 
familiar the idea that the wavelength of radiation could be degraded in the 
process of scattering, and the observations with glycerine suggested to me that the 
phenomenon which had puzzled us ever since 1923 was in fact the optical 
analogue of the Compton effect. This idea naturally stimulated further investi¬ 
gation with other substances. 

The chief difficulty which had hitherto oppressed us in the study of the new 
phenomenon was its extreme feebleness in general. This was overcome by using a 
7-inch refracting telescope in combination with a short-focus lens to condense 
sunlight into a pencil of very great intensity. With these arrangements and using 
complementary light-filters in the path of the incident and scattered beams, as 
was done by Ramanathan in 1923, to isolate the modified radiations, it was found 
that they could be readily observed in a great many liquids, and that in many 
cases they were strongly polarised. Krishnan, who very materially assisted me in 
these investigations, found at the same time that the phenomenon could be 
observed in several organic vapours, and even succeeded in visually determining 
the state of polarisation of the modified radiations from them. Compressed gases 
such as C02 and N20, crystalline ice and optical glasses also were found to 
exhibit the modified radiations. These observations left little doubt that the 
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phenomenon was really a species of light-scattering analogous to the Compton 

effect. 

6. Its spectroscopic characters 

Thanks to the vastly more powerful illumination made available by the 7-inch 
refractor, the spectroscopic examination of the effect, which had been abandoned 
in 1925 as indecisive, now came within the reach of direct visual study. With a 
Zeiss cobalt-glass filter placed in the path of the incident beam, and one or other 
of a series of organic liquids as the scattering substance, a band in the blue-green 
region was observed by me in the spectrum of the scattered light, separated by a 
dark interval from the indigo-violet region transmitted by the filter. Both of these 
regions in the spectrum became sharper when the region of transmission was 
narrowed by the insertion of an additional filter in the incident beam. This 
suggested the employment, instead of sunlight, of the highly monochromatic 
radiations given by a mercury arc in combination with a condenser of large 
aperture and a cobalt-glass filter. With these arrangements, the spectrum of the 
scattered light from a variety of liquids and solids was visually examined, and the 
startling observation was made that the spectrum generally included a number of 
sharp lines or bands on a diffuse background which were not present in the light 
of the mercury arc. 

The quartz mercury lamp was so powerful and convenient a source of 
monochromatic illumination that, at least in the case of liquids and solids, 
photographing the spectrum of scattered light was found to present no 
extraordinary difficulties. The earliest pictures of the phenomenon were in fact 
taken with a portable quartz spectrograph of the smallest size made by the firm of 
Hilger. With a somewhat larger instrument of the same type, Krishnan obtained 
very satisfactory spectrograms with liquids and with crystals on which 
measurements of the desired precision could be made, and on which the 
presence of lines displaced towards the violet was definitely established first. The 
experimental difficulties were naturally greater in the case of gases or vapours, 
though they could be lessened by working with the substance under pressure. 
With an improvised instrument of large aperture (F/l-8), Ramdas obtained the 
first spectrograms with a gaseous substance (ether vapour) at atmospheric 
pressure. 

In interpreting the observed phenomena, the analogy with the Compton effect 
was adopted as the guiding principle. The work of Compton had gained general 
acceptance for the idea that the scattering of radiation is a unitary process in 
which the conservation-principles hold good. Accepting this idea it follows at 
once that, if the scattering particle gains any energy during the encounter with the 
quantum, the latter is deprived of energy to the same extent, and accordingly 
appears after scattering as a radiation of diminished frequency. From thermo- 
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dynamic principles, it follows that the reverse process should also be possible. 
Adopting these ideas, the actual observations could be interpreted, and the 
agreement of the observed displacements with the infrared frequencies of the 
molecules made it clear that the new method opened up an illimitable field of 
experimental research in the study of the structure of matter. 

7. Interpretation of the effect 

It appears desirable to emphasise that though the conservation principle of 
Compton is useful in interpreting the effects disclosed by experiment, it is by itself 
insufficient to explain the observed phenomena. As is well known from studies on 
molecular spectra, a gaseous molecule has four different species of energy of 
increasing orders of magnitude, namely those corresponding to translatory 
motion, rotation, vibration and electronic excitation. Each of these, except the 
first, is quantized and may be represented by an integer in an extended sequence 
of quantum numbers. The aggregate energy of a molecule may, therefore, assume 
any one out of a very large number of possible values. If we assume that an 
exchange of energy occurs in the collision between the molecule and the quantum, 
and limit ourself to the cases in which the final energy of the molecule is less than 
that of the incident quantum, we arrive at the result that the spectrum of the 
scattered light should contain an immense number of new lines and should in fact 
rival in its complexity the band spectrum of the molecule observed in the emission 
or absorption of light. Nothing more different from what is actually observed can 
be imagined than the foregoing picture. The most conspicuous feature revealed 
by experiment is the beautiful simplicity of the spectra of even complicated 
polyatomic molecules obtained in light-scattering, a simplicity that is in striking 
contrast to the extreme complexity of their emission or absorption spectra. It is 
this simplicity that gives to the study of light-scattering its special significance and 
value. It is clear that the effect actually observed was not and could not have been 
foreseen from an application of the conservation principles. 

The general principle of correspondence between the quantum and classical 
theories enunciated by Niels Bohr enables us, on the other hand, to obtain a real 
insight into the actual phenomena. The classical theory of light-scattering tells us 
that if a molecule scatters light while it is moving, rotating or vibrating, the 
scattered radiations may include certain frequencies, different from those of the 
incident waves. This classical picture, in many respects, is surprisingly like what 
we actually observe in the experiments. It explains why the frequency shifts 
observed fall into three classes, translational, rotational and vibrational, of 
different orders of magnitude. It explains the observed selection rules, as for 
instance, why the frequencies of vibration deduced from scattered light include 
only the fundamentals and not the overtones and combinations which are so 
conspicuous in emission and absorption spectra. The classical theory can even go 



440 C V RAMAN! SCATTERING OF LIGHT 



THE MOLECULAR SCATTERING OF LIGHT 441 

further and give us a rough indication of the intensity and polarisation of the 
radiations of altered frequency. Nevertheless, the classical picture has to be 
modified in essential respects to give even a qualitative description of the 
phenomena, and we have, therefore, to invoke the aid of quantum principles. The 
work of Kramers and Heisenberg, and the newer developments in quantum 
mechanics which have their root in Bohr’s correspondence principle seem to offer 
a promising way of approach towards an understanding of the experimental 
results. But until we know much more than we do at present regarding the 
structure of molecules, and have sufficient quantitative experimental knowledge 
of the effect, it would be rash to suggest that they afford a complete explanation of 
it. 

8. The significance of the Effect 

The universality of the phenomenon, the convenience of the experimental 
technique and the simplicity of the spectra obtained enable the effect to be used as 
an experimental aid to the solution of a wide range of problems in physics and 
chemistry. Indeed, it may be said that it is this fact which constitutes the principal 
significance of the effect. The frequency-differences determined from the spectra, 
the width and character of the lines appearing in them, and the intensity and state 
of polarisation of the scattered radiations enable us to obtain an insight into the 
ultimate structure of the scattering substance. As experimental research has 
shown, these features in the spectra are very definitely influenced by physical 
conditions, such as temperature and state of aggregation, by physicochemical 
conditions, such as mixture, solution, molecular association and polymerisation, 
and most essentially by chemical constitution. It follows that the new field of 
spectroscopy has practically unrestricted scope in the study of problems relating 
to the structure of matter. We may also hope that it will lead us to a fuller 
understanding of the nature of light, and of the interactions between matter and 
light. 

9. Some concluding remarks 

From a physical point of view, the quantitative study of the effect with the 
simplest molecules holds out the largest hope of fundamental advances. The 
beautiful work of McLennan with liquefied gases, and of R W Wood and Rasetti 
are pioneer investigations in this field which command the highest admiration. 
The quantitative study of the effect with crystals of the simplest possible chemical 
constitution is naturally of great importance. The case of the diamond, which has 
been investigated by Ramaswamy, Robertson and Fox, and with especial 
completeness by Bhagavantam, is of special interest. Very surprising results have 



442 C V RAMAN: SCATTERING OF LIGHT 

been obtained with this substance, which may be the pathway to a fuller 
understanding of the nature of the crystalline state. I should also like to draw 
attention to the work of Krishnamurti, who has traced a remarkable dependence 
of the intensity of the spectral lines observed in scattering on the nature of the 
chemical bond and followed the transition from the homopolar to the hetero- 
polar type of chemical combination. Krishnamurti’s observation that the 
paramagnetism of crystals apparently influences the observed intensity of the 
displaced lines is one of the most remarkable ever made in this new field of 
research. 



Nature (London) 123 494 (1929) 

Colour and optical anisotropy of organic 
compounds 

I desire to direct attention to a significant and very generally valid relation which 
emerges from an examination of the data accumulated by eight years of 
systematic research at Calcutta on the scattering of light. The generalisation may 
be stated thus: The types of molecular structure in carbon compounds which favour 

the development of colour are those which exhibit an exceptionally high degree of 

optical anisotropy. 

When we compare a series of compounds in respect of their optical anisotropy, 
and their colour as indicated by the position of their absorption-bands in the 
spectrum, the parallelism between the development of the two characters 
becomes evident. Thus, the aromatic series of compounds are generally more 
anisotropic than the aliphatic series. We have large increases of anisotropy when 
we pass from pyridine to quinoline, or from benzene to naphthalene and thence to 
anthracene. The introduction of a chromophore like N02 or auxochrome like 
NH2 as a substituent in the benzene molecule produces a notable increase in 
anisotropy. Less striking but perfectly definite increases occur when halogens of 
increasing atomic weight replace the hydrogen atom in the benzene ring. In 3 

disubstituted benzene derivatives, the relative position of the groups influences 
the anisotropy appreciably. These and many other instances may be cited to show 
that an increase in optical anisotropy connotes a development of colour. 

That variations of structure in carbon compounds should influence the two 
optical characters of anisotropy and colour in similar ways need not occasion 
surprise when we recollect that the element carbon in its two states, diamond and 
graphite, itself exhibits the same tendency. Diamond is a transparent and 
isotropic dielectric, while graphite is opaque, conducts electricity, and has a 
highly anisotropic structure as shown by X-ray analysis and by its diamagnetic 
behaviour. 

C V RAMAN 

210 Bowbazaar Street, Calcutta 
28 February 
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Magnetic behaviour of organic crystals 

The interesting observations of Sir William Bragg on the deportment of crystals 
of naphthalene in a magnetic field (Nature, Supplement, 7 May 1927) have been 
followed up quantitatively in this laboratory, and some very significant results 
have been obtained. It is found that the diamagnetic anisotropy of naphthalene is 
extremely pronounced, the susceptibilities along the three magnetic axes of the 
crystal being approximately in the ratios 16:7:4. That such a high degree of 
anisotropy is to be expected in aromatic compounds is indicated by the data for 
magnetic birefringence in liquids, as had indeed been shown earlier (C V Raman 
and K S Krishnan, Proc. R. Soc. (London) A, p. 511, 1927, 113). Mr S 
Bhagavantam, who made the measurements, finds that the axes of maximum 
diamagnetic susceptibility and of minimum optical dielectric constant in 
naphthalene crystals are approximately coincident. This observation explains 

why organic liquids derived from naphthalene, and indeed also aromatic liquids 
generally, exhibit a strong positive magnetic birefringence. We may further expect 
to find that in aromatic compounds generally, the magnetic and optical 
characters are linked together more or less in the same way as in naphthalene 

crystals. 
The magnetic behaviour of organic crystals of the aliphatic, group of 

compounds is different. Not only is the anisotropy, in general, less pronounced, 
but also the relation between the magnetic and optical characters is more varied. 
In some crystals, for example, iodoform, Mr Bhagavantam finds the axes of 
maximum magnetic susceptibility and optical dielectric constant are parallel; 
while in others, for example, urea, they are crossed. These facts have a bearing on 
the explanation of the fact that liquids of the aliphatic class exhibit a magnetic 
birefringence which is usually much feebler than in aromatic liquids, and further 
that in some of them the magnetic birefringence is positive and in others negative. 
An extended series of measurements of magnetic birefringence in liquids of the 
aliphatic class is now being made by Mr Ramanadham here, and is serving to 
elucidate relationships between the optical and magnetic characters of organic 
compounds and their dependence on chemical constitution. 

Since the position of the magnetic axes of a crystal depends on the orientation 
of the molecules in the unit cell of the lattice, it is clear that the studies of magnetic 
behaviour of organic compounds will form a powerful auxiliary to X-rays in the 
analysis of their crystal structure. 

C V RAMAN 

210 Bowbazaar Street, Calcutta, India 
7 March 
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The relation between colour and molecular structure in 
organic compounds 

C V RAMAN, F.R.S. 
and 

S BHAGAVANTAM 

(Received for publication on 23rd April 1929) 

Abstract 

(a) After a brief review of the existing theories, the paper considers the 
relationship between colour and constitution in organic compounds from a new 
and fundamental standpoint suggested by a comparison of the structure and the 

physical properties of diamond and graphite. 

{b) A remarkable and very general parallelism between the colour or light 

absorption, and the degree of optical, electrical, and magnetic anisotropy of the 

molecules is revealed on an examination of the data of (a) light absorption, (b) light 
scattering, (c) electric birefringence, (d) magnetic birefringence, (e) magnecry- 
stalline behaviour, and (/) crystalline birefringence of carbon compounds. Those 
structures and groups that tend to favour the development of colour also tend in 
general to enhance the degree of optical, electrical and magnetic anisotropy of the 
molecule. The facts covered by the “theory of chromophores and auxochromes”, 
the “quinonoid hypothesis” and “the strain theory of colour” are simultaneously 
included within this single generalisation. 

(c) A theoretical basis for the generalisation is furnished by the electron theory 
of dispersion, taken together with certain hypotheses (due to J J Thomson and 
L Silberstein) regarding the origin of the optical anisotropy of molecules, which 
are supported by observational data regarding refractivity, dispersion and 
pleochroism of organic compounds. 

(d) The mechanism of light-absorption is briefly discussed, with reference to 
electrical conductivity, and the special type of photoconductivity observed in 
illuminated crystals of high refractive index. 

1. Introduction 

The older theories of colour in organic chemistry such as the theory of 
chromophores and auxochromes and the quinonoid hypothesis are adequately 
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discussed in well-known treatises to which the reader may be referred.1 These 
theories are essentially chemical in their outlook, and their utility lay in their 
power to guide the labours of the synthetic colour chemists. They do not however, 
pretend to offer any physical explanation of the relationships between structure 
and light absorption. Some recent theories, especially those proposed by 
Stieglitz2 and by Sikhibhushan Dutt3 are more distinctly physico-chemical in 
character and may be briefly noticed. According to Stieglitz, colour production is 
essentially due to the simultaneous presence of oxidising and reducing groups in 
the chemical molecule. He regards the chromophoric and the auxochromic 
groups of the old structural theory as the oxidising and the reducing halves of the 
dye molecule. The vibrations of the electrons in the reducing group are so affected 
by the proximity of the oxidising group that the absorption frequencies are 
considerably decreased. The proper choice and substitution of the said groups in 
the nucleus intensifies this effect and the molecule begins to absorb portions of the 
visible spectrum; and thus develops colour. In the process of absorption, 
according to Stieglitz, there is no actual transfer of electrons between the different 
groups but they are still held within atomic restraints. 

Sikhibhushan Dutt’s theory is on quite different lines. According to him, selective 
absorption is due to molecular strain produced by any one of the following 
causes; (a) formation of a double or a triple bond, (b) formation of a cyclic from an 
open chain compound and (c) unequal distribution of the masses attached to the 
atom. He studied the internal strain of a number of double bonded systems and 
arranged them in the increasing order of magnitude as C:C, C:0, C:N, N:N, 
N:0. A strain-free molecule is regarded by him as an elastic and almost 
frictionless system which transmits all radiations. He assumes that by the 
introduction of a double bond, a frictional force is brought into play, and that the 
molecule begins to resonate with vibrations of lower frequency and hence 
absorbs in the ultraviolet region. With increasing strain, the frequency decreases 
and the substance develops absorption in the visible region. 

In the present communication, the whole subject is approached from a different 
and more fundamental standpoint. The element carbon as is well known, can 
assume two crystalline forms which differ in their properties in a most remarkable 
way. The first form, diamond is a transparent and colourless crystal. The second 
is graphite which is black and quite opaque. In this fundamental fact regarding 
carbon itself, it would seem that we can find the clue to a general explanation of 

'Cohen, Treatise on Organic Chemistry, Vol. II. 

Colour in Relation to Chemical Constitution by E R Watson, Longmans (1918). 

Physikalische Eigenschaften and Chemischen Knonstitution, W KanlTmann (Enke, 191). 

2Julius Stieglitz, A theory of colour production, Franklin Institute, Centenary Lecture, 1924. 

3Sikhibhushan Dutt, A theory of colour on the basis of molecular strain, J C S, Vol. 1928, p. 1171,1926 

and J. Indian Chem. Soc. 4, pp. 99 and 265. 
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the immense variety of facts known concerning the colour of carbon compounds. 
Why is graphite black while diamond is transparent though chemically they are 
both carbon? The answer to this question is presumably to be found in the 
structure of diamond and graphite respectively. In the diamond, as is shown by X- 
ray analysis, each atom of carbon is united in a very similar way to four others and 
the whole structure is symmetrical and the crystal belongs to the isotropic system. 

In graphite, on the other hand, the atoms lie in plane hexagonal networks in 
such manner that each atom is placed close to three others lying in the same plane 
with it, and much further away from a fourth atom lying in an adjacent hexagonal 
net plane. As a consequence, the whole structure of graphite is intensely 
anisotropic. This is shown in the clearest way by its diamagnetic behaviour. 
According to Owen,4 also Honda and Sone,5 the crystal is magnetisable about 6 
times more in a direction perpendicular to the hexagonal plane, than in directions 
parallel to the plane. The fact that graphite is a conductor of electricity, and 
therefore according to known principles opaque to light, must stand in the closest 
relationship to the ascertained structure of the substance. According to 
Washburn,6 the electrical conductivity in the hexagonal plane is about a hundred 
times as large as in directions parallel to the principal axis. Single crystals, in the 
form of thin transparent flakes, have also been examined optically, and were 
found to be negatively birefringent with a strong pleochroism accompanied by a 
large anisotropic effect.7 

When we pass to consider the vast field of organic compounds exhibiting 
colour, we find that in most artificial and natural dyestuffs, the carbon atoms 
form closed rings of which there may be several condensed together in a molecule, 
somewhat similar to the plane hexagonal networks of carbon atoms in graphite. 
Investigations which will be referred to in the following pages show that the 
structures in organic compounds which according to Sikhibhushan Dutt 
produce “molecular strain” are highly anisotropic in their optical, electrical and 
magnetic properties in a manner analogous to the behaviour of graphite. It is not 
surprising, therefore, that at the same time they also tend like graphite to absorb 
light and thus to exhibit colour. The intensity and nature of the colour depend on 
the portion of the spectrum absorbed. Here, the finer details of the molecular 
structure play an important part. We shall set out in this paper the evidence which 
connects anisotropy and colour in carbon compounds and indicates a common 
origin for both of these optical characters. 

4M Owen, Ann. Physik 1912, 37, 657. 
5Kotaro Honda and Take Sone, Sci. Rep. Tohoku Imp. Univ. Series I, (1913) 2, 25. 

6G E Washburn, Ann. Phys. (1915). 48, 236. 
7P Gaubert, Comptes Rendus (1923) 171, 1 123. 

See also Paul Ramdhor, Chem. Abst. (1929) 23, 1738. 
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2. Absorption spectra of organic compounds 

Much work has been done on the relation between molecular absorption and the 
chemical constitution in the organic field and a detailed discussion of the subject 
is given in many treatises, especially those of Kauffmann and Watson already 
referred to. Here, data for a few organic compounds are collected together, in 

order to illustrate some important points. 

Table I. Structure and absorption 

Series Substance Structure Absorption 

Benzene 

Naphthalene 

(1) 

Anthracene 

Naphthacene 

Ai /l 2 713 4 

2610 2540 2490 2440 

2850 2720 2630 2550 

— 3600 3430 3280 

Orange 

(2) 

(3) 

Azomethane 

Methaneazobenzene 

Azobenzene 

Benzophenone 

Benzil 

Diphenyl triketone 

Diphenyl tetraketone 

CH3—N=N—CH3 3480 

CH3—N=N—C6H6 4070 

C6H5—N=N—C6H5 4530 

C6H5—CO—C6H5 White 

C6H5—CO—CO—C6H5 Bright yellow 

C6H5—CO—CO—CO—C6H5 Golden yellow 

C6H5—CO—CO— CO¬ 

CO— C6H5 Red 

The table clearly shows several striking features. A passage from benzene via 
naphthalene and anthracene to naphthacene, which contain increasing numbers 
of benzene nuclei is accompanied by a marked shift in the absorption bands from 
the far ultraviolet towards the red end of the visible spectrum, until finally in 
naphthacene, portions of the visible spectrum are absorbed, the substance 
developing colour. The development of colour may be taken to mean in a wider 
sense, a development of smaller absorption frequencies, the absorption bands 
thereby shifting nearer the visible region. The same tendency is to be seen in the 

next series. The aromatic groups are clearly more conducive to the development of 
colour as the transition from azomethane via methaneazobenzene to azobenzene 
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shows. The next series shows the influence of a carbonyl group (C:0). Starting 
with benzophenone, which is colourless, containing one C:0 group, the colour 
can be deepened by increasing the number of C:0 groups or the molecule begins 
to absorb light of much smaller frequencies. As it will be shown later, precisely the 
same alterations that are responsible for the above transitions are also 
responsible in making the molecules more and more anisotropic. 

3. The optical anisotropy of organic compounds 

Extensive studies of the scattering of light by organic vapours and liquids have 
been made during the last seven years at Calcutta.8 It is a well-known 
phenomenon that light scattered by a liquid or vapour, in a direction transverse 
to the direction of incidence is imperfectly polarised. The degree of polarisation 
can be easily determined by means of a double image prism and a nicol. r the ratio 
of the weak to the strong component of polarisation in the transversely scattered 
beam is known as the depolarisation factor of the substance. Lord Rayleigh has 
shown that in the case of a gas or vapour at low pressures 

_ 2(A2 + B2 + C2-AB-BC- CA) 

r ~ 4{A2 + B2 + C2) + AB + BC + CA’ 

for an anisotropic molecule where A,B,C represent the moments induced in the 
molecule by unit electric force acting along' its principal directions. The 
expression vanishes when A = B = C, in other words when the molecule is 
optically isotropic. The depolarisation factor r is thus a measure of the optical 
anisotropy of the molecule. In the gaseous state the molecules are oriented at 
random and their mutual influence becomes negligible. Under these conditions r 
is determined exclusively by the true optical anisotropy of the molecule. In a 
liquid, however, the influence of the surrounding molecules also modifies the 
effect, the actual expression for r involving the compressibility of the liquid and 
other factors. We shall here therefore confine ourselves to the data of light¬ 
scattering obtained with substances in the state of vapour. Some typical results 
from Ramakrishna Rao’s paper are collected in table II. 

The data show clearly an outstanding difference between the aliphatic and the 
aromatic classes of organic substances. The value of r, the depolarisation factor, is 
much larger in the case of aromatics than in the case of aliphatics which means 
that the aromatic structure is in general more anisotropic optically than the 
aliphatic structure. The values of r given in columns 2 and 4 are very significant, 

8K S Krishnan, Philos. Mag. 1925 L 687. 
A N Banerji, Indian J. Phys. 1927 VII Part I 51. 

