
Physics-Uspekhi 3 7 (9) 8 2 1 - 8 5 9 (1994) © 1 9 9 4 J o i n t l y U s p e k h i F i z i c h e s k i k h N a u k a n d T u r p i o n L t d 

REVIEWS OF TOPICAL PROBLEMS P A C S n u m b e r s : 7 8 . 3 0 . - j ; 7 8 . 3 5 . + c 

Spectra of molecular light scattering and some of their applications 

I L Fabelinskii 

Contents 

1. Introduction 821 
2. Mandelstam - Brillouin spectrum and Mande l s tam- Brillouin scattering components 823 
3. S ome applications of Mandelstam - Brillouin spectroscopy 826 
4. Spectroscopic investigations of the central (Rayleigh) line in the scattered-light spectrum 833 
5. Spectrum of depolarised scattered light 837 

5.1 E s t i m a t e o f t h e i n t e g r a l i n t e n s i t y o f l i gh t s c a t t e r e d a s a c o n s e q u e n c e o f a n i s o t r o p y f l u c t u a t i o n s ; 5.2 S p e c t r u m o f 

d e p o l a r i s e d l i gh t s c a t t e r e d in l i q u i d s ; 5.3 F u r t h e r i n v e s t i g a t i o n s o f t h e s p e c t r u m o f l igh t s c a t t e r e d o n a n i s o t r o p y 

f l u c t u a t i o n s . D e t e c t i o n o f t h e d o u b l e t s t r u c t u r e o f t h e s p e c t r u m 

6. Quantitative description of molecular light-scattering spectra 846 
7. Ratio of the integral intensities of light scattered on isobaric and adiabatic density fluctuations 

in a dispersive medium 847 
8. Quantitative theory of the spectrum of light scattered in an isotropic medium consisting of 

anisotropic molecules 848 
8.1 M o d u l a t i o n o f l i gh t s c a t t e r e d a s a r e s u l t o f t r a n s i e n t c h a n g e s in a n i s o t r o p y f l u c t u a t i o n s . P r o p a g a t i o n o f a t r a n s v e r s e 

e l a s t i c w a v e ; 8.2 S p e c t r a o f d e p o l a r i s e d l i gh t s c a t t e r e d b y a n i s o t r o p y f l u c t u a t i o n s in t h e c r i t i c a l r e g i o n 

References 856 

Abstract. Cer ta in p rob lems in the theory of the spectra of 
light scattered by optical inhomogenei t ies induced by 
f luctuat ions of different origin are discussed. Examples 
are given of the appl icat ions of l ight-scattering spect ro
scopy to the s tudy of the p ropaga t i on of hyper sound in 
var ious substances and under different condi t ions , includ
ing the region of critical p h e n o m e n a at phase t ransi t ions , 
the m a g n o n spectra of ferromagnet ic and ant i fer romagnet ic 
mater ia ls , the M a n d e l s t a m - B r i l l o u i n spectra of p iezo
electric semiconductors in static electric fields, the p h o n o n 
bot t leneck, the t empera tu re dependence of the concent ra 
t ion-f luctuat ion correlat ion radius , the M a n d e l s t a m -
Brillouin spectra in the presence of a s teady-state 
t empera tu re gradient , the fine s t ructure of the Rayleigh 
line wing, and the p ropaga t i on of t ransverse hyper sound 
when the shear viscosity of a med ium is varied over a wide 
range . 

1. Introduction 
Molecular l ight-scattering spectra carry extensive and 
varied informat ion abou t the finest details of p h e n o m e n a 
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observed in the interact ion of rad ia t ion with mat te r . Here , 
molecular l ight-scattering spectra are unde r s tood to be the 
changes in the frequency spectrum of exciting light or light 
incident on mat te r , which are induced by var ia t ion with 
t ime of f luctuat ions of different physical na tu re and which 
represent opt ical inhomogenei t ies leading to light scat ter
ing. 