I Ramakrishna Rao, Ibid, p. 61. 
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Table II. Data of optical anisotropy 

Aromatics Aliphatics 

Substance 

(for vapour) 

r x 100 Substance 

(for vapour) 

r x 100 

Benzene 4-2 Carbon tetrachloride 0-50 

Toluene 4-6 n-Hexane 1-21 

Chlorobenzene 4-58 Heptane 1-40 

Bromobenzene 4-83 Isopropyl alcohol 1-30 

Nitrobenzene 5-6 Octane 1-66 
O. Nitrotoluene 4-80 Allyl alcohol 2-58 

M. Nitrotoluene 5-25 Trimethyl carbinol 0-69 
Aniline 5-63 Bromoform 2-90 
Pyridine 4-5 Chloroform 1-76 

Naphthalene 7-9 /Msoamylene 2-22 
Quinoline 7-87 Diethyl ketone 3-18 

for the anisotropy of a substance becomes extremely pronounced with increasing 
values of r. A depolarisation factor of 10% means that the optical polarisability in 
one direction is nearly 4 times than in others. Thus in the very structure of an 
aromatic compound is implied a high degree of molecular anisotropy. Certain 
types of modifications introduced into its structure, produce a still higher optical 
anisotropy accompanied by a development of colour. Further, it is also clear that 
in the aliphatic series, normal saturated compounds like hexane, heptane and 
octane have very moderate values for r whereas diethyl ketone, allyl alcohol, 
/Tisoamylene and bromoform show a comparatively strong anisotropy. Di- 
ethylketone is characterised by a C:0 group, whereas allyl alcohol and 
/Msoamylene contain the C:C group. Bromoform has three heavy atoms in the 
molecule as against the fourth hydrogen atom which is comparatively much 
lighter. It is very significant that these are the same groups which according to 
Sikhibhushan Dutt produce ‘molecular strain’. Thus the particular groups are at 
work even in aliphatic molecules but the general disposition of the atoms in the 
latter is such that they become more or less symmetrical and the structure has not 
yet developed a sufficient degree of anisotropy to display its full effect. 

In the aromatic series, the N02 and NH2 groups stand out prominently. 
Nitrobenzene, nitrotoluenes and aniline have much larger values for their 
depolarisation factors. In other words these two groups tend to make the 
molecule highly anisotropic. Incidentally it may be remarked here that these two 
groups are also well known to colour chemists; the former as an important 
chromophore and the latter as an auxochrome. Nextly, a marked increase, as we 
pass on from benzene to naphthalene or from pyridine to quinoline is observed. 

Naphthalene is known to contain two condensed benzene nuclei and quinoline 
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stands in a similar relation to pyridine. Thus with increasing benzene rings we 
obtain molecules more and more optically anisotropic. 

In addition to the data given in the table, two more compounds need a special 
mention here, namely CS2 and C02. The depolarisation factors are 107 and 9-7 
respectively which are surprisingly large. This appears to fit very well with the 
fact, well known to colour chemists, that C:0 is a chromophore and C:S even a 
stronger one. 

Cases are known of coloured organic compounds, as for instance, dimethyl 
fulvene which contain no benzene nucleus. It may be pointed out however that 
this substance possesses a quinonoid structure with a system of double bonds 
which must make it optically anisotropic. Thus if it is postulated that any 
structure which favours the development of a high degree of optical anisotropy 
also favours a development of colour, then there would be no difficulty in 
understanding why fulvene and other compounds of which it is a representative 
exhibit marked colour. 

4. Electrical anisotropy of organic compounds 

Substances in the gaseous or liquid state, when placed in an electrostatic held 
exhibit a feeble birefringence. The molecules are assumed to possess an intrinsic 
optical anisotropy, and hence owing to the orientative action exerted by the 
electrostatic field the fluid behaves as if it were a doubly refracting crystal. All 
substances which possess electrically polar molecules are found to have 
comparatively large electric birefringence as against non-polar molecules which 
show a very feeble effect. Born explained the large value for the polar molecules by 
taking into account the permanent electric doublet present therein. For non¬ 
polar molecules, the expression for K, the Kerr constant, which is a measure of the 
electrical birefringence, involves the optical and the electrical anisotropy of the 
molecule. The available data regarding the Kerr constant for organic compounds 
which are however, very scanty, are collected in the following table. Only non¬ 
polar molecules are given and they illustrate one or two important points. 

Table III. Data of electrical birefringence 

Aliphatics Aromatics 

Substance Kerr constant x 107 Substance Kerr constant x 107 

Pentane 005 Benzene 0-593 

Isopentane 005 m. Xylene 0-858 

CC14 0-074 p. Xylene 0-73 

Hexane 0-056 Toluene 0-75 . 
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All aliphatics as before, are very feebly birefringent when compared to the 
aromatics, which indicates that the electrical anisotropy and optical anisotropy 
of the former class of compounds are very weak in comparison with those of the 
latter. CS2 liquid gives a large electrical birefringence, its Kerr constant being 
3-226 x 1(T7. This is far greater than any of the substances given in the table and 
indicates a high degree of electrical anisotropy for the compound in addition to 
the high optical anisotropy mentioned in the preceding section. 

5. Magnetic anisotropy of organic compounds 

Cotton and Mouton observed that liquids exhibit birefringence in a strong 
magnetic field and the generally accepted explanation of the phenomenon is that 
the molecules which are optically and magnetically anisotropic, are oriented in a 
magnetic field and the liquid as a whole exhibits birefringence. The magnitude of 
the effect depends on the extent to which the molecules are magnetically and 
optically anisotropic. Strongly anisotropic molecules like the derivatives of 
benzene and naphthalene show a highly developed magnetic birefringence, while 
in most aliphatic substances, the effect is very feeble though measurable, as has 

been shown recently at Calcutta.9 The studies of magnetic birefringence reveal 
the degree of molecular anisotropy. In the following table the relative values with 
nitrobenzene =100 are given as obtained by Cotton and Mouton for a number of 

liquids with which we are concerned here. 

Table IV. Data of magnetic birefringence 

Aromatics Aliphatics 

Substance Cm m Substance r m 

Benzene 23-3 Chloroform -2-8 

Nitrobenzene 100 Bromoform -6-8 

Benzonitrile 39-5 Acetone 1-6 
Phenyl butylene 64 Nitromethane 3-6 
Benzophenone 57-2 Methyl iodide -2-9 

a-naphthonitrile 166 Methylene iodide - 12-3 
a-chloronaphthalene 108 Isoprene 2-7 

Cm represents the Cotton-Mouton constant. The same conclusions as arrived 
at from the data on light scattering can be drawn from this table. The aliphatics 
are as a class practically isotropic whereas the aromatics are strongly anisotropic. 

9M Ramanadham, see the preceding paper in this Journal. 
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In both the sections, the influence of the substituent groups is quite marked. As we 
pass from chloroform to bromoform and from methyl iodide to methylene 
iodide, the molecules are loaded more and more unsymmetrically and there is a 
corresponding increase in the magnetic birefringence. Isoprene illustrates the 
result of unsaturation. In the aromatics the effect of unsaturation as in phenyl 
butylene, the introduction of a C:N group as in benzo- and naphthonitriles and 
that of N02 group as in nitrobenzene is quite clear as before. Although two 
benzene nuclei are sufficient in themselves to give a high value as in the case of 
chloronaphthalene, the introduction of a C:N group makes it very marked in the 
case of naphthonitrile. Thus the same structures and groups that are instrumental 
in lowering the absorption frequencies as evinced by the data on absorption 
spectra, are also responsible for a large molecular anisotropy. 

6. Birefringence in the crystalline state 

The molecules which display a large optical anisotropy in the vapour state should 
necessarily exhibit a large double refraction in the crystalline state except in 
special cases when the effective double refraction is diminished by a special type of 
arrangement of the molecules in the unit cell. With a view to get a clearer 
understanding of the same, the optical properties of some fundamental organic 
substances in the crystalline state have been investigated. These together with the 
data already available, are given in the following table. 

Table V. Crystalline birefringence 

Aromatics Aliphatics 

Substance »l-»2 Substance nt-n2 

Picric acid 0-4 Hexabromethane 0-12 

Picramic acid 0-45 Oxalic acid 018 

Ammonium picrate 0-4 Aminoacetic acid 0-16 

Naphthalene 0-499 Melamine 0-38 

Anthracene 0 61 d. Tartaric acid Oil 

Quinone 0-34 

3. Aminoquinoline 0-36 

nx and n2 represent the maximum and minimum refractive indices of the crystal. 
This table again brings out the differences between aliphatics and the 

aromatics clearly. Of the data available in the aliphatic crystals, a few prominent 
ones are collected and with the exception of melamine, all of them are feebly 
birefringent when compared with the aromatics. Melamine has two C:N groups 
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and hence the increased birefringence is quite in accordance with the foregoing 
views. Amongst the aromatics picric acid, a well known dye, and its derivatives 
show fairly large birefringence. The molecule consists of three N02 groups 
substituted in a benzene nucleus. Both naphthalene and anthracene, typical 
representatives of the polynuclear parent substances used in the dyeing industry, 
exhibit high optical anisotropy. Anthracene crystals are more strongly birefrin- 
gent than naphthalene crystals. 

The absorption spectra of naphthalene and anthracene in the crystalline state 
have been obtained and the absorption maximum for anthracene is not far from 
the visible region whereas for naphthalene it is still in the ultraviolet. Thus it is 
clear that increasing optical anisotropy is a phenomenon running parallel with 
strong absorption and development of colour. 

7. The optical basis of the quinonoid theory 

One of the most prominent amongst the older theories, which resulted in a vast 
amount of synthetic research, was the quinonoid theory. For a detailed 
discussion, a reference should be made to Watson’s book.10 The theory 
postulates that all coloured substances are characterised by a peculiar structure 
known as the quinonoid structure. When a transformation takes place from the 
colourless leuco base, which is supposed to possess no quinonoid structure, to the 
coloured dye base, then the production of colour is explained by assuming that 
the configuration of the linkages in the molecule is so changed as to bring about a 
quinonoid structure. The same transformation is seen in its simplest form in the 
oxidation of hydroquinol to quinone. 

O OH 

/\ 

OH 
O 

Hydroquinol has a simple benzene nucleus and is quite colourless. Quinone is 
representative of the paraquinonoid structure and has a rich golden yellow 
colour. If the postulated hypothesis is correct, in this transformation, one can 
expect to find a large increase in the optical anisotropy as they are typical 
structures characterising the colourless leuco base and the coloured dye base. 

10 Loc. cit. 
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Data11 available show that hydroquinol crystallises in two modifications. The 
principal refractive indices for the trigonal variety have been given as 1-6325 and 
1-6262 for the D line. This gives hardly any birefringence and thus makes the 
crystal practically isotropic. Quinone, obtained by sublimation in thin flakes, is of 
a golden yellow colour and shows a much higher degree of optical birefringence. 
The difference between its principal refractive indices, as given before is about 
0-34 which is many times more than that of hydroquinol. We thus see that while 
hydroquinol is colourless and practically isotropic, quinone a golden yellow 
coloured substance is highly birefringent. This is a specially good illustration of 
the relations existing between chemical structure and the two optical characters 
of colour and optical anisotropy respectively. The facts on which the “quinonoid 
theory” of colour is based fit in equally with the views advanced in the present 
paper. 

8. The common origin of colour and optical anisotropy 

The empirical relationships traced in the foregoing pages between absorption 
spectra and the molecular anisotropy of carbon compounds must naturally have 
some theoretical basis. To make this clear we may, at first, draw attention to some 
facts concerning the molecular refractivities of different classes of organic 
compounds. 

Table VI. Molecular refractivities of organic compounds 

Substance Md Substance 

c6h6 c6h8n2 

Benzene 26-18 Adipyl dinitrile 31-14 
Dipropargyl 25-60 m-phenylenediamine 34-94 

2,5-dimethylpyrazine 32-07 
c7h14o 

Heptaldehyde 33-95 

Phenylhydrazine 34-01 

p-Hexahydrocresol 33-46 

In Table VI are given a few typical data for molecular refractivity computed 
from the figures given in the International Critical Tables for three groups of 
compounds each having the same molecular formula but very different chemical 
constitution. Dipropargyl, adipyl dinitrile and heptaldehyde are open chain 
compounds whereas the others in the list are all cyclic compounds. It will be seen 

"Groth Chem. Kristallogr. Vol. 4, p. 86. 
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that in spite of the enormous differences in the structure, the molecular 
refractivities in each group of compounds show only moderate differences. We 
have a quite different position when instead of the molecular refractivity 
computed from the index for the liquid which represents an optical property of 
the molecule averaged for all orientations in space, we consider the same property 
of the molecules along different axes in its structure. 

Taking the latest value12 of r for benzene vapour as 0 042, on calculation we 
find that the ratio of the moment induced for vibrations in the plane to the 
moment for vibrations perpendicular to the plane of the benzene ring is 1*95:1, 
i.e., nearly twice as large in one case as in the other. In the case of aliphatic 
compounds, taking n-hexane as an example which has r = 0-012, the maximum 
and the minimum optical polarisations are in the ratio 1-34:1, and therefore much 
less different from each other. Since the average molecular refractivity depends to 
a much less extent on structure than these figures indicate, we are obliged to 
conclude, that in the cases of the aromatic compounds, the existence of a high 
degree of optical anisotropy involves a greatly increased optical polarisability or 
refraction in certain directions, with per contra a diminished optical polarisability 
or refraction in other directions. 

A similar phenomenon is noticed in respect of magnetic anisotropy of organic 
compounds. Pascal showed that except for certain comparatively minor 
structural influences, the diamagnetic susceptibility of organic compounds did 
not deviate greatly from additive relationships. But when the directional 
properties are studied, the whole subject takes an entirely different aspect. As has 
been shown in another paper13 appearing in this journal, organic crystals of the 
aromatic class display an astonishingly large magnetic anisotropy, the suscepti¬ 
bility of naphthalene crystals, for example, being nearly four times as large in one 
direction as in another. This indicates that while the susceptibility averaged over 
all directions is not very different for aromatic and aliphatic compounds, the 
susceptibility along a particular axis of the molecule is very much increased in the 
former class of substances with per contra, a diminution in other directions. 

The influence of optical anisotropy is also clearly seen when it is attempted to 
connect refraction and dispersion data with the characteristic frequencies of 
absorption of the substance on the basis of the electron theory of dispersion. 
Drude calculatecf the number of electrons in several organic and inorganic 
compounds from the natural dispersion and arrived at the conclusion that the 
number present in a molecule is equal to the number of the valency electrons. 
Similar calculations have been made by Erfle for a number of aromatic and other 
unsaturated compounds, wherein he found that the number of dispersion 

12I Ramakrishna Rao, loc. cit. 

13S Bhagavantam, see preceding paper in this Journal. 
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electrons calculated falls short of the valency electrons to a large extent. This can 
be seen from the table given below in which a few typical aromatic substances are 
collected. 

Table VII. Valency and dispersions electrons 

Substance Benzene Toluene Xylene Naphthalene 

V 30 36 42 48 

P 12 14-8 17-6 13-9 

v is the number of valency electrons actually present and p is the number deduced 
from the dispersion. It appears as though several of the valency electrons are out 
of action. Later, Richardson14 discussed the data for magnetic rotary dispersion 
on the basis of electron theory and found similar discrepancies in the aromatic 
and unsaturated compounds. A few typical cases are collected in the following 
table. 

Table VIII. Valency and magnetic dispersion electrons 

Aliphatics Aromatics 

Substance V P Substance V P 

Methyl alcohol 10 10 Benzene 30 16 6 
Ethyl 16 14-6 Triphenyl methane 92 49-5 
Acetaldehyde 14 13 6 Diphenyl 58 29-7 
Propaldehyde 20 191 Orthoxylene 42 27-3 

Acetic acid 16 16-7 L. Monobrom naphthalene 48 27-1 

v and p have the same significance as before. In aliphatics there is a fair 
coincidence whereas in aromatics the number calculated is far lower than the 
actual number present. At first sight, these figures suggest that a great many of the 
valency electrons are ineffective. It must however be remembered that in these 
calculations the electron is assumed to have a symmetrical binding with the 
atoms or in other words, its characteristic frequency is assumed to be the same 
for all directions of vibration. There is no a priori reason for this assumption. In 
fact, J J Thomson15 assumed, in order to explain the observed optical anisotropy 
of molecules, that the electrons in them are so bound that the characteristic 

14S S Richardson, Philos. Mag. (1916), 31, 454. 

15Sir J J Thomson, Philos. Mag. (1920), 40, 395. 
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frequencies of vibration and therefore also the displacements of them produced 
by an impressed periodic force are different along each of three perpendicular 
axes fixed in the molecule. It is likely that if dispersion data along different axes in 
aromatic crystals such as naphthalene or anthracene are obtained and discussed, 
the apparant anomalies indicated in Tables VII and VIII will receive an adequate 
explanation. 

If the cause of optical anisotropy is that assumed by J J Thomson and referred 
to above, it follows that molecules which are highly anisotropic and therefore 
very strongly polarisable in certain directions by an incident field of force must 
have correspondingly low characteristic frequencies of electron vibration for such 
directions. This is just what is necessary to explain the observed correlation 
between colour and optical anisotropy, and would at the same time make 
intelligible the apparent defect in the number of “dispersion electrons” in such 
molecules. Dispersion is determined to a much larger extent than refraction by 
the existence of relatively low characteristic frequencies, and if the latter are 
confined to only one out of the three optical axes of the molecule, the result would 
be the same as if only one-third of the electrons actually present and taking part in 
dispersion were effective. 

It is interesting also to notice that the existence of different characteristic 
frequencies for different directions of vibration is also indicated by an entirely 
different line of thought. Silberstein16 has shown that the mutual electrostatic 
influence of neighbouring isotropic atoms in a molecule should result in the 
molecule as a whole becoming optically anisotropic, and at the same time cause 
its characteristic frequencies to diminish in axial directions and increase along 
transverse directions. 

9. The significance of pleochroism 

The remarks made in the preceding section make it possible to understand why 
pleochroism is so frequently observed in highly coloured crystalline organic 
compounds. Pleochroism stands in the same relationship to ordinary light 
absorption that birefringence has to ordinary refraction, and according to the 
theoretical considerations indicated by J J Thomson and L Silberstein is more or 
less inevitable in highly anisotropic crystals which exhibit colour. Groth gives 
qualitative descriptions of the distinct pleochroism exhibited by a great number 
of crystals of the aromatic series in the visible region. From these, some examples 
of strongly coloured bodies which exhibit pleochroism are collected in the 
following table. 

16 L Silberstein, Philos. Mag. (1917) 33, 521. 
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Table IX 

Substance Pleochroism 

Indigo Very strong 
Hexamethyl p. Rosaniline Deep violet colour with strong pleochroism 

Surface is copper red 
Brilliant green Strong, sulphur yellow to currant 
Azobenzene Strong, red to citron yellow 
Isatin Strong, orange yellow to brown 
Azotoluene Marked 

It is noteworthy that the majority of strongly pleochroic substances belong to 
the polynuclear aronatics and those few which possess one benzene nucleus and 
yet exhibit the phenomenon are generally characterised by either one or more 
N02 groups or a quinonoid structure. 

Pleochroism and birefringence both depend on the dispersion electrons and 
their natural frequencies. Since however birefringence is determined also by the 
characteristic ultraviolet frequencies of the molecule which do not affect the 
absorption in the visible region, we should not expect strongly birefringent 
crystals always to show strong pleochroisrri or vice versa. For instance, 
azobenzene crystals which show marked pleochroism are only feebly birefringent 
whereas picric acid, which is strongly birefringent, shows weak pleochroism. The 
relationship between pleochroism and birefringence may also be complicated by 
the presence of anomalous dispersion in the visible region of the spectrum. In 
view of these remarks, we cannot expect any simple universal rules connecting 
either the principal directions of light absorption and of birefringence or their 
absolute magnitudes. Nevertheless, it is interesting to note, that in nine out of a 
dozen organic compounds exhibiting pleochroism for which complete refraction 
data are available, the direction of maximum optical polarisability in the crystal 
and of the strongest light absorption coincide. From the data given by Groth,17 it 
seemed azobenzene was an exception to this rule and in view of its importance, 
certain qualitative observations have been made with the crystals and the results 
are in disagreement with those given by Groth. The crystal appears citron yellow 
for vibrations parallel to the b-axis and red for vibrations perpendicular to the 
same; its behaviour is thus quite in accordance with the general rule indicated 
above. 

We have not at present clear-cut notions as to the actual mechanism of light 
absorption in solids or liquids. In the formal equations of the electromagnetic 
theory the term of absorption arises because the medium is supposed to possess 

17Groth, Chem. Krvst 5, p. 60. 
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an electrical conductivity p in addition to the dielectric constant e. The electric 
currents thus arising from conduction produce heat, the energy of which comes 
from the absorbed portion of the incident radiation. In other words, the 
substance behaves as an actual conductor for vibrations in the neighbourhood of 
its characteristic absorption frequencies. There are two alternatives possible. The 
first alternative is that the electron might pass out into a state of higher energy, 
still remaining within atomic restraints, thereby absorbing part of the incident 
energy, and then revert back to the former state by collisions with the 
surrounding atoms, which carry off the energy as thermal agitation. The second 
possibility is that the electron may actually be detached from the atom and carry 
off the energy in kinetic form. The first alternative seems to be more probable, but 
in this connection the work of Gudden and Pohl18 is very significant. They found 
that all crystals which have a refractive index greater than 2, develop when 
exposed to light, a photoelectric current which is of two kinds: (1) a primary 
current due to photo electrons which the light has liberated from the atoms of the 
crystal, (2) a secondary current representing the motion of the positive ions 
towards the cathode, but if the excitation is caused under suitable conditions, the 
effect was found to be entirely due to the first cause. Later Kurrelmeyer19 
investigated the photoconductivity of sulphur crystals which has for its principal 

refractive indices (for the red K line) na = L93, np = 2-00, nr = 2-19, and arrived at 
certain very interesting results. Thus it appears that all crystals with n > 2 

generally display this phenomenon of photoconductivity, the mechanism of 
which is somewhat analogous to that of absorption. This supports the view that 
absorption or colour is a phenomenon closely allied to high refraction and 
birefringence. In the organic world one meets with highly birefringent crystals 
with one or other of the principal refractive indices greater than 2. It is likely that 
these display differences in photoconductivity in different directions, an effect 
which could not be detected in sulphur by Kurrelmeyer. 

18Gudden and Pohl, Z. Phys. (1923) 17, 331. 

Gudden and Pohl, Naturwissenschaften (1923) 11, 351. 

Gudden and Pohl, Phys. Zeit. (1925) 26, 481. 

14Bernhard Kurrelmeyer, Phys. Rev. (1927) 30, 893. 
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Diamagnetism and crystal structure 

Prof. Ehrenfest has suggested (Physica 1925 5, p. 388) that the high diamagnetic 
susceptibility of bismuth is to be ascribed to the existence in the metallic crystal 
lattice of electron orbits of large area including several atoms within their radius. 
There seems good reason to extend Ehrenfest’s hypothesis to the case of carbon as 
well, since it affords an illuminating insight into the magnetic behaviour of the 
different forms of this element. It is known that graphite possesses a high specific 
susceptibility, which according to the most recent measurements of Vaidya- 
nathan with carefully purified samples, is — 5T x 10~6, that is, quite ten times 
larger than the specific susceptibility of diamond (— 0-49 x 10 “ 6), the latter being 
practically the same as that of carbon in organic compounds as found from 
Pascal’s additive law. The abnormal susceptibility of graphite becomes intelli¬ 
gible in terms of the peculiar structure of the substance and its electrical 
conductivity, if we assume that there are electron orbits circulating round the 
plane hexagonal rings of carbon in the crystal-lattice. This fits in with the known 
fact (observed by Honda and Owen) that the susceptibility of graphite is six or 
seven times greater normal to the planes of cleavage than parallel to them. 
Diamond, on the other hand, being a dielectric would naturally not show the 
abnormal susceptibility. 

Careful studies made by Mr P Krishnamurti of the X-ray pattern of sugar 
charcoal and lamp-black prove conclusively that these substances do not possess 
any crystalline structure. The fact that amorphous carbon has the normal 
susceptibility (0*51 x 10“ 6), and not the high value of graphite, is therefore quite 
to be expected. The great diminution in the susceptibility of bismuth which occurs 
on fusion may be regarded as an analogous phenomenon. 

Ehrenfest’s hypothesis would appear to have also other fruitful applications, 
for e.g. in the explanation of the remarkable diminution in the susceptibility of 
graphite at high temperatures and of the dependence of susceptibility on particle 
size in colloidal substances. We need not, however, enter into those details here. 

C V RAMAN 

210 Bowbazaar Street, Calcutta 
23 May 

\ 
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A new X-ray effect 

It is a remarkable but as yet imperfectly understood fact that crystalline graphite 
has a diamagnetic susceptibility many times greater than that of carbon in other 
forms, either by itself or in combination. In the hope of elucidating this 
phenomenon, we were led to make a careful study of the X-ray diffraction 
patterns of purified graphite, using a narrow pencil of the K radiation of copper, 
and taking special pains to avoid fogging of the plate in the vicinity of the primary 
beam, either by stray radiation or by photographic halation. The diffraction 
photographs obtained with powdered graphite in this way show a new and 
hitherto overlooked phenomenon (figure 1). We find a notable amount of 
scattered radiation in the area surrounding the primary beam, terminating 
sharply at the first diffraction ring, and reappearing with a much smaller though 
quite sensible intensity in the area between the first and second diffraction rings. 

Figure 1 

These observations contradict the general belief that crystals or coarsely 
crystalline powders do not show any appreciable X-ray scattering at small angles 
with the primary beam.(Hewlett, Phys. Rev., 1922, 20, 688). Our experiments show 
the effect to become distinctly more noticeable when graphites of increasing 
degrees of fineness obtained by sedimentation were used. Blank exposures taken 
without the graphite, and powder patterns taken with other organic crystals (for 
e.g. hexamethylene tetramine), do not exhibit the phenomenon; it cannot 
therefore be ascribed to the presence of white radiation or to stray X-rays. The 
peculiar distribution of the scattering, and especially its relation to the position of 
the diffraction rings, appear to us definitely to exclude the possibility of the effect 
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being due to any admixture of adsorbed impurities or of amorphous carbon with 
the graphite. 

We are inclined to attribute the effects noticed by us to the fact that more or less 
loosely associated with the crystal lattice of graphite there are also certain mobile 
electrons which endow the substance with its high electrical conductivity. The 
success of Pauli, Sommerfeld and others in developing the electron theory of 
paramagnetism and of metallic conduction on the basis of the Fermi-Dirac 
statistics suggests that even though graphite is strongly diamagnetic, certain 
electrons in it must possess large velocities, and hence cannot be regarded as an 
integral part of the lattice in respect of X-ray diffraction. They would therefore 
necessarily give rise to a scattering at small angles with the primary beam. The 
influence of particle size presumably depends on the magnitude of the free path of 
the electrons. We may interpret the increased intensity of the scattering with the 
finer powders as due to the distribution of the conduction electrons in the crystals 
becoming more and more completely chaotic with diminishing particle size. Such 
an interpretation is at least rendered plausible by the fact, discovered in a 
subsidiary investigation by Raman and Vaidyanathan, that the diamagnetic 
susceptibility of graphite is markedly a function of particle size, diminishing 
steadily to a small fraction of its full value with increasing subdivision of the 
substance. 

C V RAMAN 
P KRISHNAMURTI 

210 Bowbazaar Street 
Calcutta, India 
6 June 
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Anomalous diamagnetism 

In a letter in Nature of June 22 (p. 945), reference was made to the Ehrenfest 
hypothesis which ascribes the high diamagnetic susceptibility of bismuth to the 
existence of closed electron orbits of larger than atomic dimensions in association 
with the crystal lattice. 

It may be pointed out that the existence of such orbits appears to furnish a very 
natural explanation of a variety of phenomena which up to now have been 
obscure. In the first place, the extremely pronounced diamagnetic anisotropy 
characteristic of bismuth (and also of graphite) becomes immediately intelligible 
as a consequence of the specific orientation of the assumed electronic circulations 
within the crystal lattice. Further, the large Hall effects and changes of electrical 
resistance exhibited by bismuth and graphite when placed in a magnetic field 
become comprehensible, since the electronic circulations would be modified by 
the field, and result in corresponding modifications of the flow of electricity 
through the substance under a simultaneously impressed electromotive force. 
There would be every reason to expect, as is indeed the case, that the magnitudes 
of the Hall effect and the change of resistance would depend on the orientation of 
the crystal in the magnetic field and the direction of flow of electricity through it. 

Then again, with rise of temperature and consequent thermal derangements of 
the lattice, the postulated electronic circulations would tend to disappear and 
give place to chaotic electronic movements. The diamagnetic susceptibility would 
then diminish towards its normal value for a non-crystalline condition of the 
substance, and corresponding changes would occur in the coefficients of the Hall 
effect and magnetic variation of electrical resistance. That liquid metals do not, so 
far as I am aware, exhibit a measurable Hall effect is significant in this connexion. 

In close analogy with the influence of temperature, and presumably to be 
explained on very similar lines, is the remarkable fact that the anomalous 
diamagnetism of bismuth and of graphite tends to diminish or disappear when 
the substances are reduced to a colloidal condition. 

Finally, it may be remarked that the dimensions of the crystal lattice, cannot be 
uninfluenced by the existence of such regular electronic circulations within it or 
by modifications produced in them by an external agency. That the magnetostric¬ 
tion of bismuth in strong fields discovered by Dr Kapitza (Nature, July 13, p. 53) is 
connected with the anomalous diamagnetism of the substance admits of little 
doubt. The notable increase in magnetostriction at low temperatures observed by 
him appears to fit in very well with the Ehrenfest hypothesis. 

C VRAM AN 

464 



Proc. Phys. Soc. 42 309-320 (1930) 

Diamagnetism and molecular structure 

Lecture delivered* on November 8, 1929 

C V RAMAN, F.R.S. 

Physicists at the present day do not need to be reminded of the great importance 
of the subject of magnetism considered from the standpoint of chemistry, i.e. in 
relation to molecular structure. The subject of diamagnetism in relation to 
molecular structure, however, has not been so much to the fore as that of 
paramagnetism. At Calcutta we have approached the subject from a rather 
unusual standpoint in connexion with our investigations on the scattering of 
light. We were led to discuss the question how far it was possible to obtain a 
quantitative expression for the magnetic double refraction observed in liquids. I 
will remind you of a discovery in about 1912 by two French physicists—Cotton 
and Mouton1—who found that if they placed an organic liquid in a strong 
magnetic field H, figure 1, and observed the effect of the liquid on a beam of light 

*Completed and revised, in the absence of the author, by J S G Thomas, D.Sc. 

+ A Cotton and H Mouton, Comptes Rendus (1905) 141, 317-319 and 349-351. 
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L, passing through it transversely to the lines of magnetic force, certain liquids 
such as nitro-benzene showed a feeble double refraction, so feeble that it was at 
first only in very special classes of organic compounds, viz. benzene and its 
derivatives, that it was possible to observe it at all. Later on, improved methods of 
observation have extended very considerably the list of organic liquids in which 
this magnetic double refraction can be observed. These two French physicists 
also succeeded in detecting it in a very small number of aliphatic compounds, 
such as chloroform, bromoform, etc. and in a great many common liquids such as 
water and paraffins and the ordinary aliphatic hydrocarbons, ethers, alcohols, 
acids, etc. With some of the acids they were not able to observe the effect, and thus 
the great importance of the subject did not receive adequate attention. 

Magnetic double refraction is exhibited by certain substances owing to their 
molecules possessing a magnetic susceptibility. That, of course, is obvious, but 
what is not quite so obvious is how exactly the magnetic double refraction arises. 

About the time of the discovery by Cotton and Mouton there was already 
available certain work by Voigt*, who showed that, as a consequence of the 
dispersion theory, if a beam of light passes through a substance placed in a 
transverse magnetic field, there must be a feeble double refraction produced; and 
this refraction was shown to be related to the Zeeman effect. You will find some 
reference to Voigt’s work in his well-known book on magneto-optics published 
by Methuen. 

When Cotton and Mouton made their observations on magnetic double 
refraction in liquids they found that the actual effect observed by them was nearly 
1000 times larger than what would be roughly estimated from Voigt’s theory of 
the phenomenon. The consequence was that they realised that an entirely 
different explanation must be sought. Prof. Langevin was the first to suggest what 
is now fairly generally accepted as the real explanation of the effect*. I would like 
to make the thing clear by a little diagram, figure 1. If the incident light is plane- 
polarised and, in the absence of the magnetic field, is completely cut off by an 
analyser, suitably arranged, then we find that as soon as a transverse magnetic 
field is established there is a feeble restoration of light. This restoration is not a 
matter of the ordinary Faraday effect at all, as here we are dealing with light that 
is passed through a transverse magnetic field. The light has become elliptically 
polarised, and the ellipticity can be measured by suitable experimental methods. 
The idea, however, with which Langevin started was that the molecules of the 
liquid possess magnetic anisotropy. Langevin’s theory has been developed by 
Born, who assumes that the molecules possess permanent magnetic moments and 
that in the condition of statistical equilibrium of the molecules in the magnetic 
field a small percentage of the molecules becomes preferentially oriented. The 

*W Voigt, Gesell. IViss. Gdttingen Nachr. Math.-Phys. Klasse (1913) 2, 215-220. 

+ See also C V Raman and K S Krishnan, Proc. R. Soc. A (1927) 117, I. 
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magnetic field only acts on the molecule if the latter has a permanent magnetic 
moment whose axis is fixed so that the field exerts a couple on it. If the molecule is 
magnetically non-isotropic, i.e. if it is not equivalent to a magnetic sphere in its 
behaviour, the magnetic moment has in general a direction inclined to the lines of 
force and, in consequence, a couple acts on the molecule. In every case the 
tendency of this couple is to orient the molecule so that the magnetic 
susceptibility of the system tends to a minimum value. This orientation, however, 
is unable to exert its full effect. 

When dealing with a liquid in which the molecules are in a state of continual 
thermal agitation we have a kind of statistical equilibrium and the magnetic field 
tends to orient the molecules. We do not have the molecules oriented at random 
in all directions but there is a certain preferential orientation of the molecules in 
that direction in which their potential energy in the field of force is a minimum. 
This statistical equilibrium can be evaluated, by a well-known method, and if we 
postulate further that the molecules are not optically isotropic, i.e. that the 
electrical moments induced in the molecules by the electric field in the light wave 
are not always parallel to the field, we have as a consequence which, I think, is 
fairly obvious, that the liquid exhibits a feeble double refraction and acquires 
some of the characteristics of a crystal. This effect is, however, extraordinarily 
feeble; in fact, I doubt very much whether, except perhaps in one or two 
laboratories in the world, the phenomenon has been observed in the course of the 
ordinary work of the physicist. 

I myself have observed it with a small electromagnet and when on one occasion 
I got the effect in a few minutes I was very jubilant, but in half an hour I discovered 
that I was observing a small residual Faraday effect, and not magnetic double 
refraction at all. The position is that the observation is extremely difficult. 

Now, obviously, while Langevin’s theory gives us a general account of the 
phenomenon, its real significance is that if we knew the magnetic characteristics 
and also the optical characteristics of the molecule we could calculate the double 
refraction and see if this agreed with observation. On the other hand, if we knew 
the actual magnitude of the double refraction and the optical characteristics of 
the molecule we could go back and infer from them the magnetic characteristics 
of the molecule, or at least the degree of magnetic anisotropy of the molecule. 
That is the importance of double refraction from the standpoint of the theory of 
magnetism generally. 

Perhaps I can make the importance of this clearer by referring to the work of 
Pascal who some years ago paid a great deal of attention to the examination of 
the magnetic properties of a great variety of compounds, both organic and 
inorganic, and attempted to find some general relationship between them. 
Pascal’s work led to the belief that there was nothing startling about diamagne¬ 
tism and that you could, in general, determine the diamagnetic susceptibility of an 
organic compound simply by adding up certain contributions from the separate 
atoms of which the molecule is composed, that is to say, diamagnetic suscepti- 
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bility is an additive molecular property. In a few cases there were certain residual 
differences, but later on Pascal made further observations, though I think they are 
relatively of minor importance from the quantitative point of view. Nevertheless, 
Pascal emphasised that they constituted an influence of diamagnetism that was 
not altogether negligible. Pascal’s work was concerned largely with liquid or 
crystalline bodies and in consequence what he was actually measuring was the 
average susceptibility of molecules oriented in all possible directions relative to 
the lines of magnetic force. The average susceptibility so measured does not really 
tell us very much about individual molecules. The results of X-ray work and the 
fundamental conceptions of chemistry suggest that the molecules are not even 
approximately isotropic. This being so, if we really wish to understand the 
architecture of the molecule and determine its magnetic properties we have to 
study the diamagnetic properties of single molecules, and unless we have such 
information we cannot really even begin to understand how the problems of 
structural chemistry are related to the fundamental properties of diamagnetism. 

We have, therefore, to seek for some method of investigating the diamagnetic 
character of molecules. We have dealt hitherto with liquids but when we pass 
from liquids to crystals we have a complication introduced by the fact that the 
actual structure of the crystal is not known in many cases; in fact, in most cases it 
is not known at all. Therefore the work on liquids tends in the direction of 
simplicity, and it is of importance to try and interpret magnetic double refraction 
in a quantitative manner and then to deduce the ultimate qualities of the 
molecules themselves. 

This has been the fundamental idea with which we set out. There was, however, 
a very serious limitation in that the work of Cotton and Mouton was practically 
confined to certain specified classes of organic compounds, namely the aliphatic 
compounds, whilst in regard to a great many inorganic compounds they do not, 
for some reason, appear to have been able to get a measurement or even to 
observe the effect. 

One of the first things we did, therefore, was to try and improve the technique of 
the subject in such a manner as to bring all known substances within the scope of 
the research. We felt quite certain that the failure of Cotton and Mouton to 
observe magnetic double refraction in water or one of the common paraffins was 
due to the insufficient sensitiveness of their apparatus. Moreover we knew from 
optical work on the scattering of light that there is no reason to suppose, if a 
molecule is electrically isotropic, that it must be magnetically isotropic as well. 
On the other hand, we know that the electrical and magnetic behaviour are 
counterparts of each other and that there must be correlation between these 
aspects. Therefore we felt that if the technique of Cotton and Mouton were 
improved it should be possible to study double refraction in all substances in the 
liquid state. The problem is twofold. First there must be a sufficiently intense 
magnetic field, and secondly there must be sufficiently delicate methods of 
observation. It is obvious that in order to increase the sensitiveness of the method 
of observation the liquid must be placed in an intense magnetic field. 
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Not possessing the financial resources which seem to lie so close to hand in the 
case of many American physicists, and perhaps also to some physicists in this 
country, I wandered about the streets of Calcutta and looked into the old iron 
shops and discovered a huge dynamo of the Edison type, which had probably 
figured in some nobleman’s house but had been thrown away in favour of some 
newer model. This dynamo happened to be in perfect order and we got it for the 
price of the old copper it contained. The old Edison dynamos are enormous and 
the marked feature of the electromagnet was its great length of 35 cm, while the 
gap was very small, only about 1 cm2. We found that with a current of about 
10 amp we had a field of 25,000 gauss. Using the electromagnet we were able to 
observe magnetic double refraction in practically all the substances we examined. 
In order to obtain quantitative results we have had also to develop more sensitive 
methods of measurement and for this purpose we employed a very interesting 
device, due to the late Lord Rayleigh*, which proved to be of great service. The set 
up of the apparatus is given in figure 2, which shows diagrammatically the 
apparatus employed by one of my students, M Ramanadham1. 

Figure 2 

S is a “Pointolite” source of light, L a converging lens illuminating the slit of the 
collimator C. N1 and N2 are respectively the polarising and analysing Nicols. Px, 

P2 are the poles of the electromagnet and T the observing telescope. The glass 
strips M and N form the compensator. A piece of flint glass, M, supported at its 
ends, is bent in a vertical plane by a small adjustable force applied at its centre. 
The glass thus strained is interposed between the crossed Nicol prisms. The 
double refraction induced in the glass plate by the applied stress manifests itself 
by the restoration of light everywhere in the field of the telescope T except along a 
horizontal dark band corresponding to the neutral axis of the plate M. If any 
doubly refracting medium is interposed between the strained glass and the 
polariser Nl a shift of the dark band occurs and can be measured with reference to 
the cross wire of the observing telescope. In order that both kinds of double 

* Philos. Mag. (1902) 4, 678. 
+M Ramanadham, Magnetic birefringence in liquids, Indian J. Phys. (1929) 4, 15. 
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refraction may be determined quantitatively this shift is compensated by the 
interposition of a second glass strip N which can be compressed either 
horizontally (for positive birefringence) or vertically (for negative birefringence). 
The plate N is connected with a pan in which weights can be placed so that the 
applied stress necessary to compensate the shift can be measured. 

In this manner Mr Ramanadham has been able to measure the double 
refraction occurring in a great many common substances, including something 
like 35 compounds in which Cotton and Mouton failed to observe the effect, and 
in which it is exceedingly small. There is a large difference between the aliphatic 
compounds and the aromatic compounds and I have some figures here relating 
thereto. If we take the double refraction observed with nitrobenzene as 100, the 
figure for water is only 0-4, and that for ethyl alcohol is of the same order. There is 
a very remarkable difference referring not only to the magnitude but also to the 
signs of the double refraction and their relation to chemical constitution. A 
characteristic feature of the effect as observed by Cotton and Mouton is that all 
compounds of the benzene series—naphthalene and similar aromatic 
compounds—show a positive birefringence, whilst the aliphatic compounds 
show a negative birefringence. In other words, aromatic compounds behave like 
positive uniaxal crystals, aliphatic compounds like negative uniaxal crystals. The 
chemist has divided organic compounds into the aliphatic and aromatic classes 
and the distinction, which is fundamental in chemistry, is reflected magnetically 
in the fact that one class gives a positive and the other class a negative 
birefringence. Only, however, by very refined arrangements such as I have 
outlined is it possible to observe and measure this characteristic difference. 

In aliphatic series, the effect of substitution is to produce considerable change 
in the magnitude of the magnetic double refraction observed. This is shown in the 
following series of relative experimental values: [nitrobenzene, 100]; formic acid, 
+ 2-5; acetic acid, -h 1*1; propionic acid, + IT; butyric acid, 0*7; capronic acid, 
+ 0-7; heptylic acid, + 0-5; caprylic acid, 0. We have obtained these results and 
you will see that formic acid shows a strong positive birefringence. I have no 
doubt that if we proceed further with the series—we have not yet studied some of 
the higher acids—we shall obtain a negative birefringence. This reversal of the 
sign of the birefringence is analogous to the reversal of the long chains of fatty 
acids observed by Muller by X-ray methods. We have shown that a negative 
birefringence is characteristic of the aliphatic compounds, and the same sort of 
influence is shown in the ketones and as we proceed up the series we obtain a 
negative birefringence. On the other hand there is evidence that double 
compounds have a positive birefringence. 

I have given you a few illustrations, but do not run away with the idea that the 
method is only applicable to organic compounds. It is just as possible to 
investigate inorganic compounds. In this case, of course, we have only to use 
solutions of such compounds. Results with some of the nitrates, such as sodium 
nitrate and nitrites, show that any kind of unsaturation increases the positive 
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birefringence and decrease the negative birefringence. In all this I am merely 
indicating the field of work that has been opened up by the extending of the work 
of Cotton and Mouton and the making of their method of investigation 
applicable to a great variety of substances. 

Now I come to the question of the interpretation and use we make of these 
results. It is not sufficient to say that there occurs positive or a negative 
birefringence. We must try to deduce the magnetic characteristics and here we are 
face to face with considerable difficulties. Langevin considered the case of a 
molecule with an axis of symmetry, and the mathematics becomes much simpler 
in such a case. We, however, in the general case, have to assume that the magnetic 
ellipsoid and the optical ellipsoid of the molecule have unequal axes and that 
these axes may have no obvious relationship to each other. You will find an 
account of Langevin’s theory given in Prof. Born’s monograph, Handbuch der 

Radiologie. This theory of Langevin, complicated as it may seem, is inadequate 
because he has assumed that the polarisation field, i.e. the optical field acting on 
the molecule, is of an isotropic character. 

When we have a beam of light passing through a liquid, the actual electro¬ 
magnetic field acting on the light wave is due to two causes; one, the external field 
of the light wave itself, and the other, the optical polarisation of the molecules in 
the immediate neighbourhood. Langevin and Voigt used the well-known theory 
of refraction in this matter, but our investigations show that Langevin’s theory is 
quite inadequate, even as an approximation, and when we come to deal with such 
recondite phenomena as double refraction it is wholely inadequate. Molecules 
are not spherical in form. They are highly anisotropic. Much depends on how the 
molecule is oriented in the light wave. Mr Krishnan and myself* have developed a 
general theory of optical and electrical properties of a liquid and we have been 
able to show that the influence of the shape of the molecule is, in consequence of 
its environment, effectually diminished in a manner that can be experimentally 
determined. The reason I have had to speak about optical anisotropy is tjhat 
magnetic birefringence depends on both optical and magnetic anisotropy. 

The value of Cm, the Cotton-Mouton constant^ which is a measure of the 
optical birefringence exhibited by a liquid in a strong magnetic field is given by 
the equation 

Cm = (nP - ns)/XH2 

= - 3(n20 - l)2l(A - B)(A' - B') + (B — C)(B' - C) 

+ (C — A)(C' — A'^linn^XKTviA + B + C)2, 

*Loc. cit. 

+S Bhagavantam, Indian. J. Phys. (1929) 4, 1. 
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where A, B and C are the moments induced by unit electric force in the incident 
light wave acting along the three mutually perpendicular axes of the optical 
ellipsoid of the molecule, and Af,B\ C' are the magnetic moments for unit 
magnetic fields acting in the same directions. The remaining symbols have their 
customary significance. It is* clear that the sign of Cm depends on that of the factor 

Z(/T - B)(A' - B ). 

If the optical moments A,B, C are in descending order of magnitude and if 
A', B', C are in the reverse order, then E(T — B)(A' — B') is positive and the value 
of Cm is positive. But if A,B, C and A\B\ C are in the same order, either 
descending or ascending, then the value of Cm is negative. The quantities A, B, C 
are connected with the refractive index, n, by the relation 

(A + B + C)/3 = 3(ng - l)/4nv(nl + 2), 

so that we have 

Cm — — (nl - l)(ng + 2)[L(4 - B)(A - B’)]/60n0AKT[2A]. 

If A = B, and A = B\ we have 

Cm — — (n20 - 1 )(nl + 2)(A - C)[3C' - (A' + B'+ C')]/60woheT(2A + C) 

also, if <5 be the optical anisotropy, then 

3 = (A2 + B2 + C2 — AB - BC - CA)/(A + B + C)2. 

It is because the molecule is both optically and magnetically anisotropic that 
we get double refraction. If we knew the quantities A, B, C and A\ B\ C it would 
be possible to compute the Cotton and Mouton constant absolutely and see if 
it agrees with observation. I think the principal feature of the theory that 
Mr Krishnan and I have worked out is the determination of A, B, C and if we could 
get A\ B' and C we should get a value for the Cotton and Mouton constant. But 
we do not know A, B' and C. What we want to do is to know A, B and C and 
to calculate A\ B' and C\ If we assume the molecule to have an axis of symmetry 
the method becomes a perfectly practicable one. This assumption is definitely 

permissible in a number of cases. Take carbon bisulphide or benzene. In these 
cases the assumption of an axis of symmetry is justified and we can go ahead and 
compute the magnetic characteristics. This was done some time ago* and the 
remarkable fact was discovered that in the case of benzene the magnetic 
susceptibility is nearly twice as large in a direction normal to the plane of the ring 
as in a direction parallel to the ring. In the case of anthracene the magnetic 
susceptibility in a direction normal to the plane of the benzene ring was four and a 

*See e.g. Magnetic birefringence in liquids of the aliphatic series, by M Ramanadham, Indian J. Phys. 

(1929) 4, 15 and the anisotropy of the polarisation field in liquids, ibid. p. 39. 
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half times that in a direction parallel to the ring. This is sufficiently remarkable 
but I should mention that these compounds show positive and negative 
birefringence and I come to the simple conclusion that in the case of certain 
compounds, as for example benzene, maximum diamagnetic susceptibility 
coincides in direction with minimum optical polarisation-susceptibility. We have 
here an effect deduced from observation which awaits interpretation, and there is 
no doubt that it is extremely significant from the point of view of molecular 
structure. 

If I stopped here, as I ought from considerations of time, I should leave the 
whole subject in an extremely unsatisfactory state. You might very well say that I 
have discussed double refraction and spoken of light-scattering, but that you 
know nothing at all about magnetic anisotropy, and yet you are asked to accept 
the fact of this double refraction, and that this places rather a heavy strain on your 
credulity. 

Fortunately, however, the most interesting things that have come out of our 
work are conclusions drawn from wholly unrelated fields of investigation. From 
our studies on light-scattering and other investigations of that kind we can 
compute the magnetic characteristics of the molecule. This matter is discussed in 
a paper to be published shortly. If we take, for example, hexamethyl benzene we 
find that it is a remarkable substance. Lonsdale has analysed its crystal structure, 
and as soon as we saw his results we came to the conclusion that it should be 
possible for us, without much difficulty, to determine the magnetic characteristics 
of this crystal from our investigation of light-scattering, together with our studies 
of its magnetic birefringence. We proceeded to fix the magnetic axes of the crystal 
and to find out what should be the magnetic susceptibility normal to the plane of 
the ring, and also in a direction parallel to it, and the observations showed 
themselves to be in complete agreement with the results referred to. Hexamethyl 
benzene, in a direction at right angles to the plane of the benzene ring, behaves as 
an aromatic compound, whilst in the plane of the ring its behaviour is typically 
aliphatic and attributable to the CH3 groups. 

We appear to have developed a new technique for studying the magnetic 
characteristics of crystals. This is shown diagrammatically in figure 3. The 
apparatus is based essentially upon the gravity balance of Threlfall and Pollock* 
and was used by S Bhagavantanf. A fine quartz fibre is stretched across the poles 
of the electromagnet NS as shown and is kept taut by two screws. A glass fibre 
carrying the crystal, C, between the poles of the electromagnet is attached to the 
quartz fibre as shown, so that the crystal hangs in the non-homogeneous field of 
the electromagnet. As the quartz fibre is stretched across the gradient parallel to 
the field, it at once responds to forces acting on the crystal in the direction of this 

* Philos Trans. A. 193, 215 (1899). 

+Loc. cit. 
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gradient and the resultant twist of the quartz fibre results in an angular 
displacement of the end of the glass fibre which is measured by a microscope. 

I have taken up a large amount of time and I cannot describe to you in any 
detail all the various kinds of instruments we have developed for our investig¬ 
ations. This new technique, however, has been applied to a very large number of 
organic crystals, so that we now have a means for direct quantitative observation 
of the magnetic characteristics of organic crystals, especially naphthalene, 
anthracene, hexamethyl benzene and a number of others. I want you to realise 
that here we have the beginning of a practically limitless field of research. The 
organic chemist manufactures and the physicist designs for our benefit thousands 
and thousands of crystals, all of which await a detailed study of their magnetic 
construction. This field of work might perhaps at one time have been considered 
too unimportant because the effects exhibited were so small, but I hope you will 
realise from what I have been telling you that the magnetic anisotropy of an 
organic crystal is a remarkable phenomenon, the diamagnetic susceptibility 
being four or five times greater in one direction than in another. Important results 
must consequently follow from an extended study of the diamagnetic behaviour 
of organic crystals. I would be failing in my duty if I did not emphasise to you that 
this new technique enables us to go much farther than has been possible by older 
methods in the matter of crystal structure, X-ray analysis is a most powerful 
method of research and I would be the last to decry it because I use it myself, but 
there are limitations to the X-ray method, and the magnetic study of crystals has 
revealed properties which are at present beyond the reach of X-ray examination. I 
will take as an illustration the case of hexamethyl benzene. One would assume 
that it has axes of symmetry and that the magnetic susceptibility is the same in all 
direction and that likewise the optical susceptibility is the same in all directions. 
In one respect, as stated already, this substance is an aromatic compound but in 
another it is aliphatic in character, a peculiar combination. There is a difference of 
about 10%, in the magnetic susceptibility along the two axes of the plane of the 
ring and these two axes coincide absolutely with the optical axes in that plane. 
Here we have, therefore, the optical and the magnetic susceptibilities following 
each other closely. That is what we should expect from the crystal structure. 
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I cannot understand at present chemically why it should be asymmetrical, but it is 
asymmetrical. 

I will not stop here but will trespass further on your patience and indicate a still 
further possibility of this work. Take that very interesting and remarkable 
substance azobenzene, which is the starting-point of a great industry, viz. the 
manufacture of dyes. Azobenzene is composed of two benzene rings bridged 
together by an azo group. This substance has been examined and it has been 
found that the crystal does not show that high degree of magnetic anisotropy 
which we should have expected from the existence of two benzene rings 
presumably in the same plane; at least this is the structure the chemists provide us 
with. There must be something in the crystal structure which masks the magnetic 
anisotropy; in other words, there must be more than one molecule in the lattice 
and these molecules must be so oriented relatively to each other that in the crystal 
itself there occurs a masking of the anticipated magnetic anisotropy. One can 
predict that the two molecules in the crystal lattice cannot be oriented parallel to 
each other. Similarly, I fear that in the case of naphthalene and benzene, the 
orientation which Sir William Bragg, in his book published some years ago, 
assigned as probable, cannot now be accepted, because it does not take into 
account the optical and magnetic aspects and there is evidence that more recent 
X-ray results will lead to a revision of their structures so as to fit in with the optical 
and magnetic characteristics. Optical and magnetic characteristics never 
mislead—X-ray results may sometimes mislead. 

You see now that starting from the molecule we have entered into the crystal 
region and provided we have enough data in these two fields of research, 
magnetic study can be regarded as a most powerful auxiliary to crystal analysis. 
That is the point I am trying to make. 

I should like to mention another very remarkable new field of research in 
relation to diamagnetism which we have entered upon. For a long time it has 
been part of our scheme of research on magnetism in Calcutta to investigate how 
the physical state of a substance influences the magnetic characteristics. 
Suggestion have been made that the diamagnetism of certain compounds is 
different in the liquid state from what it is in the solid state. Mr VI 
Vaidyanathan* started a research some time ago in Calcutta to develop a 
complete technique by which the feeble diamagnetism of vapours and gases could 
be accurately measured. The method is an extremely simple one; it was first used 
by Faraday and was modified by Glaser and by Hammar. 

A thin aluminium vane BlB2, figure 4, carrying a concave mirror, M, is 
suspended by a phosphor bronze strip within a vessel of the form shown, which 
can be filled with any gas or vapour. One end of the vane carries the evacuated 

* Indian J. Phys. (1926) 1, 183. 
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glass bulb, B, whilst the other end carries a counterpoising bulb C. B is suspended 
in the magnetic field of the electromagnet NS. 

The glass of the bulb B is specially chosen so as to have the smallest possible 
magnetic susceptibility. It is highly paramagnetic, so that magnetically this glass 
bulb is practically neutral. By suspending it inside the cylinder containing the gas 
or vapour—a magnetic analogue of the principle of Archimedes—we can 
determine the magnetic susceptibility of the gas or vapour. One of the first fruits of 
the method which we devised was connected with results obtained by Glaser, who 
investigated C02 and one or two other inorganic gases and came to the 
conclusion that the susceptibility of a gas is not proportional to the pressure. 
Glaser laid it down that at low pressures, instead of the magnetic susceptibility 
decreasing proportionally to the pressure, the susceptibility pressure curve 
departed from this linear relationship. That result caused a great deal of sensation 
and got into the text-books, which ought not to have happened. As a matter of 
fact, I saw this paper of Glaser’s on a Saturday afternoon and on the following 
Tuesday evening I gave an Address, proving to my own satisfaction, if not to the 
satisfaction of my audience, that Glaser’s work must be wrong and his result 
attributable to faulty technique. Glaser explains the result as due to some 
orientation of the molecules in the magnetic field. If such an orientation exists, we 
know from our work on double refraction that the effect of orientation is 
exceedingly small. The Cotton and Mouton constant contains the factor 10"14, 
so that you will realise at once what an exceedingly small effect it is. In view of 
that, Glaser’s statement that the molecules are orientated is palpably wrong. The 
subsequent work of Glaser I believe to be fallacious, but that was the starting- 
point, and one object which led us to develop this new technique of placing the 
vacuum bulb in a heterogeneous magnetic field was the investigation of his 
conclusion*. We have found throughout strict proportionality between pressure 

♦Glaser, Ann. Phys. (1924)74,459; Hammar, Proc. Natl. Acad. Sci. (1926) 12,594; Vaidyanathan, Indian 

J. Phys. (1926) 1, 183; (1928) 2, 135. 
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and the value of susceptibility for carbon dioxide, argon, hydrogen, and all gases 
examined, and are convinced that Glaser’s conclusion is erroneous. 

I wish to say, however, that this field of work must be extended largely. We 
have tried to extend it and there are two or three cases of very great interest in 
which the physical state does seem to produce a most remarkable change in 
diamagnetism. The most remarkable cases are those of graphite, charcoal and 
diamond. Pascal worked with many organic compounds and also with the above 
forms of carbon. Values of the diamagnetic susceptibilities (in 10 ~ 6 units) found 
by Pascal are: graphite, — 4 0; charcoal and diamond, — 0-5. In other words, 
magnetically diamond and charcoal are alike. Why is it that graphite has a higher 
value? Graphite stands out alone of all forms of carbon as having a diamagnetic 
susceptibility about eight times as high as the others. That suggests that there 
must be something peculiar about graphite and we set to work and carried out 
some experiments. We have found that the susceptibility of massive graphite is 
still higher; the average value is something like -7-0x 10~6. Graphite is 
magnetically anisotropic, the diamagnetic susceptibility normal to the plane of its 
structural ring (in 10“ 6 units) being — 18, whilst in the plane of the ring the value 
is — 2. We find with graphite that the value can be brought down to the value for 
sugar charcoal by powdering of the graphite; in other words, particle size 
determines the magnetic susceptibility of graphite. But the powdering must be 
extremely fine to achieve the result. The same sort of thing is found in the case of 
bismuth and antimony, and we now know that particle size has an influence on 
the diamagnetic property and there is obviously a relationship between the fact 
that the susceptibility is greater in the direction normal to the plane of the ring*. 

I have tried to give you some idea of the kind of work that is being attempted in 
Calcutta. We have only just started these investigations and they have to be 
pursued and developed. We have obtained some results but we are yet far from 
being able to picture them and explain them in terms of the newer theories. 
Nevertheless, I think that what I have said will indicate that there is still plenty of 
room for experimental work in modern physics. 

♦See S Paramasivan, Anomalous diamagnetism of graphite, Indian J. Phys. (1929) 4, 141. 
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A new type of magnetic birefringence 

It is well known that salts of cerium and other rare earths exhibit in aqueous 
solution a Faraday effect or magnetic gyration of light in the opposite sense to 
that shown by the great majority of fluids. The phenomenon has been explained 
by Ladenburg, Becquerel, and others as an effect connected with the paramagne¬ 
tism of the ions and their orientation by the magnetic field. The study of magnetic 
gyration in paramagnetic substances generally therefore possesses great interest. 
Incidentally, also, the question arises if, as has been suggested by Ladenburg, the 
paramagnetic ions are orientated by the field, whether the solutions should not 
exhibit magnetic birefringence when observed in a direction transverse to the 
field. Investigations made on both these points have yielded very interesting 
results. 

A magnetic birefringence of the kind suggested by the orientation theory is 
definitely shown by salts of cerium, praseodymium, erbium, and yttrium in 
aqueous solutions, when observed in strong magnetic fields. In every case, using 
light in the visible region of the spectrum, the birefringence is negative, that is, of 
the same sign as that exhibited by carbon disulphide; and appears to be 
proportional to the concentration of the solutions. Solutions of lanthanum and 
gadolinium, on the other hand, fail to exhibit the effect, though gadoliniuiji is 
strongly paramagnetic. The effect in dilute solutions where it is observed is of the 
same order of magnitude as that exhibited by organic liquids of the aliphatic 
class. 

So far, no investigation has been made of the variations of the effect with the 
wavelength of the light used or with the temperature. There appears, however, to 
be a significant parallelism between it and magnetic gyration in each of the 
substances studied. The fact that gadolinium salts exhibit neither a birefringence 
nor any marked magnetic gyration, though they are strongly paramagnetic, 
seems very significant. Evidently, the question whether the magnetic moment of 
the ions arises from orbital motion or spin of the electrons is all-important. 

It may be mentioned in passing that ferric chloride solutions free from any 
suspended colloidal matter exhibit a noticeable magnetic birefringence. 

C VRAMAN 

S W CHINCHALKAR 

210 Bowbazaar Street, Calcutta 
14 September 
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Atoms and molecules as Fitzgerald oscillators 

In his studies on the polarisation of scattered radiations, Bhagavantam,1 besides 
recording numerous cases in which the displaced lines in the spectrum of the light 
transversely scattered by liquids exhibit complete depolarisation, also discovered 
in the case of sulphur trioxide liquid an anomalously polarised line. The 
depolarisation of this line exceeded unity; in other words, the horizontal 
component, instead of being weaker, as in normally polarised lines, was actually 
stronger than the vertical component. Critical and systematic investigations 
undertaken by S Venkateswaran definitely confirm the existence of such 
anomalous polarisation in the spectra of light-scattering by various organic 
liquids, and indicate that it is by no means an unusual phenomenon. 

The maximum depolarisation which a rotating electric dipole or Hertzian 
doublet can yield is 6/7 or 3/4 according as the incident light is common or plane 
polarised. It would seem, therefore, that we have to seek in some new direction for 
an explanation of the large depolarisations and anomalous polarisations so 
frequently encountered in light-scattering. It is proposed in this note to put 
forward, with all reserve, the suggestion that an atom or molecule scattering light 
may, in certain cases, function as a Fitzgerald oscillator or magnetic doublet. As 
electrons and nuclei in atoms and molecules are known to possess magnetic 
moments, there is nothing inherently improbable in this idea, and it offers an 
immediate explanation of anomalous polarization in light-scattering. For what is 
normal polarisation for an electric oscillator is anomalous for a magnetic 
oscillator and vice versa. 

A test of this idea is furnished by working with polarised incident light, and 
finding how a variation of its plane of polarisation affects the intensity of the given 
line in the spectrum. The conditions for maximum and minimum intensity for a 
Fitzgerald oscillator are the reverse of what they would be for a Hertzian doublet, 
the intensity of the line being a maximum when the magnetic force instead of the 
electric vector in the incident light is perpendicular to the direction of 
observation, and a minimum in the converse case. Venkateswaran has found 
liquid thiophene to be an excellent example of a substance which simultaneously 
gives normally polarised, unpolarised and anomalously polarised lines, and is, 
therefore, very suitable for the experiments. Polarising the incident light, and 
varying its plane of polarisation, he has discovered that normally polarised lines 

1 Indian J. Phys. (1930) 5, 59 and 603. 
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show maximum intensity, while anomalously polarised lines give minimum 
intensity, and vice versa. 

The hypothesis that atoms and molecules may function as magnetic oscillators 
appears, therefore, to receive support from experiment. It should be remarked, 
however, that anomalous polarisation may also be explained as due to radiation 
from electric quadrupoles. 

C V RAMAN 

210 Bowbazaar Street, Calcutta 
28 September 
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Evidence for the spin of the photon from 
light-scattering 

It is well known that in the encounters between molecules and photons, 
exchanges of energy occur which are rendered evident by the observed changes in 
frequency of the scattered light. Whenever in such an encounter a molecule gains 
or loses spin-energy, there is a corresponding change in its angular momentum, 
which can only be explained on the assumption that there is an equal and 
opposite change in the spin-moment of the photon. This involves definite 
consequences for the state of polarisation of the scattered light, and opens up the 
possibility of demonstrating experimentally the existence of angular momentum 
in radiation. 

The general principle involved is sufficiently illustrated by considering the case 
of a photon which is circularly polarised and is scattered without change of 
direction by a molecule the axis of spin of which coincides with the axis of circular 
polarisation. If the spin of the molecule is unaffected by the encounter, the 
scattered photon retains its original character. On the other hand, if the molecule 
gains two additional units of angular momentum, the photon will alter in 
frequency and at the same time change over from right-handed to left-handed 

circular polarisation or vice versa. The considerations are naturally not so simple 
in the general case in which the molecule is arbitrarily orientated and the photon 
is scattered in a direction not coinciding with the primary ray. It may be shown 
that besides the reversal of the sign of circular polarisation in the forward 
direction, there would also result a depolarisation of the scattered light, which 
would be specially evident in directions transverse to the primary rays. 

It may be remarked that similar phenomena should also be observed when, as 
the result of an encounter with the photon, a change in spin-energy of the 
molecule is superimposed on a change in its vibrational state. On the other hand, 
a change in vibrational state alone would not give rise to the effects indicated. 

It may be noted that certain interesting observations recently reported by 
Hanle and by Bar1 find a natural explanation in the considerations set out above. 
In support of the view that the scattered radiations exhibiting strong depolarisa¬ 
tion or reversal of circular polarisation involve rotational transitions, it may be 

1 Die Naturwissenschaften (1931) 19, pp. 375 and 463. 
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mentioned that the lines exhibiting such effects are usually diffuse, while lines 
which are well polarised are usually sharp and intense. 

C V RAMAN 

S BHAGAVANTAM 

210 Bowbazaar Street 
Calcutta (India) 
15 June 
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The angular momentum of light 

The work of Compton on X-ray scattering led to the general acceptance of the 
idea that the scattering of radiation by a material particle is a unitary process in 
which energy and linear momentum are conserved. A molecule is, however, a 
much more complicated structure than an electron, and the conservation 
principles by themselves would give us an erroneous idea of what we should 
expect in light-scattering. This follows from the fact that a molecule has in 

general three degrees of freedom of rotation, several degrees of freedom of 
vibration according to its complexity, and various possible modes of electronic 
excitation, and that each of these may correspond to one or other of an extended 
series of quantum numbers. Restricting ourselves to the cases in which the 
molecule takes up a part of the energy of the quantum, the conservation 
principles would indicate that the spectrum of the scattered light should contain 
an immense number of new lines. 

Actually, a remarkable simplicity characterises the observed spectra of the 
light scattered by polyatomic molecules, a simplicity which is in striking contrast 
with the complexity of their absorption and emission spectra. It is clear that the 
Compton principles cannot be regarded as capable of predicting the observed 
phenomena of light-scattering, and that their utility lies solely in the interpret¬ 

ation of results discovered by experiment. These remarks seem necessary to 
correct an impression to the contrary which finds expression in some recent 
publications. 

We may extend Compton’s principle and add angular momentum to the 
quantities which we should expect to find conserved in the collision between a 
light-quantum and a molecule. The fact that, in liquids and solids, the mutual 
influence of the material particles is very considerable, attaches some uncertainty 
to the interpretation of the results obtained with them. The recent success of 
Bhagavantam at Calcutta in measuring the polarisation and intensity of light 
scattered by gases, however, opens up new possibilities for the development of the 
subject. 

As a working hypothesis, we may follow Dirac and assume that the angular 
momentum of a photon is plus or minus h/2n, intermediate values being 
inadmissible. This supposition enables us to interpret very simply the known 
selection rule Am = 0 or ± 2 for the change of rotational quantum number of a 
diatomic molecule in light-scattering, which follows as a natural consequence of 
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it. Further, it follows1 that a change in rotational quantum number of the 
molecule should be accompanied by a reversal in the sign of circular polarisation 
of the photon, when the latter is scattered in the forward direction. This reversal 
has been actually observed by Bar and by Bhagavantam with the rotational 
wings accompanying the original mercury lines scattered in liquids, and the data 
obtained by Bhagavantam with hydrogen gas may also be interpreted as a 
confirmation of the same result. 

It is remarkable that the latter result is also predicted by the classical 
electromagnetic theory of light for the case of a rotating anisotropic particle 
scattering circularly polarised radiation. Nevertheless, it is clear that the observed 
phenomena may be regarded as an experimental proof that radiation has angular 
momentum associated with it, and that it has the values ± h/2n for each 
quantum. 

C VRAMAN 

210 Bowbazaar Street, Calcutta 
15 August 

1 Nature (1931) 128, 114. 
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Experimental proof of the spin of the photon* 

C V RAMAN and S BHAGAVANTAM 

(Received for publication, 24th October 1931) 

1. Introduction 

The hypothesis that the light-quantum possesses an intrinsic spin in addition to 
energy and momentum has the merit of enabling the corpuscular concept of 
radiation to become a complete and intelligible picture. The ratio of the energy to 
the linear momentum of the quantum determines the velocity of light while the 
ratio of energy to spin determines its frequency, and the sense of the spin 
determines the polarisation characters. The energy, momentum and spin of the 
photon have their counterparts in the Maxwellian field theory and indeed may be 
regarded as a translation into the language of the quantum theory of ideas 
derived from the classical electrodynamics. The transference of the classical 
concepts of radiation energy and radiation momentum into the quantum theory 
was effected by Einstein, and placed on a firm experimental basis by the work of 
Millikan and of Compton. The spin of the photon, on the other hand, remains at 
the present time a somewhat nebulous mathematical abstraction without any 
convincing experimental support. It is the purpose of the present paper to show 
how experimental studies on the scattering of light by gases enable us to give 
precision to the idea of photon spin and firmly to establish its existence as a fact of 
observation. 

2. The theory of photon spin 

In his well-known derivation of the Planck radiation formula from quantum 
statistics, Prof. S N Bose1 obtained an expression for the number of cells in phase- 
space occupied by the radiation, and found himself obliged to multiply it by a 

* A preliminary note (communicated by cable on 28th September 1931), published in Nature of the 3rd 

October, 1931, on page 576 contained the essential results of this paper. 

A further note (communicated to Nature by cable on 12th October 1931) contains an account of the 

results obtained with liquids. 

JS N Bose, Z. /. Phys. (1924) 26, 178. 

485 



486 C V RAMAN! SCATTERING OF LIGHT 

numerical factor 2 in order to derive from it the correct number of possible 
arrangements of the quantum in unit volume. The paper as published did not 
contain a detailed discussion of the necessity for the introduction of this factor, 
but we understand from a personal communication by Prof. Bose that he 
envisaged the possibility of the quantum possessing besides energy hv and linear 
momentum hv/c also an intrinsic spin or angular momentum ± h/2n round an 
axis parallel to the direction of its motion. The weight factor 2 thus arises from the 
possibility of the spin of the quantum being either right-handed or left-handed, 
corresponding to the two alternative signs of the angular momentum. There is a 
fundamental difference between this idea, and the well-known result of classical 
electrodynamics to which attention was drawn by Poynting2 and more fully 
developed by Abraham3 that a beam of light may in certain circumstances 
possess angular momentum. The detailed calculation for a spherical wave4 
(assumed to have a total energy hv), on the basis of the classical field theory shows 
its angular momentum to be ± h/2n only in the case of circular polarisation, 
right-handed and left-handed respectively, while for a plane-polarised spherical 
wave, the angular momentum vanishes, and for elliptically polarised light, it has 
intermediate values. Thus, according to the classical field theory, the angular 
momentum associated with a quantum of energy is not uniquely defined, while 
according to the view we are concerned within the present paper, the photon has 
always an angular momentum having a definite numerical value of a Bohr unit 
with one or other of the two possible alternative signs. Following Dirac,5 we may 
regard plane polarised light, not as a quantum without spin, but as a quantum 
which has an even chance of having plus or minus a Bohr unit as its angular 
momentum. Elliptically polarised light would be similarly regarded as character¬ 
ised by unequal chances of possessing spin with the two alternative signs. 

3. Selection rules in light-scattering 

It will be recalled6 that the principle of the conservation of angular momentum 
was the postulate from which the selection rules for the emission or absorption of 
radiation from atoms were first derived. The fact that the selection rules were also 
later established by an application of the correspondence principle of Bohr and 
follow as mathematical deductions from the wave-mechanics of the atom has 
tended to diminish the significance of their original derivation in relation to 

2J H Poynting, Proc. R. Soc. (1909) 82, 560. 

3M Abraham, Physikal. Z. (1914) 15, 914. 

4A Sommerteld, Atomic Structure and Spectral Lines, English Edition, Appendix 9 (1923). 

5P A M Dirac, Quantum Mechanics, Cambridge University Press (1930) p. 131. 

6 A Sommerfeld, Atomhau and Spektrallinien, 4th German Edn. (1924) p. 317. 
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radiation theory. More recently, however, Oppenheimer7 has stressed the close 
connection which exists between the question of photon spin, the selection rules 
in spectroscopy and the conservation of angular momentum in radiation 
processes. If we assume that the spin of the photon is a whole Bohr unit (plus 
or minus), it follows at once in agreement with observation that the total angular 
momentum of the atom may not remain zero during the process of radiation but 
must increase or decrease by one unit. The simplicity of this derivation is very 
appealing, and we may therefore extend its principle to the problem of light¬ 
scattering. It is an empirically established result that in the scattering of light by 
various simple diatomic molecules as H2, 02, N2, etc. the rotational quantum 
number K of the molecule obeys the rule AK = 0, + 2. The zero value for the 
change in quantum number gives the QQ branch or the undisplaced Rayleigh 
line in the spectrum of scattering by the gas, and the value 2 with the alternative 
signs gives the RR and PP branches of the rotational scattering, which appear as 
a close group of lines respectively on the low and high frequency sides of the 
undisplaced line. The selection rule stated was derived by Rasetti, Dieke and 
others from the conception of the third intermediate level in light-scattering. As 
pointed out in recent notes in Nature,8 they also follow directly from the principle 
of conservation of angular momentum. We assume that the spin of the photon 
has the value + h/2n and for simplicity confine our attention to the case in which 
the quantum is scattered without any change in its direction of motion and the 
molecule has its axis of rotation fixed in the same direction. If the photon has a 
spin equal to + h/2n, it might either retain the same value or change to — h/2n, as 
the result of the scattering process. If it has initially the value — h/2n, it might either 
retain this value or change to + h/2n. The change in spin of the photon is thus 0 or 
+ 2 Bohr units. The corresponding change in the rotational quantum number of 
the molecule would be equal but opposite in sign, and would therefore be 0 or 
± 2. The PP and RR branches of the scattering in the forward direction would on 
this view consist of photons which have experienced a reversal of spin. In other 
words, if the incident light be circularly polarised, the Rayleigh or undisplaced 
scattering would be circularly polarised in the same sense, and the rotational 
scattering would be reversely circularly polarised. The fact that this inference 
from theory is supported by the observations of Bar and of Bhagavantam may be 
regarded as furnishing strong support for the view that the photon has an 
intrinsic spin. It must be confessed, however, that as all the results stated can also 
be derived from the classical radiation theory, either with or without the help of 
the quantum mechanics, the argument can scarcely be regarded as a conclusive 
proof of the existence of photon spin. 

7J R Oppenheimer, Phys. Rev. (1931) 38, 726. 

8C V Raman and S Bhagavantam, Nature (1931) 128, 114; C V Raman Nature (1931) 128, 545. 
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4. Scattering of spinning photons 

A careful considerations shows that a difference between the results of the 
classical field theory and the idea of spinning photons is to be expected in respect 
of the spectral distribution of the light scattered by the molecules of a gas. If we 
regard radiation as a particle possessing an intrinsic spin and impinging on a 
rotating molecule, the sense of the spin which the molecule possesses in relation to 
that of the photon should obviously enter into the problem in a fundamental way. 
If the molecule is spinning in a right-handed sense, it is obvious that if it gains 
energy of spin from the encounter, it must also gain angular momentum from it in 
a right-handed sense; this obviously it cannot if the photon before the encounter 
has a left-handed spin, since the latter can take up but not give up right-handed 
spin. Similarly a molecule with left-handed spin cannot gain both energy and spin 
from a right-handed photon. We may in fact make out the following scheme of 
forbidden and allowed transitions: 

Molecule 

spin 

Photon 

spin 
PP 

K-K-2 
QQ 

K-K 
RR 

K-K + 2 

Right . Left Allowed Allowed Forbidden 

Right Right Forbidden Allowed Allowed 
Left Right Allowed Allowed Forbidden 
Left Left Forbidden Allowed Allowed 

It will be seen that while the transitions which give the QQ branch are always 
allowed, those which could contribute to the intensity of the PP and RR branches 
are forbidden in half the total number of possible cases and allowed only in the 
other half. On the other hand, in the treatment of the problem of light-scattering 
on the Maxwellian field theory, the function of the radiation is assumed to be 
merely that of furnishing a periodic electric force at the position of the molecule 
which would polarise it and cause to emit secondary radiation as a rotating 
Hertzian dipole. The question of the sense in which the molecule rotates does not 
arise, and has no influence on the final results. In other words, it is implicitly 
assumed that in the collision between a photon and a molecule, either a gain or a 
loss of energy by the latter is always allowed. As we have seen, this is not the case if 
the existence of an intrinsic photon spin and the conservation of angular 
momentum are taken into account. 

To understand what happens in the case of a forbidden transition, we may 
adopt a hint given by the classical treatment. From the latter, it is clear that the 
whole of the scattering would appear in the QQ branch if the molecule were 
optically isotropic, and that the existence of the PP and RR branches in scattering 
is due entirely to the fact that the molecule is optically anisotropic. It is possible to 
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separate the scattering by an anisotropic molecule into two parts, namely the 
isotropic part which is completely polarised in a transverse direction, and which 
appears solely in the QQ branch, and the anisotropic part which consists mainly 
of unpolarised light, and is divided between the PP, QQ and RR branches. If the 
anisotropic molecules instead of being allowed to rotate were imagined to be held 
fixed in randomly distributed orientations, the classical theory tells us that the PP 
and RR branches would disappear, their contribution being merely transferred to 
the QQ branch, so that the intensity and state of polarisation of the aggregate 
scattering would remain unaffected. We may therefore make the assumption that 
when a K -»K — 2 transition, or a K -* K + 2 transition is forbidden by reason of 
photon spin, we have simply a K -> K transition: in other words the photon is 
scattered without change of energy. Adopting this view we conclude that the effect 

of photon spin on the scattering of light by a rotating molecule is to diminish the 

intensity of the PP and RR branches to one half the value given by the classical 

theory, the intensity of the QQ branch being correspondingly increased, so that 
the intensity and state of polarisation of the total scattering remain unaffected. 

5. Depolarisation of scattering 

The foregoing conclusions have a further important consequence. It is clear from 
what has been said above that the QQ branch of the scattering consists mainly of 
polarised light, while the PP and RR branches consist mainly of unpolarised 
light. Hence the defect in polarisation of the QQ branch, when spectroscopically 
separated from the PP and RR branches would be smaller than that of the total 
unresolved scattering consisting of all the three branches. The extent of the 
difference would be very considerable if we are to believe the classical theory 
according to which most of the anisotropic scattering appears in the PP and RR 
branches. According to the theory of photon spin, on the other hand the intensity 
of these branches is diminished to one half the value given by the classical theory 
with a corresponding increase in the intensity of the QQ branch. We should 
therefore expect the defect of polarisation of the QQ branch to be much nearer 
that of the total scattering than is indicated by the classical theory. This fact 
furnishes us with a convenient experimentum crucis for the existence of photon 
spin. 

The magnitude of the effects to be expected is readily calculated. As has been 
explained by Bhagavantam in a recent paper,9 in the case of simple linear 
molecules such as N2, Oz, C02, N20, CS2, etc. the anisotropic scattering 
according to the classical theory, finds a place in the QQ branch only to the extent 
Jth of the whole. That this result is characteristic of the Maxwellian concepts of 

9S Bhagavantam, Indian J. Phys. (1931) 6, 331. 
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radiation is shown by the fact that Manneback’s theory10 of scattering by 

diatomic molecules based on the wave-mechanics and Bhagavantam’s treatment 
based on the classical or Maxwell-Boltzmann statistics of molecular rotation 
give precisely the same results. For symmetric top molecules such as NH3, C6H6, 
etc. the ratio should be j instead of Following the theory of photon spin, if we 
transfer one-half of the aggregate intensities of the PP and RR branches to the 
QQ branch, the anisotropic scattering would be found in the latter to the extent of 
f of the whole in the case of linear molecules and f of the whole for symmetric top 
molecules. 

The defect of polarisation in the transversely scattered light is known for the 
case of various molecules from the earlier investigations in which spectroscopic 
resolution was not used, and represents the depolarisation of the PP, QQ and 
RR branches taken together. The scattering with large frequency shifts due to the 
vibration of molecules is of comparatively negligible intensity. Taking the best 
accepted values and using the relations stated above, we obtain the following 
table showing the depolarisation of the QQ branch to be expected according to 
the classical field theory and the theory of photon spin. 

Table I 

Molecule Total depolarisation 

Depolarisation of QQ 

branch (classical) 

Depolarisation of QQ 

branch (spin theory) 

n2 3-6% 3-9% 2-3% 
o2 6-4 1-7 4-1 
co2 9-8 2-7 6-4 
n2o 12-5 3-5 8-3 
cs2 115 3-2 7-6 
C6H6 4-2 1-4 2-8 

6. Experimental method and results 

The earliest indication of the failure of the classical field theory was furnished by 
measurements of the intensity of the lines in the spectrum of the light scattered by 
hydrogen gas.* 11 An attempt to reconcile the data obtained with Manneback’s 
theory and the known depolarisation of the total scattering proved unsuccessful; 
the observed intensity of the rotational lines was found to be just half that to be 
expected on the basis of Manneback’s theory. It was this discrepancy in fact 
which suggested the ideas outlined in the preceding paragraphs. Except in the 

10C Manneback, Z. /. Phys. (1930) 62, 224. 
11S Bhagavantam, loc. cit. 
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case of hydrogen, it is not easy to determine the intensity of the lines in the PP and 
RR branches as they are very close to each other and to the QQ branch and are 
not completely separable from the photographic halation accompanying the 
latter. The alternative method of the study of the depolarisation of scattering with 
and without spectroscopic resolution is simpler and also of a more general 
application, as it can be applied to the case of molecules having high moments of 
inertia which give unresolved wings instead of discrete lines in the PP and RR 
branches. 

The general plan of the experiments is very simple. The light of the mercury 
lamp transversely scattered by the gas passes through a square-ended nicol and is 
focussed on the slit of a high-illumination spectrograph. Two photographs are 
taken of the spectrum of the scattered light, respectively with the nicol oriented in 
two perpendicular positions, and the state of polarisation is determined by 
varying the relative exposures until the horizontal and vertical components are 
obtained with equal intensity. The depolarisation of the QQ branch is determined 
by narrowing the slit of the spectrograph so that with the exposures given, only 
the undisplaced Rayleigh lines are recorded. A second set of measurements made 
with the slit open as wide as possible gives the depolarisation of the unresolved 
scattering the comparison of which with the accepted value acts as a check on the 
perfection of the experimental arrangements. 

Numerous experimental difficulties present themselves in the exact determin¬ 
ation of such small depolarisations as those observed with gases. The experience 
gathered from the long series of investigations carried out at Calcutta by 
I Ramakrishna Rao12 of the unresolved scattering and the more recent work of 
Bhagavantam13 using spectroscopic methods has proved very helpful in dealing 
with these difficulties. Amongst the major pitfalls which present themselves may 
be mentioned the following: 

(a) False light derived from stray illumination of the walls of the container, and 
specially of the background. This consists mainly of unpolarised light, and if not 
completely eliminated would result in enormous errors. 

(b) Errors due to lack of transversality of the illuminating rays to the direction 
of observation. When using extended sources of light such as a quartz mercury 
arc, the errors are very serious. 

(c) Polarisation of the rays occurring within the spectrograph due to oblique 
refraction at the surfaces of the prisms. 

After much preliminary work devoted to elimination of these sources of error, 
the following arrangements were adopted for the actual measurements. C02 
and N20 gases were chosen as the working substances, as they give an intense 
scattering and large depolarisation: the errors due to false light were therefore far 

12I R Rao, Indian J. Phys. (1927) 2, 61. 
13S Bhagavantam, Indian J. Phys. (1931) 6, 319. 
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smaller than for other gases such as N2 and 02. The gases were taken from 
commercial cylinders under pressure, and were found to be free from dust. They 
were transferred under pressure into a containing tube of fused quartz blackened 
outside, armoured in steel and fitted with dark background, diaphragms, etc. as 
already described and illustrated in a previous paper by Bhagavantam in this 
Journal. So long as the working pressure was less than 20 atmospheres, the 
changes in depolarisation due to the deviation from Boyle’s law was negligible. 
The source of illumination was a quartz mercury lamp, the entire luminous area 
of which was covered up by a metal plate containing an aperture 2 cm in diameter 
through which the light emerged, and an image of which was focussed by a large 
glass condenser at the centre of the quartz tube containing the gas. The distance 
from the centre of the condenser to the illuminated aperture on the one side, and 
the centre of the gas tube on the other was about 20 cm. The restriction of the 
illuminating area of the lamp had the effect of greatly diminishing the importance 
of false light from the back of the observation tube, as was shown by actual trial 
exposures with a gas evacuated. It also reduced the error due to lack of 
transversality of the illuminating rays. As was shown by I Ramakrishna Rao,14 
the use of a condenser for focussing a source of light of small angular aperture 
introduces no error under this head, so long as observations are made of the 
scattered light at the exact point of focus. The polarisation of light occurring 
within the spectrograph was carefully determined, and allowed for in making the 
photographic time exposures. 

The experimental results are given in table II. 

Table II. Depolarisation in % 

Calculated Calculated 

Observed Observed Observed diminution diminution 

Gas (wide slit) (narrow slit) diminution (Classical) (spin) 

co2 110 7-0 4-0 7-1 3-4 

n2o 12-0 7-0 5-0 9-0 4-2 

The measurements are clearly decisive in favour of the spin theory. 

7. Observations with liquids 

It is well known that the light scattered by liquids at ordinary temperatures 
exhibits a notable defect in polarisation which is larger and much easier to 

141 R Rao loc. cit. 
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observe and measure than the corresponding effect in gases. Further when, 
spectroscopically analysed, the scattered light exhibits very marked wings on 
either side of the undisplaced line due to the exciting radiation. These wings 
represent the PP and RR branches of the scattering by molecules of the liquid, 
and their existence together with their observed depolarisation is prima facie 

evidence that the molecules rotate while scattering radiation. The close packing 
of the molecules in a liquid (as compared with a gas) has a great influence on the 
intensity of the coherent part of the scattering which is determined by the 
compressibility of the fluid and not by the molecular density. This constitutes the 
‘isotropic’ scattering which is fully polarised and appears solely in the QQ branch. 
The intensity of the anisotropic scattering which is incoherent and therefore in a 
truer sense molecular in origin, is determined by the density of the liquid, but 
cannot be assumed to be strictly proportional to it owing to the influence of a 
complicating factor, namely the local polarisation field acting on the molecules 
within the liquid. We are however concerned here not with the total intensity of 
the anisotropic scattering (which may be taken to be that actually observed under 
the given conditions), but with the manner in which it is shared between the PP, 
QQ and RR branches. There is reason to suppose that the close packing in a 
liquid might influence the statistical distribution of the rotational energy of the 
molecules, making it depart very considerably from that obtaining in the case of a 
gas. If such were the case, the distribution of intensities within the PP and RR 
branches would be affected. So long, however, as we are free to assume that the 
material particles which scatter the light (whatever they may be) are free to take 
up spin from the photons and rotate with appreciable frequencies, there must be a 
separation of the anisotropic scattering into the PP, QQ and RR branches in a 
manner consistent with the principles of conservation of energy and angular 
momentum. 

The considerations set out above make it clear that except in the case of highly 
viscous liquids where large molecular groups may be assumed to exist, we shall 
probably be justified in regarding the general principles discussed in the earlier 
part of the paper with reference to gases to be applicable with full force to the case 
of liquids as well. Especially in the case of non-associated liquids such as CS2, 
C6H6, etc. we should be justified in determining the part of the total anisotropic 
scattering which appears in the QQ branch, as a fraction of the whole, assuming 
the individual chemical molecule to be the scattering particle. The total 
anisotropic scattering may be determined from the observed depolarisation of the 
aggregate scattering. In this way the depolarisation of the QQ branch to be 
expected may be readily calculated. The results along with the observed values15 
for two simple liquids CS2 and C6H6 are given in Table III. 

15Taken from the recent unpublished work of S Venkateswaran on a large number of liquids. 
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Table III. Depolarisation in % 

Unresolved 

Observed 

(wide slit) 

Observed 

(narrow slit) 

QQ branch 

(spin theory) 

QQ branch 

(classical) 

CS2 

640 640 560 55-5 36-4 

C6H6 

42-0 41-5 340 33-5 20-8 

The measurements are clearly decisive in favour of the spin theory. 



Nature (London) 129 22-23 (1932) 

Experimental proof of the spin of the photon 

In a paper under this title which has recently appeared,1 we have described and 
discussed observations which have led us to the conclusion that the light 
quantum possesses an intrinsic spin equal to one Bohr unit of angular 
momentum. In the four weeks which have elapsed since that paper was put into 
print, the experimental technique has been much improved in the direction of 
attaining greater precision. It appears desirable forthwith to report our newer 
results, which confirm the conclusion stated above. 

As mentioned in earlier communications,2 the experiment we set before 
ourselves was to determine the extent to which the depolarisation of Rayleigh 
scattering of monochromatic light is diminished when it is spectroscopically 
separated from the scattering of altered frequency arising from the molecular 
rotation in a fluid. An important improvement on our previous arrangements is 
the use of a pointolite mercury arc, which enables an intense beam of 
monochromatic light to be obtained which is rigorously transverse to the 
direction of observation. In the case of the feeble scattering by gases, a serious 
source of error is the parasitic illumination from the walls of the containing vessel. 
We have succeeded in eliminating this by using the gas under pressure in a steel 
cross with suitable arrangements for securing a dark background. The depolaris¬ 
ation of the scattered light is determined photographically with a spectrograph 
and a large nicol placed in front of the slit. The use of Schwarzchild’s formula for 
photographic blackening enables the ratio of the horizontal and vertical 
components of scattered light to be calculated from the times of exposure in the 
two positions of the nicol which give equal densities in the spectra. 

Using alternately a fine slit and a very broad slit on the spectrograph, the 
depolarisations of the Rayleigh scattering and of the total scattering respectively 
are determined. The following table gives the values for the case of oxygen, 
carbon dioxide and nitrous oxide gases under pressure. 

1 Indian J. Phys. 6, 353 (1931). 

2 Nature 128, 576, 727 (1931). 
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Table: Depolarisation (%) 

Gas 

Observed Calculated 

Total 

scattering 

Rayleigh 

scattering 

Kramers-Heisenberg 

theory 

Spin 

theory 

o2 6-5 41 1-7 4-2 
co2 10-3 6-3 2-8 6-7 
n2o 120 7-7 3-4 7-9 

The depolarisations of the total scattering given in column 1 thus found 
spectroscopically are in good agreement with the best accepted values deter¬ 
mined by other methods. Column 2 gives the observed depolarisations of the 
Rayleigh scattering, column 3 the values calculated from the Kramers- 
Heisenberg dispersion theory, and column 4 the values calculated from the 
theory of the spinning photons discussed in our paper. It will be seen that the 
values given by the latter are strikingly supported by the experimental results. 

C V RAMAN 

S BH AGAVAN TAM 

210 Bowbazaar Street 
Calcutta, India 
29 November 
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Doppler effect in light-scattering 

It is a problem of great interest to consider the changes in spectral character of 
monochromatic radiation resulting from the thermal agitation of a medium in 
which it is scattered. If we regard the subject classically the result to be expected is 
obvious: there should be a Doppler broadening of the incident spectral line, 
varying with the angle of observation, and determined by the Maxwellian 
distribution of velocities of the molecules which scatter the light. It can readily be 
shown that, except in respect of the total intensity of scattered light, it would 
make no difference to the argument by which this result is deduced whether the 
molecules are loosely distributed as in a gas or are closely packed together as in a 
dense vapour or liquid. 

It is very remarkable, however, that a wholly different result was deduced by 
L Brillouin,1 following the idea that the medium which scatters the radiation can be 
treated as a continuum filled with moving sound-waves of various wavelengths 
which reflect the light-waves much in the same way that a moving crystal would 
give Bragg’s reflection of X-rays. Brillouin’s theory indicates that in the spectrum 
of the scattered rays the single line which represents the incident light should be 
replaced by a close doublet, the frequency shifts of which are given by the formula 
Av/v = ±2a/c sin jd, where a and c are the velocities of sound and light 
respectively, and 9 is the angle of observation; the incident line itself would be 
missing in the scattered light. Brillouin’s deduction of this formula has 
outwardly the appearance of being based on classical ideas. Actually, however, 
the argument ignores the existence of discrete molecules in the medium, and the 
results to which it leads cannot be reconciled with classical point of view, 
according to which the incident line should persist in the scattered light in the 
same position with no change except a Doppler broadening. 

The paradox presented above is resolved if we adopt the following view of the 
matter based on quantum principles. In a medium scattering light we are dealing 
with an assemblage of photons having energy hv and momentum hv/c, material 
particles having translatory energy \Mv2 and linear momentum Mv and also 
associated with the latter, quanta of sound, having energy hvs and linear 
momentum hvs/a. The result of an individual encounter must satisfy the equations 

1 Ann. Phys., 1922 17, p. 88. 
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of the Compton type: 

\Mv2 + hvs + hvt = jMv'2 + hv's + hvt 

Mv 4- hvs/a + hvl/c = Mv' + hv's/a + hv'ljL• 

The first is a scalar and the second is a vector equation. We obtain Brillouin’s 
result immediately, if the energy and momenta of the material particles are 
ignored, and the equations are solved. If, on the other hand, the energy and 
momenta of the sound quanta are ignored, and the equations are solved, the 
classical Doppler broadening results. These are, however, two extreme cases, and 
in general both types of phenomena may be expected to be present and to 
influence each other. 

It must here suffice to remark very briefly that the considerations set out above 
enable us readily to offer a satisfactory interpretation of the experimental results 
recently reported by Gross2 on the modification of the fine structure of spectral 
lines produced by scattering in liquids and solids. 

C V RAMAN 

210 Bowbazaar Street, Calcutta 
5 September 

2 Nature, 1930 126, pp.201, 400, 603; and Zeit.Jur Physik. 1930 63, p.685. 
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Nature of the thermal agitation in liquids 

The accompanying photographs (figure 1) represent the analysis by a Fabry- 
Perot etalon of the structure of the 4046 A, 4078 A and 4358 A radiations of a 
low-density water-coolded mercury arc, after they are scattered through an angle 
of 180° by a column of carbon tetrachloride liquid. In each case, two different 
temperatures of the liquid column (30° C and 70° C) were employed, the 
exposures being as nearly as possible otherwise under identical conditions. 

4046 A 

4078 A 

4358 A 

30° 

70° 

30° 

70° 

30° 

70° 

Figure 1 

The choice of a Fabry-Perot etalon as the high resolving power instrument 
and of carbon tetrachloride as the scattering liquid were both determined by 
experience gained in this particular field of research1. It will be seen that a 40° rise 
of temperature produces a most remarkable change in the structure of the 
scattered radiation. The two Brillouin components having a Doppler shift 

V Raghavendra Rao, Proc. Indian Acad. Sci., 1934-35, 1, 261 and 473. 
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determined by the velocity of sound in the liquid, which are well-defined at the 
lower temperature, broaden greatly when the liquid is heated, and move in 
towards the central component, practically closing in upon it. The central 
component at the same time increases in intensity. The conception that ordered 
wave-trains of sound constitute the thermal energy in a liquid therefore departs 
more and more from the actual facts as the temperature of liquid is raised. 

C V RAMAN 
B VRAGHAVENDRA RAO 

Department of Physics 
Indian Institute of Science, Bangalore 
24 March 
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Acoustic spectrum of liquids 

As is now well known, examination by means of a Fabry-Perot etalon reveals 
remarkable changes in the spectral character of monochromatic radiation when 
it is scattered within a dust-free liquid. Earlier studies in this laboratory1 
disclosed that the relative intensity of the undisplaced central line to that of the 
two Doppler-shifted companions appearing on either side of it varies greatly 
from liquid to liquid, being for example much larger in carbon tetrachloride than 
in toluene. The origin of the undisplaced central line has been until now one of the 
unsolved problems of the subject; its high intensity in the case of carbon 
tetrachloride and its practically complete polarization in this liquid as well as in 
toluene and carbon disulphide indicate that it cannot be ascribed to the 
depolarized scattering by optically anisotropic molecules. 

Systematic studies have now been made with a number of liquids, including the 
following: acetone, carbon disulphide, toluene, water, formic acid, acetic acid, 
butyl alcohol, carbon tetrachloride, phenol and glycerine. The general result 
which emerges from this comparative study is illustrated in the accompanying 
Fabry-Perot patterns. Figure 1 (a) is the Fabry-Perot pattern of the incident 
light, which is the 4358 A radiation of a water-cooled low-density mercury arc 
lamp, while figures 1(h), (c) and (d) are the patterns obtained respectively with the 
light scattered through 180° by the liquids phenol, butyl alcohol and acetone. It 
will be seen that the pattern given by phenol is indistinguishable from that of the 
incident radiation. A similar result has also been obtained with glycerine. With 
butyl alcohol, on the other hand, the Doppler-shifted companions are faintly 
visible, while with acetone, they are very conspicuous. 

It is thus seen that in highly viscous liquids such as phenol and glycerine, the 
sound waves of high frequency necessary for reflecting the incident light waves 
are conspicuously absent. The scattering of light within such liquids must 
therefore be ascribed to other causes, for example, relatively immobile fluctu¬ 
ations of density or clustering of molecules. The greater intensity of the Doppler- 
shifted components with such relatively inviscid liquids as acetone or toluene, on 
the other hand, indicates the existence in them of organized sound-waves as part 
of the thermal agitation. It appears reasonable to ascribe the unsifted central 
line obtained with such liquids to the existence of relatively immobile fluctuations 

1 Raghavendra Rao B V, Proc. Indian Acad. Sci. (A\ (1934-35) 1,261,473 and 765; (1935) 2,236; (1936) 

3, 607. 
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Figure 1. Fabry-Perot patterns of incident radiation, 4358 A (a), and of radiation scattered by phenol, 

(b), butyl alcohol (c) and acetone (d). 

of density or clusters of molecules on which the rapidly moving sound-waves are 
superposed. This is clearly suggested by the comparative study of the patterns 
obtained with various liquids, which indicates a progressive falling off in the 
intensity of the Doppler-shifted components with increased damping of high- 
frequency sound waves due to viscosity as given by the classical formula of 
hydrodynamics. 

C V RAMAN 
B VRAGHAVENDRA RAO 

Department of Physics 
Indian Institute of Science 
Bangalore 
14 February 
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Light scattering and fluid viscosity 

According to well-known hydrodynamical theory1, plane waves of sound 
propagated through a viscous liquid suffer a diminution of amplitude in the ratio 
\/e in traversing a number of wavelengths given by the quantity 3CX/Sn2v, where 
C is the velocity of sound, X is the wavelength of sound and v is the kinematic 
viscosity. Taking X = 4358 A, this number for various common liquids which are 
fairly mobile at room temperature ranges from about 3 in the case of butyl 
alcohol to about 30 in the case of carbon disulphide. For phenol at 25° C, the 
number is less than 1, and for glycerine, it is a small fraction of unity. A 
consideration of these numbers shows that the theories due to Einstein2 and 
L Brillouin3, which regard the diffusion of light occurring in liquids as due to the 
reflection of light by regular and infinitely extended trains of sound-waves present 
in them, can only possess partial validity for ordinary liquids, and must break 
down completely in the case of very viscous ones. In an earlier note in Nature4, we 
reported studies of the Fabry-Perot patterns of scattered light with a series of 
liquids, which showed clearly that the Doppler-shifted components in the 
spectrum of scattered light fell off in intensity relatively to the undisplaced 
components, with increasing viscosity of the liquid. 

We have now to report some further results which illustrate in a striking way 
the part played by fluid viscosity in the diffusion of light by liquids. As mentioned 
in our previous note, the light scattered by liquid phenol at ordinary tempera¬ 
tures gives a Fabry-Perot pattern which is scarcely distinguishable from that of 
the incident light. When, however, the temperature of the liquid is raised, the 
viscosity falls off rapidly, and the number 3CX/Sn2v assumes a value which is 
many times greater than at room temperature. Simultaneously, as can be seen 
from figure 1, the character of the Fabry-Perot pattern alters, and the Doppler- 
shifted components come increasingly into evidence; at 70° C they are just as 
prominent as in ordinary inviscid liquids. The influence of temperature revealed 
by these studies for the case of the very viscous phenol is to be clearly 
distinguished from the broadening of the Doppler components with rise of 

JLamb, Hydrodynamics, fifth edition, p. 613. 
2 Einstein, A, Ann. Phys., 33, 1275 (1910). 
3 Brillouin, L, Ann. Phys., 17, 88 (1922). 
4Nature, 139, 585 (April 3, 1937). 
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Incident 

Scattered 

25°C. 

45°C. 

70°C. 

Figure 1. Influence of temperature on the scattering by phenol. 

Figure 2. State of polarization; above, toluene; below, phenol. 
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temperature reported by us in an earlier note5 for the case of carbon tetra¬ 
chloride. 

The four patterns reproduced in figure 2 show the remarkable difference in the 
state of polarization of the Fabry-Perot patterns of transversely scattered light for 
an inviscid liquid such as toluene and a viscous one such as phenol at room 
temperature. In the former case, only a continuous radiation is to be observed in 
the horizontal component; in other words, both the displaced and the undis¬ 
placed components in the pattern are sensibly completely polarized with the 
vibrations vertical. In the case of phenol, however, the undisplaced radiation is 
evidently partially polarized, as it appears both in the vertical and the horizontal 
vibrations; a partial polarization of the continuous radiation is also noticeable. 

C VRAMAN 
B VRAGHAVENDRA RAO 

Department of Physics 
Indian Institute of Science 
Bangalore 
29 December 

5 Nature, 135, 761 (May 4, 1935). 
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New methods in the study of light scattering* 

Part I. Basic ideas 

SIR C V RAMAN 
(From the Department of Physics, Indian Institute of Science, Bangalore) 

Received August 14, 1941 

1. Introduction 

The scattering of light in material media may be considered from two distinct 
points of view: The first is that of the colloid chemist or biologist, the opalescence 
or Tyndall effect exhibited by whose media is related to the number, size and 
structure of the particles dispersed in them. The other point of view is that of the 
spectroscopist investigating the scattering of light in transparent substances and 
its relation to the molecular structure and the state of molecular aggregation. 
There is obviously a wide difference in the aims and methods of study adopted by 
these two groups of workers. This should not be permitted, however to obscure 
the essential similarities in the phenomena with which they are concerned. We 
have only one to mention some specific examples, viz., optical glass, phenol-water 
mixtures, protein solutions and rubber dissolved in organic solvents, to realise the 
futility of setting out any rigid line of demarcation between “colloid” or turbid 
media, and “molecular” or transparent ones. Any such distinction must be 
conventional rather than logical. It will be realised, therefore, that the exchange of 
ideas and methods between the two fields of research should be of great 
importance for the progress of both. 

2. The reciprocity relation 

An important step in the unification of colloid and molecular optics was taken by 
Dr R S Krishnan (1934-1939) in his investigations at this Institute which 
established the “Reciprocity Relation” in the scattering of light and developed 

*This paper reproduces the substance of a lecture delivered to the Indian Academy of Sciences at 
Bangalore on the 23rd September 1939. 
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experimental methods based on its validity. This relation may be stated as 
follows: Consider a parallel beam of plane-polarised light passing horizontally 

through an isotropic substance, and let the scattered light be observed in a 
horizontal direction transverse to the incident beam. The intensity and state of 
polarisation of the transversely scattered light would evidently depend on the 
azimuth of polarisation of the incident light. Krishnan’s discovery was that, 
irrespective of the nature, size and shape of the particles of the scattering 
substance, = Vfc. These symbols represent respectively, the intensity of the 
horizontal vibration in the scattered light when the vibration in the incident light 
is vertical, and the intensity of the vertical vibration in the scattered light when 
that of the vibration in the incident beam is horizontal. A direct experimental 
proof of this result is furnished by the arrangement represented schematically in 
figure 1. A beam of unpolarised light is divided by means of a double-image prism 
into two beams of equal intensity in which the electric vibrations are respectively 
vertical and horizontal. These beams enter the observation vessel containing the 
colloidal substance, and their tracks (which, in general, appear of unequal 
intensity) are viewed transversely through a double-image prism suitably held. 

Figure 1. Demonstration of reciprocity principle in light scattering. 

We then see four tracks which may be designated as V„, Hy, Yh and 
respectively, the meaning of these symbols being clear from the figure. The 
equality of intensity of Hy and Vh in all cases is then directly evident to 
observation. The relative intensity of the four components V^, Hy, \h and H,, 
depends greatly on the size, shape and structure of the particles scattering light. 

If the particles are very small, spherical and isotropic, 

Vv*0,Hv = Vh = Hh = 0. (1) 

If the particles are not small but are spherical and isotropic, 

V„*0, H, = Vfc = 0,H**0. (2) 

If the particles are very small but are not spherical and isotropic, 

Vv 7* 0, Hy = Yh = Hh 7* o. (3) 
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If the particles are neither small nor spherical and isotropic, 

V„ # 0, H„ = V„ # 0, H* = 0. (4) 

The experimental facts stated in (1), (2), (3) and (4) are readily explained on the 
basis of the electromagnetic theory of light. The relations stated in (1) follows 
immediately from the fact that the particle in the conditions stated is equivalent 
to a simple Hertzian oscillator or electric dipole. The relationships stated in (2) 
follow immediately from the theory of scattering by spherical isotropic particles 
developed by Mie (1908). The radiations from the particle may be regarded as 
the result of the summation of a series of partial vibrations, viz., a first electric, 
a first magnetic, a second electric, a second magnetic, a third electric, a 
third magnetic vibration and so on. The first and third electric vibrations, and the 
second and fourth magnetic vibrations in this sequence give a finite value for V„ 
and zero values for Uv, Vfc, and H*, while the first and third magnetic vibrations 
and the second and fourth electric vibrations give a zero value for Vv, Hy, and a 
finite value for Hh. The superposition of these radiations gives the result stated in 
(2). The scattering of light by a very small ellipsoidal particle averaged for all 
orientations of the particle with respect to the field gives the result stated in (3). 
The relation Hv = \h is seen to be valid both in case (2) and in case (3). Hence, if the 
radiation from particles which are neither small nor spherical and isotropic is 
regarded as a superposition of the types of radiations considered in these two 
cases, the result H,, = Yh must be valid also in the general case. Krishnan (1938) 
has given a different argument which also leads to the same result. 

3. The Krishnan effect 

From the foregoing considerations, it follows that in the general case \h < Hh. In 
other words, if the incident beam is polarised with the electric vibration horizontal, 

the light scattered transversely would exhibit a partial polarisation in which the 

horizontal vibration is more intense than the vertical. This is the Krishnan effect. 
The actual magnitude of the partial polarisation would be determined by the 
extent to which radiations of the types envisaged in (2) and (3) respectively enter, 
in other words by the relation between the size and the optical anisotropy of the 
particle. In the electromagnetic theory, the amplitude of the first electric radiation 
is proportional to the cube of the radius of the particle, while those of the first 
magnetic and the second electric radiations are proportional to its fifth power. 
Hence, the larger the size of the particle and the smaller its optical anisotropy, the 
greater would be the partial polarisation and the more readily, therefore, would it 
be detectable. Vice versa, the smaller the particle, and the larger its optical 
anisotropy, the more difficult of detection would be the partial polarisation of the 
transversely scattered light. The formulae of the electromagnetic theory also 
indicate that the ratios of the amplitude of the higher partial radiations relatively 
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to the lower ones involve the wavelength of the light. This is evident since the 
ratios must evidently be dimensionless numbers, such as at/A2, a2/XA, etc., where 
a and X are respectively the radius of the particle and the wavelength of the 
radiation. Hence, for relatively small particles, the effect now under discussion 
must rapidly become more pronounced as the wavelength of the light is 
diminished. 

4. A sensitive method of observation 

The partial polarisation of the scattered light referred to above may be readily 
demonstrated in a variety of cases. A Nicol which can be rotated polarises the 
light entering the colloid. The track of the beam passing through the observation 
vessel is viewed transversely through a double-image prism suitably held. It will 
then be noticed that as the Nicol is rotated and the direction of vibration in the 
incident beam turns round from the vertical to the horizontal position, the two 
images of the track seen alter in their relative intensity, the one which is stronger 
in the first case becomes the weaker in the second case. In other words, V„ > Hw 
but Wh<Hh. The same effect can be shown in a more striking way by viewing the 
track through a Babinet compensator instead of through a double-image prism. 
As the polarising Nicol is rotated, the fringes seen in the compensator shift their 
position, indicating that the partial polarisation of the scattered light alters to a 
state in which the horizontal component instead of the vertical one is the more 
intense. As a means of detecting the partial polarisation, this technique is 
obviously more sensitive than observation through a double-image prism or a 
measurement of the depolarisation ratio which were the methods employed by 
Krishnan. A partial polarisation of only a few per cent is detectable by the 
Babinet compensator. Hence, the range of the investigation is extended by its use 
to cases in which the difference of intensity between \h and H^ is extremely small. 
Moreover, since the fringes in the Babinet compensator can be photographed, it 
becomes possible to extend the investigations into the ultra-violet region of the 
spectrum where, as already remarked, the magnitude of the partial polarisation is 
expected to become much larger. 

The sequence of changes in the appearance of the field of the compensator as 
the polarising Nicol is rotated may be readily followed. It is evident that, since 
Vv > H„ = Vh < Hh, the fringes would be most marked when the vibrations in the 

incident light are vertical; their visibility would diminish and reach a minimum 
value at an oblique setting of the Nicol and increase again to a second maximum 
when the vibrations are horizontal. The setting of the Nicol at which the 
compensator fringes have the minimum visibility would evidently depend on the 
ratio Vv/Hh. The fringes seen in the compensator appear on a background of 
uniform illumination due to the unpolarised or “anisotropic” part of the light 
scattering. The larger this is, the smaller would be the visibility of the fringes for all 



510 C V RAMAN! SCATTERING OF LIGHT 

settings of the Nicol, and in particular at the setting in which the vibrations 
transmitted by it are horizontal. The sensitiveness of the method therefore 
diminishes with the increasing optical anisotropy of the particles arising from 

their non-spherical shape or structure. 

5. Ellipticity of the scattered light 

As was shown by Mie, we cannot expect to observe an elliptic polarisation in the 
light scattered by particles of any size, if the incident light is unpolarised. The 
position would, however, be altered, if the incident light is plane polarised in an 
arbitrary azimuth and the particles of the colloid are spherically symmetric and of 
uniform size. For, the incident vibration can then be resolved into vertical and 
horizontal components in a determinate phase relation, and the scattered 
radiations Yv and Hh arising respectively from these components would also be 
coherent, the phase relations between them being specifiable and the same for all 
the particles in the colloid. Unless, therefore, the relationship of phase is one of 
identity, the resulting radiation would be elliptically polarised. This would be 
indicated in the Babinet compensator by the position of the fringes which would 
correspond neither to a vertical nor a horizontal vibration but would be 
intermediate. In other words, when the Nicol polarising the incident beam is 
turned round from the vertical to*the horizontal, the compensator fringes would 
shift continuously from one position to the other, remaining visible all the time. 
An effect of this kind should be easily noticeable when the particles in the medium 
are of the requisite type, e.g., a cloud of water drops suspended in air or a dilute 
emulsion of one liquid in another. On the other hand, if the particles in the 
medium are of such a nature that there is no definite relation of phase between the 
components V„ and H,,, then no elliptic polarisation should be detectable. In such 
a case, the compensator fringes would vanish at some particular setting of the 
Nicol, and re-appear in an altered position when the Nicol is rotated further in 
either direction. 

6. Applications of the method 

The sequence of changes observed in the position and visibility of the 
t i 

compensator fringes as the polarising Nicol is turned round is thus closely 
connected with the structure of the medium scattering the light, and affords an 
insight into the mechanism of such scattering. In this connection, reference may 

be made to two very interesting papers by Dr Hans Mueller (1938) who has 
discussed the theory of the Krishnan effect from a standpoint which is very 
different from that set out above. 
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The technique described in the present paper would evidently be applicable to 
a great variety of cases and should be capable of yielding interesting results. In 
particular, the increased sensitiveness should enable the Krishnan effect to be 
looked for even in cases where it is undetectable with the methods previously 
employed, e.g., colloids of the smallest particle size and even pure liquids. 
Preliminary work on these lines has been carried out with pure liquids and with 
liquid mixtures by Mr T A S Balakrishnan and on selected colloidal solutions and 
emulsions by Mr Darbara Singh. Their results are described in a series of papers 
appearing in these Proceedings under the same title (Parts II, III, IV and V). 

Summary 

A method is described, based upon the use of a Nicol for polarising the incident 
beam in any desired azimuth and of a Babinet compensator for observing the 
transversely scattered light which enables the Krishnan effect to be very 
conveniently studied. The sensitiveness of the arrangement permits its use for the 
observation of the effect in cases where the methods previously employed are not 
delicate enough. It is pointed out that the magnitude of the effect would be 
enhanced by using ultra-violet radiation, the compensator fringes being recorded 
photographically. The same arrangement can also be employed for detecting and 
measuring the elliptic polarisation of the scattered light when the particles 
scattering the light are uniform and spherically symmetrical. The wide field of 
utility of the method in the study of light scattering is indicated. 
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1. Introduction 

The variations in the refractive index of a liquid under external force may be 
expressed either in terms of the applied pressure or of the resulting change of 
density, in other words as proportional to the piezo-optic coefficient {dp/dp) or to 
the elasto-optic coefficient p(dp/dp). The ratio of the two coefficients is the 
compressibility P of the liquid; according as the pressure is applied adiabatically 
or isothermally, we have 

(dp/dp)^ = p(dp/dp)^ P^ (Entropy </> constant) 

(dp/dp)t = p(dp/dp)t-pt (Temperature t constant). 

In some important optical problems, e.g. the diffraction of light by ultrasonic 
waves, or the diffusion of light resulting from the Debye waves in a liquid, we are 
concerned with compressions and rarefactions occurring under adiabatic 
conditions and with the resulting changes of refractive index. As a rough 
approximation, the two elasto-optic coefficients may be taken to be equal and the 
two piezo-optic coefficients to be therefore in the ratio of the adiabatic and 
isothermal compressibilities. More exactly, however, these relations would not 
subsist, as a consequence of the refractive index of a dense fluid being in general a 
function of both density and temperature, and not of the density alone. 

The piezo-optic coefficients under isothermal conditions for several liquids are 
known from the work of Rontgen and Zehnder(1891), Himstedt and Wertheimer 
(1922) and Eisele (1925), and the corresponding elasto-optic coefficients can be 
calculated from a knowledge of the isothermal compressibilities. No attempt 
appears, however, so far to have been made to determine the piezo-optic 
coefficient under adiabatic conditions directly by experiment. As the adiabatic 
coefficients and not the isothermal ones enter in some important applications of 
the subject, a knowledge of the former is clearly necessary. Further, as remarked 
above, the adiabatic and isothermal elasto-optic coefficients are not identical, and 

* 
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hence, the experimental determination of the adiabatic coefficient must be 
regarded as necessary even when the isothermal coefficient is known with all 
desirable precision. It should be remarked in this connexion that the precise 
determination of the isothermal coefficient is not quite an easy matter. Any 
compression or expansion of the liquid necessarily produces a change of 
temperature, altering the refractive index, and unless the observations are made 
under conditions ensuring complete constancy of temperature, the determi¬ 
nations would not accurately give the effect of an isothermal- compression. 
Experimentally, the situation is parallel to that arising in the determination of the 
compressibility of a liquid for small changes of pressure under isothermal 
conditions. As has been shown very clearly by Tyrer (1914), it is easier to make 
accurate determinations of the adiabatic compressibility than of the isothermal 
one. For the same reason, it should be easier with suitable technique to make 
precise determinations of the adiabatic piezo-optic coefficient and to calculate 
therefrom the adiabatic elasto-optic coefficient, than to measure and evaluate the 
corresponding isothermal coefficients. 

Apart from the applications in ultra-sonic research and in the study of light 
scattering, precise determinations of the piezo-optic and elasto-optic coefficients 
for liquids have a special importance in relation to optical theory. It is well known 
that the Lorentz refraction formula does not accurately give the refractive index 
of a liquid in terms of the index for the vapour; the deviations from the formula 
are even more striking when we consider the changes in the refractive index of a 
liquid produced by changes of temperature or pressure. The explanation of these 
failures is a matter of considerable interest, and various attempts have been made 
(e.g. Raman and Krishnan 1928) to formulate theories giving better results. It is 
obvious that reliable experimental data regarding variations of refractive index 
under precisely defined physical conditions would be of value in testing such 
theories, and especially in determining the extent to which the refractivity of a 
dense fluid is a function of temperature independently of any changes in volume. 

2. Experimental arrangements 

In the work of Rontgen and Zehnder, as also of those who followed them, two 
parallel tubes of metal provided with optically worked end-windows of glass and 
immersed in a water-bath were employed to contain the liquid under study, and 
an interference method was employed to determine the changes in refraction. The 
optical paths through the two tubes were initially balanced against each other, 
and the interference fringes which moved past a fiduciary mark were counted one 

by one, as the pressure in one of the tubes was slowly altered with reference to the 
pressure in the other. To enable the fringes to be kept in view without distortion 
and correctly counted, the rate of change of pressure had to be kept sufficiently 
small to allow temperature equalization to proceed simultaneously with the 
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change of pressure; the final count was made after the fringes had settled down to 
a fixed position, indicating complete constancy of temperature. In the present 
investigation, on the other hand, the method has been employed of applying 
instantaneously to the liquid in one of the tubes, a pressure of the magnitude 
found necessary to make a known integral number of fringes shift past the 
reference mark, and then to release the pressure immediately afterwards, so that 
the observations could be repeated as often as desired without the fringes 
becoming distorted by irregular changes of temperature. Using tubes each 1 m. 
long, the pressure changes employed are of the order of 10 cm. of mercury or less, 
and the number of fringes that shift is also small (usually less than a dozen). As the 
observations are made under adiabatic conditions, the use of metal tubes and of a 
water-bath is not essential, and an interferential refractometer of the standard 
Rayleigh type with glass tubes has been successfully employed for the work. 

The actual apparatus used in the work is the well-known laboratory 
interferometer made by the firm of Zeiss with the 1 m. glass tubes ordinarily 
provided for working with gases. In the instrument as employed, the upper half of 
a parallel beam of light proceeding from the collimator passes through a pair of 
apertures and then traverses the interferometer tubes containing the liquid under 
study, then through a pair of compensators and finally enters the observing 
telescope. The lower half of the beam from the collimator similarly passes below 
the interferometer tubes and through a single compensating plate into the 
observing telescope. Two sets of interference fringes are then seen, one below the 
other, through the eye-piece of the telescope, and these can be brought into 
coincidence by turning the drum attached to one of the compensators. On 
applying pressure to the liquid in one of the interferometer tubes, the upper 
system of fringes shifts, and if n be the number of fringes that shift on the 
application of a pressure p, measured in atmospheres, the change dp in the 
refractive index is given by Idp = nX, where l is the length of the tube, and X is the 
wavelength of the light used. The change in refractive index for 1 atm. pressure 
will be 

(dp/dp)(j) = nX-16/lp0, 

where p0 is the pressure in cm. of mercury reduced to 0° C, sea-level and 45° 
latitude. 

[Added 5th April 1939. It has been assumed above that the lengths of the two 
interferometer tubes remain identical in spite of the application of internal 
pressure in one of the tubes only. As the two tubes are rigidly attached to each 
other by hard wax along the whole of their length and the end-windows are fused 
on to both tubes jointly, any differential expansion is likely to be small. Its effect 
can obviously be completely eliminated if the two tubes are immersed in a bath of 
the same liquid as is contained in them. By a comparison of the values obtained 
for water with and without immersion in a water-bath, the differential expansion 
can be determined. This has been done and the small correction necessary thus 
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evaluated. It has been found that on the introduction of the water-bath, there is a 
considerable improvement in the appearance and steadiness of the fringes and 

consequently also in the accuracy of measurement.] 
The application of pressure to the liquid in one of the interferometer tubes is 

effected with the aid of a mercury manometer, one limb of which can be finely 
adjusted to any height above the other, by a winding drum and cog-wheel 
arrangement. The communication between the liquid in the interferometer and 
the mercury in the manometer is made through a tube containing water, the latter 
being prevented from mixing with the liquid under study by the attachment of a 
Short U-shaped bend containing mercury to the interferometer tube. A large-bore 
three-way tap is interposed in the water column which transmits the pressure to 
the interferometer tube. The movable part of the manometer carries over the 
mercury a column of water of the height necessary to balance the weight of the 
connecting column of water on the other side. A cathetometer is used to read the 
levels of mercury in the manometer. After taking the initial reading and adjusting 
for the coincidence of one of the upper system of fringes with a reference fringe of 
the lower system by means of the interferometer drum, the manometer is cut off 
by turning the three-way tap, and its movable limb is raised to any convenient 
height. The pressure is then applied suddenly by opening the tap; there is then an 
instantaneous shift of the upper system of fringes. Generally, in the new position, 
no fringe coincides with the reference fringe. The pressure is then immediately 
released by turning the three-way tap so that the interferometer tube is connected 
to the atmosphere while the manometer is cut off. The movable limb of the 
manometer is raised or lowered as required and the experiment is repeated till an 
exact integral number of fringes shifts on the application of the pressure. The 
manometer being then cut off, the levels of mercury are read with the 
cathetometer. An auxiliary two-way tap between the manometer and the other 
tap serves to ensure that there is no leak from the manometer before the readings 
are taken. A small correction for the change in the level of water in the fixed limb 
of the manometer on the application of pressure, has to be added to the difference 
in the levels of mercury. It is, of course, impossible to count the number of fringes 
that shift on the instantaneous application of pressure. But by a few trials with 
successively increasing pressures so that there is an increase of one fringe at a time 
in the shift, the exact number of fringes shifting at each pressure is easily 
ascertained. 

The apparatus is set up in an underground cellar, where thermal disturbances 
are absent, and steady and straight fringes can therefore be observed in the 
interferometer. The latter is enclosed in a thick asbestos box and packed around 
with cotton, only two small openings being left for the passage of light. The 
interferometer tube, after being cleaned thoroughly, is completely filled with the 
liquid without leaving any air-bubble inside and is connected to the apparatus. 
The other end of the interferometer tube is tightly closed with a ground glass 
stopper which is then firmly fastened to it. The apparatus after being set up, is left 
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undisturbed overnight to reach a constant temperature. A complete set of 
readings can then be taken in a few hours next morning. A Zeiss sodium lamp is 
used as the source of light, a large glass cell containing alum solution being placed 
in the path of the light to absorb the heat rays before they enter the interferometer. 
The temperature of the liquid is measured by a Centigrade thermometer reading 
up to 0T°, inserted in the middle of the interferometer. 

The liquids used were those supplied by Kahlbaum as purest and they were 
distilled again just before filling up the tube. The purity of the liquids was tested 
by determining their refractive indices with a Pulfrich refractometer and 
comparing them with the values taken from the standard tables. The agreement 
in every case was satisfactory. 

Table I. Adiabatic piezo-optic coefficients 

No. of 
fringes 

Pressure 
reduced to 0° C, 

sea-level and 
45° latitude (d/Vdp)^ x 106 

No. of 
fringes 

Pressure 
reduced to 0° C, 

sea-level and 
45° latitude (dP/dp)<p x 106 

Benzene at 24 0° C Ethyl ether at 23-4c C 

3 3-726 36-06 3 2-624 51-19 
4 4-979 35-97 4 3-482 51-44 

5 6-212 3604 5 4-348 51-50 
6 7-437 36-13 6 5-216 51-52 
7 8-682 36-11 7 6-074 51-60 

8 6-965 51-44 
9 7-823 51-51 

Mean 36 06 ± 0 03 Mean 51 -46 ± 0-05 

Carbon disulphide at 22-6'C Methyl alcohol at 22-8° C 

4 4-048 44-25 3 3-939 34-10 

5 5-072 44-15 4 5-189 34-52 

6 6064 44-31 5 6-545 34-22 

7 7-086 44-24 6 7-834 34-30 

8 8-137 44-02 7 9-107 34-43 
9 9-133 44-13 8 10-368 34-56 

10 10143 44-16 9 11-689 34-46 

11 11-091 44-43 

12 12149 44-24 

Mean 44-21 ±004 Mean 34-37 ± 0 06 

Chloroform at 23-2° C Water at 23-1C 

2 2-673 33-51 1 3-021 14-83 

3 4-064 33-06 2 6-059 14-78 

4 5-375 33-33 3 9-082 14-79 

5 6-756 33-14 4 12-017 14-90 

6 8065 33-32 

7 9-410 33-32 

8 10-699 33-48 

Mean 33-31 ±006 Mean 14-83 ±0-03 
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3. Results of the experiments 

Half a dozen familiar liquids were chosen for the study and the method of 
observation was found to give satisfactory results in each case. Independent 
settings of the manometer pressure for a shift of a specified number of fringes in 
the interferometer agreed with themselves within less than 1%. Four or five such 
independent settings were made for each integral number of fringes shifting, and 
the mean of the same utilized for evaluating the piezo-optic coefficient. The 
results are recorded in Table I, and the final mean for each liquid is probably 
reliable to about 0T%. 

For the purpose of discussion, the final results for the liquids studied together 
with various other relevant physical constants taken from the reference tables 
have been gathered together in Table II. The columns in this table, give 
respectively the liquid studied, its temperature, the refractive index as recorded 
and as observed by the authors, the coefficient of cubical expansion, the 
temperature coefficient of refractive index, the specific heat at constant pressure, 
the isothermal and adiabatic compressibilities and the isothermal and adiabatic 
piezo-optic coefficients. 

Table II. Data for liquids studied 

Liquid 

Temp. 

°C 
P 

(I.C.T.) 
P 

(authors) a x 105 

(Sp/dt)p 
x 105 fl, x 106 fU * !06 

(dp/dp), (Pn/dp)# 
x 106 x 106 

Benzene 24-0 1-4988 1-4988 122-3 -65-0 0-4076 98-7 68-6 51-94 35-80 

Carbon 

disulphide 22-6 1-6258 1-6261 119-8 -80-5 0-2389 95-6 616 66-81 43-89 

Chloroform 23-2 1-4434 1-4430 127-7 -58-8 0-2333 104-0 70-2 33-02 

Chloroform 150 — — 125-3 •— 97-0 65-6 47-31 

Ethylether 23-4 1-3506 1-3506 165-1 -58-6 0-5431 196-7 146-9 71-22 51-28 

Methyl 

alcohol 22-8 1-3280 1-3281 119-7 -36-0 0-612 125-0 104-0 42-25 34-21 

Water 231 1-3327 1-3326 23-84 -9-65 1-000 46-06 45-6 14-98 14-66 

Sources of data. International Critical Tables (I.C.T.) and Landolt-Bornstein Tabellen (L.B.T.). 

For the coefficient of cubical expansion, a x 105: for all liquids except water—I.C.T. density- 

temperature relations. The values agree well with the available experimental data. For water—I.C.T. 

from the valume of 1 g. of water at different temperatures. 

For the temperature coefficient of refractive index (cp/ct)p x 105—from L.B.T. and I.C.T. as nearly 

as possible at the temperature required. 

For the specific heat at constant volume, Cp: for water and ethyl ether from I.C.T. and for other 

liquids, mean of the available values given in Shiba (1931). 

For the isothermal compressibility, (I, x 106: the values were calculated thermodynamically from 

(Tyrer 1914). They agree fairly well with the values determined experimentally, but are more 

reliable than the latter. The experimental data tend to be slightly too small, owing to the compression 

not being quite isothermal. 

For the adiabatic compressibility, /?0 x 106—Tyrer (1914). 

For the isothermal piezo-optic coefficient (dp/dp), x 106: for chloroform—Himstedt and Werth¬ 

eimer (1922); for all other liquids—Rontgen and Zehnder (1891). 
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[Added 5th April 1939. The values of the adiabatic piezo-optic coefficients have 
been corrected for the differential expansion of the tubes mentioned above. The 
correction amounts to 1-16% for water and varies between 0-35% and 0-88% for 
other liquids.] 

4. Discussion of results 

(a) Deviations from the Lorentz refraction formula. Differentiating the Lorentz 
formula, we find 

p{dp/dp)Lor = (p2 - l){p2 + 2)/6p. 

The formula presupposes that the refractive index is a function of the density 
alone; in other words, it is assumed that p(dp/dp) should be the same in all cases, 
e.g. for a change in density due to alteration of temperature under constant 
pressure, or due to alteration of pressure under constant entropy or at constant 
temperature. We should thus find that 

= _l_7d/<\ = !(_?:) (m2 - 1)(m2 + 2) 

a\8t)p h\8P)* P'\8p)t 
How far these relations are in agreement with reality will be evident on a 
comparison of the last four columns of Table III in which the quantities concerned 
have been tabulated. It is seen that the variation of refractive index indicated by 
the Lorentz formula is invariably larger than that actually observed for pressure 
changes, while there are similar large differences, between the theoretical and 
observed values for temperature changes which except in the case of water are in 
the same general direction. Comparing the values amongst themselves, it is 
noteworthy that in the case of benzene, which is a typical non-associated liquid, 
the variations of refractive index for equivalent pressure and temperature 

Table III. Deviations from Lorentz refraction formula 

Temp. _l/d/A 1 AA 1 AA (p2-l)(p2 + 2) 

Liquid °C oc\dtJp P,\dpJt 6p 

Benzene 240 0-5315 0-5262 0-5219 0-5887 
Carbon disulphide 22-6 0-6719 0-6988 0-7125 0-7818 
Chloroform 23-2 0-4605 0-4877 

(at 15° C) 
0-4704 0-5106 

Ethyl ether 23-4 0-3549 0-3620 0-3490 0-3889 
Methyl alcohol 22-8 0-3007 0-3380 0-3290 0-3609 
Water 23-1 0-4048 0-3253 0-3215 0-3664 
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changes differ very little, while for methyl alcohol and water, which are strongly 
associated liquids, they differ notably, though remarkably enough, in opposite 
directions for these two liquids. Chloroform and ether which are polar but not 
highly associated liquids, show less striking differences. The deviations from the 
Lorentz formula are very pronounced for carbon disulphide which has the 
highest refractive index as well as the highest degree of optical anisotropy for its 

molecules amongst the six liquids studied. 
(b) Temperature variation of refraction at constant density. The coefficient of 

temperature variation of refractive index (dp/dt)p at constant density can be 
calculated by comparing the change of refractive index with rise of temperature at 
constant pressure with that produced by compression, isothermal or adiabatic, as 
the case may be. The necessary formulae which are very readily derived are 

(dfi/dt)p = {a (dp/dp)t + PtiSp/dfp}/^ 

and 

(dn/dt)p = {cc(dp/dp\ + ^(8pldt)p}l{a(8tldp)t + 

The first formula involves the piezo-optic coefficient at constant temperature and 
the second the piezo-optic coefficient at constant entropy. Table IV shows in its 
third and fourth columns the results calculated respectively from these two 
formulae. It will be seen that these are in fair agreement, except in the case of 
chloroform and of ether where the isothermal data are probably not reliable. The 
figures leave little doubt as to the reality of the variation of the refractive index of 
a liquid with temperature at constant density. The magnitude of this variation, in 
relation to the ordinary temperature coefficient of the refractive index at constant 
pressure (shown in the fifth column for comparison) is largest in the case of the 
highly associated liquids, water and methyl alcohol, but has the opposite sign in 
these two liquids. It is small but quite definite and has the same sign for benzene as 

Table IV. Variation of refraction with temperature at constant volume 

Liquid 

Temp. 

°C 

(dnfdt)p x 105 

calculated 

from 

isothermal 

coefficients 

(dp/dt)p x 105 

calculated 

from 

adiabatic 

coefficients 
(dp/dt)p x 105 

observed 

Benzene 24-0 -0-64 -0-85 -650 
Carbon disulphide 22-6 + 3-23 + 2-86 -80-5 

Chloroform 23-2 + 2-30 

(at 15° C) 

+ 0-74 -58-8 

Ethyl ether 23-4 + H7 -0-78 -58-6 

Methyl alcohol 22-8 + 4-5 + 2-91 -360 

Water 23-1 —1-90 -1-97 — 9 65 
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the ordinary temperature coefficient, while in carbon disulphide, it is both 
relatively and absolutely much larger than for benzene but of the opposite sign. 
The significance of these results awaits fuller elucidation. 

(c) Relation between adiabatic and isothermal piezo-optic coefficients. Owing to 
the existence of a pure temperature effect on refractive index evaluated and shown 
in Table IV, the ratio of the adiabatic and the isothermal piezo-optic coefficients 
is not exactly the same as the ratio of the corresponding compressibilities. The 
correction necessary appears as the second term in the following formula: 

(Sft/8p\ = (8fi/dp),ly/?, + (dp/St^dt/dp)^. 

The first term on the right-hand side is the approximate value of the adiabatic 
coefficient in terms of the isothermal one, while the second term which is the 
correction can be evaluated from the values of (dp/dt)p shown in the fourth 
column of Table IV. 

Table V shows the quantities involved. It is seen that in all cases except methyl 
alcohol, the correction term improves the agreement between the observed and 
calculated values of {dp/dp)^, though evidently the accuracy of determination of 
the isothermal coefficients on which the calculations are based is insufficient to 
make such improvement at all impressive. 

Table V. Relation of adiabatic to isothermal piezo-optic coefficients 

(dp/dp)^ x 106 
/ \ / \ / v (calculated) 

Temp. x io6 f Mllxj06 sum of cols. (dp/dp)<l>x 106 

Liquid °C \dt / \dp)^ \dpjt[i, 3 and 4 (observed) 

Benzene 240 -018 3610 35-92 35-80 

Carbon disulphide 22-6 + 1-03 4305 4408 43-89 

Chloroform 23-2 + 0-29 3200 

(at 15° C) 

32-29 33-02 

Ethyl ether 23-4 -017 53-19 53 02 51-28 

Methyl alcohol 22-8 + 0-41 36-15 35-56 34-21 

Water 23-1 -003 14-84 14-81 14-66 

Summary 

The piezo-optic coefficient defining the change of refractive index of liquids with 
pressure has till now been measured only for the case of isothermal compression. 
In such important applications, however, as the theory of the diffraction of light 
in ultra-sonic fields and of the scattering of light in liquids by the Debye waves, it 
is the effect of adiabatically applied pressure on the refractive index which 
requires to be known. In the present paper, an experimental technique is 



522 C V RAMAN: SCATTERING OF LIGHT 

described which enables the adiabatic piezo-optic coefficients of liquids to be 
measured with standard laboratory equipment and actually with greater ease and 
precision than the corresponding isothermal coefficient. The resulting data for six 
common liquids are discussed with reference to (1) the deviations from the 
Lorentz refraction formula, (2) the variation of refractive index with change of 
temperature when the density is maintained constant, (3) the relation between the 
adiabatic and isothermal piezo-optic coefficients. These three matters are shown 
to be closely connected. The data and the discussion based thereupon show 
clearly that the present technique opens up a field of research which is of 
considerable interest in relation to the optical properties of liquids and their 
molecular structure. 
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Spectroscopic investigation of the solid and liquid 
states 

SIR C V RAMAN 

Amongst the instruments of precision at the disposal of the physicist for the 
investigation of the structure of matter, the spectroscope occupies the premier 
position. It may be recalled that our present ideas regarding the structure of 
atoms and molecules are largely based on the experimental facts revealed by 
spectroscopy. It is scarcely to be doubted, therefore, that we have similarly to rely 
on spectroscopic research for an elucidation of the nature of the solid and liquid 
states of matter. These are not static structures in space, and even a purely 
geometric description of their build is, therefore, scarcely possible without the use 
of spectroscopic terminology. When we pass to deeper physical considerations 
and seek to evaluate the forces which hold together these aggregations of matter, 
we realise that spectroscopy gives us both the means of investigation and the 
language to express our results. It follows that a real knowledge of the solid 
and liquid states—as distinct from purely hypothetical postulates and 
assumptions—must rest upon a foundation of exact knowledge garnered by 
experimental spectroscopic research. The symposium of papers now under 
notice* seeks to provide such a foundation. 

When we apply spectroscopy of the visible and the ultra-violet to investi¬ 
gations on solids, three distinct paths of research open out. These are respectively, 
studies on luminescence, on absorption and on the scattering of light. The case of 
diamond has been thoroughly investigated in all the three ways by Mr P G N 
Nayar and the results so far obtained are described in the two opening papers of 
the symposium. Nayar’s work in the main furnishes a striking confirmation of the 
early work of Bhagavantam on light-scattering in diamond. The studies on 
luminescence and absorption have yielded new results of great interest. It is 
shown that the fundamental vibrations of the crystal lattice of diamond form a set 
of discrete monochromatic frequencies, of which no less than 19 have been 
recognised and measured. These cover the whole range of frequencies comprised 
in the so-called “elastic” spectrum of Debye, but their appearance as discrete 
frequencies with the observed distribution of intensities is a direct contradiction 

* Symposium of papers on Fluorescence, Light Scattering and the Raman Effect. Proceedings of the 

Indian Academy of Sciences, ‘A’ Series, May 1942. 
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of the postulates on which Debye’s theory of specific heat is based. Nayar also 
obtains the remarkable experimental result that the electronic absorption 
frequencies of diamond from a set of sharply-defined frequencies at low 
temperatures. Some 25 of these are listed in the paper. 

Spectroscopic studies on light-scattering in crystals reveal, in addition to the 
so-called “internal” frequencies of vibration of the ions or molecules, if any, 
present in the crystal, other discrete frequencies which are usually much smaller. 
These appear as sharply-defined lines in the spectrum or else sharpen to such lines 
when the crystal is cooled down to low temperatures. The observed frequencies lie 
in the remotest infra-red region, and their appearance and spectral character 
seem irreconcilable with the ideas either of the Debye theory or of the Born 
crystal dynamics which demand that the vibrations of crystal lattices form 
continuous spectra. It is primafacie evident that these discrete low frequencies are 
characteristic of the crystalline state and that they play a fundamental role in all 
branches of crystal physics. Their identification and explanation is thus a matter 
of prime importance. In a very beautiful investigation from which we reproduce 
the accompanying illustration (figure 1), Mr T M K Nedungadi shows that a 
naphthalene crystal exhibits six such frequencies in light-scattering, instead of 
four as hitherto supposed. When the orientation of the crystal and the state of 

£’ I(jr« 

O 19 

O 21 

O23 

Figure 1. Low-frequency vibrations in a naphthalene crystal. 
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polarisation of the incident light are varied, the intensities of the lines alter in a 
remarkable way. It is deduced from these observations that the observed 
frequencies correspond to the six possible symmetric and antisymmetric 
rotational oscillations of the two molecules present in the lattice cell. 

The development of a zinc-amalgam lamp giving monochromatic radiations of 
high intensity free from disturbing satellites has enabled Dr. C S Venkateswaran 
to carry out spectro-interferometric investigations of great value on the scattering 
of light in gases, liquids and solids. The perfection of his experimental technique 
and the thoroughness of the research has enabled results to be obtained which are 
trustworthy, besides being of fundamental importance. The work has also been 

Mercury Lines Zinc Lines 

X in A.U. 

4046 

4078 

4358 

Figure 2. Interferometer Patterns of Light Scattering of Liquids. 

a. Water (30°) e. Ethyl alcohol (25°) i. Ethyl ether (30°) 

b. Cyclohexane (30°) /. Ethyl alcohol (65°) j. Tetralin (30°) 

c. Carbon tetrachloride (25°) g. Acetone (28°) k. iso-Butyric acid (256) 

d. Benzene (28°) /?. Acetone (54°) /. iso-Butyric acid (154°C) 
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effectively followed up by Mrs K Sunanda Bai. Seven out of the fifteen papers in 

the symposium are devoted to the work of these authors. We reproduce in figure 2 
an illustration from one of Venkateswaran’s papers. 

The work of Venkateswaran and Sunanda Bai shows clearly that the 
conclusions reached earlier by experimenters as well as theorists in this field need 
radical revision. The picture of the liquid state which now emerges presents little 
or no resemblance to that of a crystalline solid, the analogy being rather with the 
amorphous or glassy state. The more viscous the liquid or the lower its 
temperature, the more nearly does it approximate in its behaviour to a glassy 
solid. This statement, in fact, covers the experimental situation as revealed by the 
studies on the positions and intensities of the lines in the interferometer patterns, 
as well as their states of polarisation. 

The so-called “internal” vibrations of the molecules which become manifest in 
light-scattering also receive attention in the paper of Nedungadi on naphthalene 
mentioned above. They form the principal theme of three studies with organic 
liquids contributed to the symposium by Venkateswaran and Pandya. 
Nedungadi’s work shows clearly that the selection rules for these internal 
vibrations are determined primarily by the symmetry of the crystal in which the 
molecules are imbedded and only secondarily by the symmetry of the molecules 
themselves. It is also evident from the investigations that even in the liquid state, 
the vibrations of an individual molecule are strongly influenced by those of its 
neighbours. 

Limitations of space permit only a brief mention of B S Satyanarayana’s 
paper on the relation between fluorescence and light-scattering in uranyl salts. 
This is a preliminary report of a very promising investigation. 



Curr. Sci. 11 303-310(1942) 

The nature of the liquid state 

The characteristic properties of the liquid state may be grouped under various 
headings, the most familiar being the mechanical properties, viz., the capacity to 
transmit hydrostatic pressure, the viscous resistance to flow and the tension 
exhibited by free surfaces. The elucidation of these and other physico-chemical 
properties of liquids in terms of their molecular structure is one of the major 
problems of physics to which a great deal of attention has been given. Laplace’s 
theory of capillarity, and Van der Waal’s equation of state are the classic 
examples of attempts to explain liquid behaviour. They are typical of the purely 
theoretical approaches to the subject in which hypothetical assumptions 
regarding the properties of molecules or the nature of the liquid state form the 
starting point, while the resemblance between the conclusions drawn from the 
theory and the experimental facts of observation is regarded as an indication of 
the truth of such assumptions. 

That a wholly different approach to the problems of the liquid state is possible 
became apparent from the investigations undertaken by the present writer in 
1921 in order to explain the dark blue colour of transparent oceanic waters. 
Observations made during sea voyages in that year suggested that this 
phenomenon had its origin in the molecular diffusion of light in great depths of 
clear water traversed by sunlight. This explanation was confirmed by laboratory 
observations which showed that dustfree water traversed by a beam of light 
exhibits a feeble blue opalescence. The intensity of this opalescence was found to 
be in fair accord with a formula originally developed by Einstein from the 
thermodynamic theory of density fluctuations to explain the enormously 
stronger effect observed in fluids at the critical temperature. It soon became clear, 
however, that Einstein’s theory did not cover all the facts, and that the diffusion of 
light in liquids was in reality a molecular phenomenon, and that its detailed study 
could be expected greatly to enlarge our knowledge of the liquid state of 
molecular aggregation. 

As is well known, a substance may exist in different physical states, e.g., a gas or 
a vapour, a liquid, an amorphous glass or a crystalline solid. One of the most 
important questions regarding the liquid state is that of its relation to the other 
possible states of molecular aggregation. The comparative study of the molecular 
diffusion of light in the different physical states of a substance is very helpful in 
enabling the nature of the differences between these states to be understood. The 
most readily observed changes are those of the intensity of the diffused light. This 
is a maximum in the gaseous state when considered in relation to its density, and a 
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minimum in the crystalline condition, while the liquid and the amorphous solid 
usually occupy the intermediate positions in the order stated. The scattering of 
light, though fairly intense and therefore easily observed in liquids, is usually 
much feebler than the scattering in the vapour if the far greater density of the 
liquid is taken into consideration. These facts stand explained when it is recalled 
that the molecules in a vapour are distributed in space at random and in a crystal 
with geometric regularity, while they indicate that the space-grouping in the 
liquid and in the amorphous solid is very far from being chaotic, though it does 
not possess the complete regularity characteristic of crystals. If we accept the 
thermodynamic theory of Einstein, the compressibility of the substance is, in each 
case, a measure of the spatial uniformity of distribution. The smaller the 
compressibility, the more nearly perfect would be the uniformity of the space- 
distribution of the molecules, and the more completely, therefore, would the 
secondary radiations from the molecules cancel each other out by interference. 

We have next to consider the orientations of the molecules in a liquid. In the 
crystal, as we know, these orientations form a geometrically regular pattern and 
taken together with the optical anisotropy of the molecules determine the optical 
birefringence of the crystal. Since liquids are optically isotropic, it follows that 
there can be no regularity of molecular orientation when averaged over any 
volume of macroscopic dimensions. We are justified, however, in asking whether 
there is any tendency for neighbouring molecules to align themselves similarly or 
to form groups in which near neighbours stand in some definite relationship. 
Comparative studies of the intensity and the state of polarisation of the light 
scattered transversely in vapours and in the corresponding liquids furnish 
valuable evidence on this point. The optical anisotropy of the molecules in a fluid 

Figure 1. Volume and surface scattering of light in liquid methyl alcohol (Photograph by 

P S Hariharan). 
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or amorphous solid gives rise to an “orientation” scattering which is depolarised 
to the extent of 6/7, and is therefore readily distinguished from the fully polarised 
“density” scattering associated with the isotropic part of the polarisability of the 
molecules. It is readily shown that if groups of neighbouring molecules in a liquid 
were similarly orientated, the orientation scattering would be enormously 
enhanced in its intensity as compared with its intensity for a state of completely 
random orientation. Actually, we find that the depolarisation exhibited by the 
light diffused within a liquid is usually much more striking than the depolarisa¬ 
tion of the light scattered by the vapour. This cannot, however, be regarded as 
indicating that the orientation scattering is larger in the liquid than in the vapour 
when considered in relation to the density. Indeed, in most cases, the reverse is 
true; the larger depolarisation of the total scattering in liquids is due to the fact 
that the reduction of the intensity per molecule of depolarised orientation 
scattering is not so great as that of the polarised density scattering in passing from 
vapour to liquid. 

(a) 

m 

Figure 2. Spectrum of light scattered in (a) molten and (b) solid naphthalene (Photograph by 

R Norris). 

Thus, the phenomena of light scattering give no support to the idea often 
expressed that liquids have a micro-crystalline structure. Neither is such a 
supposition true for the amorphous solid state. On the other hand, there is good 
reason for the belief that the liquid and the amorphous solid states stand in the 
closest relation to each other. The well-known fact that liquids may sometimes be 
super-cooled without crystallisation occurring and made to pass over into the 
glassy condition is a prima facie indication of that such a relationship exists. 

The study of light scattering enables us to obtain a much deeper insight into the 
nature of the liquid and solid states of aggregation when, as was done by the 
present writer early in 1928, the monochromatic radiations of the mercury arc 
lamp are employed and the aid of the spectroscope is enlisted for such studies. The 
changes of frequency then observed in the scattered radiations are of two different 
kinds in the case of liquids. Firstly, we have new lines appearing in the spectrum 
with fairly large and discrete frequency shifts; secondly, a continuous spectrum of 
radiations with altered frequency is also noticed. The latter effect is most 
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Figure 3. Rotation “wings” in the spectrum of light scattered in benzene liquid (Photograph by 

C S Venkateswaran). 

conspicuous in the vicinity of the original lines of the mercury arc, taking the form 
of “wings” stretching out in the spectrum somewhat unsymmetrically on either 
side of these lines. To describe this phenomenon as a broadening of the spectral 
lines, as has been done by some writers, would be incorrect. Figure 3 represents 
the group of four lines in the vicinity of 4358 A.U. in the light of the mercury arc 
scattered by benzene liquid and photographed with a Hilger 3-meter spectro¬ 
graph. It is seen that the “wing” has its maximum intensity at the wave-length of 
the incident radiations; its presence, however, does not influence the spectral 
width of these radiations. As is evident from the figure, these radiations when not 
overexposed continue to be seen as lines of extreme sharpness in the spectra. 

The origin of these “wings” has been the subject of much discussion. The 
experimental evidence which has accumulated, however, clearly supports the 
explanation of the same suggested in 1928 by the present writer and 
K S Krishnan. In the first place, the wings are fully depolarised to the extent of 6/7 
in all the cases so far studied. Secondly, they appear in the same region of 
moderately small frequency shifts as that in which the rotation of the molecules in 
compressed gases and vapours and in liquid hydrogen records itself in light 
scattering. Thirdly, the “wings” are most intense in liquids containing ions or 
molecules which have a high degree of optical anisotropy, e.g., fused inorganic 
nitrates and aromatic compounds. Fourthly, when the substance is in the 
crystalline state, the wing disappears, and is replaced by discrete lines exhibiting a 
wholly different distribution of intensity (see figure 2). Fifthly, when the liquid is 
cooled down into the amorphous solid state, the wings become very weak and 
practically disappear. These observations clearly indicate that the “wings” are 
principally in the nature of “orientation” scattering and arise from the rotation of 
the molecules or molecular groups within the liquid. Here, again, the facts give no 
support whatever to the hypothesis of a micro-crystalline structure for liquids. 

We now proceed to consider the character and origin of the scattered 
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radiations which are recorded by the spectroscope in the same position as the 
radiations of the mercury arc. As stated above, the “wings” accompanying these 
lines represent depolarised orientation scattering. The question naturally arises, 
do the undisplaced lines consist only of polarised density scattering or do they 
include also any depolarised orientation scattering? This question is obviously of 
great importance and has been exhaustively investigated at Bangalore by 
Mr B D Saxena and more recently also by Mrs K Sunanda Bai. These authors 
used a Littrow prismatic spectrograph by Hilger with a high resolving power to 
analyse the transversely scattered radiations and determine their state of 
polarisation. With the spectrograph slit opened very wide, the depolarisation of 
the total scattering by the liquid could be determined and came out practically 
the same as that observed without spectroscopic analysis. The slit was then made 
very fine to give the full resolving power of the instrument, and thus enable the 
depolarisation of the “undisplaced” scattering to be measured. It was found that 
in every case this was partially polarised and that the difference between the “wide 
slit” and “narrow slit” values of the depolarisation ratio depended greatly on the 
viscosity of the liquid and its temperature. The difference was found to be quite 
small for highly viscous liquids, e.g., formic acid, benzophenone and glycerine, 
and much more marked in mobile liquids as also in viscous liquids at high 
temperatures. It was clear from the observations that the “undisplaced” 
scattering included a notable amount of depolarised orientation scattering, the 
proportion of this to the polarised scattering increasing with the viscosity of the 
liquid as well as with the optical anisotropy of the molecules contained in it. 

In order to further elucidate the nature and origin of the “undisplaced” 
radiations observed in light scattering, C S Venkateswaran and more recently 
also K Sunanda Bai have carried out elaborate studies, using a Fabry-Perot 
etalon for a spectral analysis of these radiations and a Lummer-Gehrcke plate to 
determine their state of polarisation. Investigations of this kind are not easy, and 
only by a careful choice of suitable interferometers and of the light sources and the 
most exacting care in experimental technique is it possible to obtain reliable 
results. It is not surprising, therefore, that these new investigations fall to confirm 
many of the conclusions stated by earlier workers in this field and in fact throw a 
completely new light on the subject. 

A few remarks may appropriately be made here regarding the thermodynamic 
theory of light-scattering. Einstein considered the density fluctuations to be static 
and isothermal, while in the theory of Brillouin they are considered as dynamic 
stratifications or sound-waves and therefore presumably adiabatic in character. 
The assumption that the fluctuations of refractive index arising from the density 
fluctuations are connected with them by the well-known Lorentz formula is 
neither necessary nor justifiable. The adiabatic piezo-optic coefficient of several 
common liquids has been recently determined at Bangalore by the present writer 
and K Venkataraman. Using these coefficients and assuming the density 
fluctuations to be adiabatic in character, Sunanda Bai has recalculated the 
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Figure 4. Fabry-Perot patterns of light scattering in the alcohols (4678 A.U. Hg arc) (a) methyl, (b) 

ethyl, (c) n-propyl, (d) iso propyl, (<?) n-butyl. (/) iso-butyl, (g) iso-amyl, (h) allyl alcohol (Photographs 

by K Sunanda Bai). 

intensity of light scattering given by the thermodynamic theory and compared it 
with her own observations. When the presence of the depolarised orientation 
scattering is taken into account, the observed intensities are found to support the 
adiabatic hypothesis rather than the isothermal one. 

It must not, however, be concluded from this approximate agreement of the 
observed and calculated total intensities that the thermodynamic theory of light¬ 
scattering is either correct or complete. The Fabry-Perot patterns of mobile 
liquids obtained by Venkateswaran exhibit a continuous band overlying the 
central or undisplaced component and the outer or Doppler-shifted components 
indicated by the Brillouin theory and suggest that these are imperfectly resolved. 
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In less mobile liquids, the components are more clearly separated. A central 
component is observed in all cases and is found to exhibit a clearly noticeable 
defect of polarisation, while the outer components appear to be polarised, though 
whether such polarisation is complete is open to doubt. The relative intensities of 
the central and outer components appear to be controlled by two distinct factors, 
one being the viscosity of the liquid and the other the optical anisotropy of the 
molecules. The more viscous the liquid, the stronger the central component 
relatively to the outer ones. A greater optical anisotropy of the molecules appears 
to have a similar effect. 

The outer or Brillouin components clearly owe their origin to the thermal 
agitation of the liquid. How does the central component arise? The most natural 
supposition is that it is due to the fundamental structure of the liquid which is 
akin to that of a glass or amorphous solid. This hypothesis is supported by the 
observation that its intensity relatively to the outer components increases with 

Figure 5. Fabry-Perot patterns of highly viscous liquids (a) Glycerine (0° C), (b) Glycerine (26° C), (c) 

Glycerine (42° C), (d) Glycerine 110°C, (e) Castor oil, (/) Cyclohexanol, (g) Glycol, (h) Phenol, (i) 

Styrol glass (Photographs by C S Venkateswaran). 
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the viscosity of the liquid, in other words, with the approach of the fluid to the 
amorphous solid state. Since the molecules would occupy fixed but random 
orientations in the amorphous solid, the presence of both polarised and 
depolarised components in the light diffused by it without any change of 

frequency is readily understood. 
Further striking confirmation of these ideas is furnished by Venkateswaran’s 

measurements of the hypersonic velocities is viscous liquids from the spectral 
displacements in the Fabry-Perot patterns. For ordinary or mobile liquids, the 
hypersonic velocity comes out practically the same as the ordinary ultrasonic 
velocity observed at much lower frequencies. But in the highly viscous liquids 
glycerine and castor oil, there is a marked difference between the two velocities 
and it is noticed that this difference falls off with rising temperature. A very 
satisfactory explanation of these facts is furnished by the consideration that for 
sufficiently high frequencies of vibration, a viscous liquid may to all intensities 
and purposes be regarded as an amorphous solid, and the hypersonic velocity 
should therefore depend both on its compressibility and the rigidity coefficient. 

(a) (b) 

Figure 6. X-ray halo of glycerine, (a) glass and (b) liquid (Photographs by T M K Nedungadi). 

The experimental facts of light-scattering may thus be summarised in the 
statement that the basic structure of a liquid is the same as that of the 
corresponding amorphous solid, though disturbed and enlarged by thermal 
agitation. Precisely the same conclusion is indicated by the study of the X-ray 
diffraction haloes (see figure 6) in liquid and glass. Indeed, the fundamental 
relationship between the phenomena of light-scattering and the X-ray effects was 
pointed out as long ago as 1923 in a paper by the present writer with K R 
Ramanathan. It is the same orderliness of molecular spacing which explains the 
diminished light-scattering which is also responsible for the diminished intensity 
of diffraction at small angles as compared with the vapour which is the most 
characteristic feature of the X-ray haloes of both liquids and amorphous solids. 

C VRAMAN 
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The ot-p transformation of quartz 

As is well known, the ordinary form of quartz which has trigonal symmetry 
changes over reversibly to another form which has hexagonal symmetry at a 
temperature of 575° C. Though the transformation does not involve any radical 
reorganization of the internal architecture1 of the crystal and takes place at a 
sharply defined temperature, it is nevertheless preceded over a considerable range 
of temperature (200°-575°) by a progressive change in the physical properties of 
‘low’ quartz which prepares the way for a further sudden change, when the 
transition of ‘high’ quartz actually takes place. The thermal expansion coeffi¬ 
cients, for example, gradually increase over this range of temperature, becoming 
practically infinite at the transition point and then suddenly dropping to small 
negative values2. Young’s moduli in the same temperature range fall to rather low 
values at the transition point and then rise sharply to high figures3 4 5. The piezo¬ 
electric activity also undergoes notable changes.4,5 

In the hope of obtaining an insight into these remarkable phenomena, a careful 
study has been made of the spectrum of monochromatic light scattered in a 
quartz crystal at a series of temperatures ranging from that of liquid air to nearly 
the transition point. Significant changes are observed which are illustrated in the 
accompanying illustration, reproducing part of the spectrum excited by the 4358 
A radiation of the mercury arc. A fully exposed spectrum at room temperature 
indicates fourteen different normal modes of vibration of the crystal. At liquid air 
temperature, the three most intense lines correspond to the frequency shifts 
132, 220 and 468 cm-1 and are all about equally sharp. As the crystal is heated 
over the temperature range 200°-530°, notable changes occur. The 220 cm -1 line 
(marked with an arrow in the reproduction) behaves in an exceptional way, 
spreading out greatly towards the exciting line and becoming a weak diffuse band 
as the transition temperature is approached. On the other hand, the other intense 
lines having both larger and smaller frequency shifts continue to be easily visible, 
though appreciably broadened and displaced. 

The behaviour of the 220 cm-1 line clearly indicates that the binding forces 
which determine the frequency of the corresponding mode of vibration of the 

1 Bragg and Gibbs, Proc. Roy. Soc., A, 109, 405 (1925). 

2Jay, Proc. Roy. Soc., A, 142, 237 (1933). 

3Perrier and Mandrot, C.R., 175, 622 (1922). 

4Osterberg and Cookson, J. Frank. Inst., 220, 361 (1935). 

5Pitt and Mckinley, Canad. J. Res., A, 14, 58 (1936). 
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Light scattering in quartz. 

crystal lattices diminish rapidly with rising temperature. It appears therefore 
reasonable to infer that the increasing excitation of this particular mode of 
vibration with rising temperature and the deformations of the atomic arrange¬ 
ment resulting therefrom are in a special measure responsible for the remarkable 
changes in the properties of the crystal already mentioned, as well as for inducing 
the transformation from the a to the form. 

CVRAMAN 

TM K NEDUNGADI 

Department of Physics 
Indian Institute of Science, Bangalore 
11 December 
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Lattice oscillations in crystals 

The ions or molecules occupying the cells of a crystal lattice are in general 
optically anisotropic, and should also be capable of executing small angular 
oscillations about their positions of equilibrium. If the crystal is illuminated by 
monochromatic light of frequency v, the local fluctuations in optical polarization 
produced by such oscillations should result in scattered radiations appearing 
with altered frequency, and theory indicates that these should exhibit peculiar 

polarization characters. 

Taking an individual ion or molecule to be optically an ellipsoid, its 
polarizability along three mutually perpendicular directions being A, B, C 

respectively, it is clear that if the light-vector E in the incident beam is parallel to 
an axis A of the ellipsoid and its angular oscillations are also about the same axis, 
there would be no fluctuations in optical polarization and therefore no radiations 
of altered frequency. If, however, the ion or molecule oscillates about a second 
axis B with an angular amplitude 6 and frequency v* the optical polarization 
would fluctuate with frequency v ± v*; the corresponding scattered radiations 
would arise from a Hertzian dipole which is parallel to the third axis C of the 
ellipsoid and has the strength \(C — A)9E, where 0 = (h, 2n2Iv*), I is the moment 
of inertia and h is Planck’s constant. The scattered radiations would thus be of 
maximum intensity in the plane containing the oscillation axis and the incident 
light-vector and would vanish in the direction perpendicular to this plane. In 
other words, the displaced lines in the spectrum due to these oscillations in the 
lattice would disappear in just the direction in which the displaced lines arising 

OO LTi i/-. 

OO 1/~1 
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Effect of orientation of crystal on light scattering in sodium nitrate. 
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from the symmetric internal vibrations of the ion or molecule would be of 
maximum intensity. 

{a), (fr), and (c) illustrate the foregoing remarks: they are spectra of the 4358 A 
radiation of the mercury arc, transversely scattered by a sodium nitrate crystal, 
the incident light being plane polarized. The three spectra correspond to three 
mutually perpendicular settings of the crystal; the directions of the incident light- 
vector and of observation of the scattered light are normal to each other and 
remain unaltered throughout. It will be noticed that in (a), in which the optic axis 
of the crystal is parallel to the direction of observation, the lattice lines 98 cm -1 

and 185 cm 'l) have disappeared, while in (b) and (c) they appear strongly. On the 
other hand, the internal oscillations (1065 cm-1 and 1385 cm-1) of the N03 ion 
appear strongly in (a) and (b), while in (c) they are very weak. The latter result is to 
be expected, as (c) corresponds to the case in which the incident light-vector is 
along the optic axis of the crystal, and the polarizability of the N03 ions is a 
minimum in this direction. 

C V RAMAN 

T M K NED UNGAD I 

Hebbal, Bangalore 
10 March 
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Scattering of light in crystals 

Since its discovery1, early in 1928, the scattering of light with altered frequency 
has been investigated in many crystals, and much valuable information has been 
accumulated. The significance of the results and their relation to theories of the 
solid state are clearly matters of great interest. 

The outstanding result of the experimental studies is that the atomic vibration 
spectrum of crystals in the infra-red region reveals itself in light-scattering as a set 
of discrete frequencies, the approach to monochromatism being the more 
complete the more perfect the crystal, and the lower the temperature at which it is 
studied. It is particularly significant that this feature obtains not only in respect of 
the so-called internal vibrations of the ions or molecules comprised in the crystal, 
but also in respect of their translatory and rotatory oscillations which are 
characteristic of the crystalline state. As a typical case, calcite may be mentioned. 
Dr R S Krishnan has recorded extremely intense spectra with this crystal 
employing the 2537 A radiations of a water-cooled, magnet-controlled quartz 
mercury arc as the exciter and giving prolonged exposures. Besides the internal 
vibrations of the CO3 ions and their translational and rotational oscillations, 
octaves and combinations of these frequencies are also found recorded in the 
spectrum. All of them appear as sharp lines, but not a trace of continuous spectrum 

is noticeable on the plates. 
Comparative studies with various substances in the molten and solid states 

make it clear that every mode of infra-red vibration which gives rise to 
appreciable variations of optical polarizability in the volume elements of a crystal 
also manifests itself as a frequency-shift. Hence, as in the cases of gases and 
liquids, we are entitled to infer that the spectrum of light-scattering in a crystal is a 
faithful map of the fundamental infra-red vibration spectrum, excepting only the 
modes for which the symmetry excludes any variation of optical polarizability. 

Recently, by a straightforward dynamical investigation,21 have shown that the 
fundamental vibration spectrum of a crystal containing p sets of non-equivalent 
atoms consists of the (3p — 3) modes which repeat themselves in adjacent cells of 
the Bravais lattice, and in addition 2lp other modes in which the phase alternates 
in successive cells. The prediction confidently made that these 21p modes should 

1 Raman, C V, Ind. J. Physics (1928). 

2Raman, C V, Proc. Ind. Acad. Sci., A, 18, 237 (1943). 
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also manifest themselves in light-scattering has been strikingly confirmed by 
Dr R S Krishnan3 in the case of diamond. 

It is clearly impossible to reconcile the facts stated above with the theories of 
the solid state which assume, or claim to show, that the atomic vibration 
spectrum of a crystal in the infra-red region is a continuous one. To effect any 
such reconciliation, it would be necessary to invent a mechanism which could 
transform the assumed continuous spectrum of frequencies into a discrete line 
spectrum by a process of exclusion. One such mechanism which has often been 
suggested is that the phases of the infra-red vibration are perfectly coherent over 
the whole volume of the crystal, in consequence of which all the scattered 
radiations disappear by optical interference except those arising from the so- 
called limiting modes of vibration, (3p — 3) in number, the phase wavelengths of 
which are comparable with the length of the light waves and satisfy the Bragg 
condition for reflexion. To this suggestion, however, there is a fatal objection, 
namely, that 21 p other modes which have much smaller phase wavelengths not 
satisfying this condition are also observed in light-scattering, while the infinitely 
numerous others which are also assumed to exist in the aforesaid theories fail to 
manifest themselves. A further objection is that, in actual crystals, the assumed 
coherence of phase can scarcely be expected to extend over sufficiently great 
volumes for optical interference to be effective. For the latter reason, the 
continuous spectrum assumed to exist in such theories should manifest itself fully 
in light-scattering or at least give an observable indication of its existence. Since 
this is not the case, we can only infer that the postulated continuum does not exist 
in the infra-red region of frequency. We are, of course, here not discussing the low- 
frequency or elastic solid vibrations in which the discrete atomic structure is not 
explicitly involved. 

C V RAMAN 

Indian Institute of Science, Bangalore 
14 February 

3 Krishnan, R S, Proc. lnd. Acad. Sci., A, 19, 216 (1944). 
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