Molecular light scat tering is defined as the scattering 
caused by opt ical inhomogenei t ies of f luctuation origin. 
Na tura l ly , this is a fairly a rb i t ra ry definition, bu t this is the 
n a m e by which this type of scattering has come to be 
dist inguished from the combina t iona l scat tering of light 
( R a m a n effect) or from the light scat tering by water 
droplets in a mist and in clouds and also by colloidal 
part icles. 

The development of the theory of molecular light 
scattering has proved to be so closely related to the theory 
of the specific heat of solids tha t wi thout much error one 
could assume tha t b o t h p h e n o m e n a have a c o m m o n origin. 

Since the his tory of the theory of the specific heat is of 
interest, I shall n o w briefly recount the pr incipal stages in 
the studies which have been carried out . 

As early as the beginning of the previous century, 
P D u l o n g and A Petit (1819) established an empirical law 
tha t under n o r m a l condi t ions the specific heat of any solid 
is C = 6 c a l m o l _ 1 K _ 1 , explained on the hypothesis of a 
uni form dis t r ibut ion of energy a m o n g the degrees of 
freedom. However , a discrepancy between the predic t ions 
of the above law and the exper imental results for certain 
substances, especially at low tempera tures , required an 
improvement of the theory. 
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In 1907, in his theory of the specific heat of a solid, 
Einstein [1] replaced the uni form dis t r ibut ion of energy 
a m o n g the degrees of freedom by the Planck dis t r ibut ion of 
energy between the frequencies of elastic v ibrat ions . 
Einstein took here a quali tat ively new step by applying 
P l anck ' s law, previously used solely in emission theory 
p rob lems , to the theory of elastic v ibra t ions . However , 
Einstein considered only the average effective frequency of 
the particles const i tu t ing the solid. 

Einstein 's formula for the specific heat of a solid 
describes exper imental results much more satisfactorily, 
a l though at very low tempera tu res the theory still needs 
improvement . 

Einstein [1] did not discuss the p rob lems of light 
scattering or of the diffraction of light by the elastic 
v ibra t ions of a solid. 

A striking p h e n o m e n o n , involving a marked increase in 
the light scattering in a n a r r o w t empera tu re and pressure 
range at a phase t ransi t ion and called the critical opales
cence, has long been k n o w n and was finally explained 
correctly in 1908 by Smoluchovsky [2] as the result of a 
s t rong increase in the density f luctuat ions in pu re liquids 
and in the concent ra t ion f luctuat ions in solut ions. 

In 1910 Einstein [3] employed Smoluchovsky ' s fruitful 
idea of f luctuations in a quant i ta t ive calculation of the 
intensities of light in l iquids and solut ions. In this 
calculat ion, Einstein expanded the density f luctuat ions as 
a three-dimensional Four ie r series. The de terminat ion of 
the ampl i tudes of these series makes it possible to calculate 
the scattered-light intensity. Einstein not only obta ined his 
famous formula for the scattered-light intensity bu t also 
devised the m o d e r n me thod for the calculat ion of fluctu
at ions of any t h e r m o d y n a m i c quant i ty using t h e r m o 
dynamic relat ions together with Bo l t zmann ' s statistical 
principle relat ing en t ropy to the probabi l i ty of a closed 
system state. In his lengthy paper , Einstein says no th ing 
abou t the specific heat of a solid. The componen t of the 
Four ie r series are referred to as static 'waves ' . In 1913 
M a n d e l s t a m [4] super imposed surface f luctuation irregu
larities on to p lanar 'diffraction grat ings ' ; in this case the 
surface 'grat ing waves ' are static. 

The next significant step was taken in 1912 by 
D e b ye [5], who tackled the still unsolved p rob lem of the 
specific heat of a solid, especially at low tempera tures , and 
developed in essence Einstein 's theory al ready ment ioned 
above. 

In D e b y e ' s theory, a solid is regarded as a con t inuous 
med ium but with a finite number of n o r m a l v ibra t ions 
equal to 3N (where N is the number of a t o m s or molecules 
in a sample) and with the min imal wavelength of the 
elastic waves, which is determined by the interpart icle 
distances, while the m a x i m u m frequency is co r respond
ingly equal to the velocity of sound divided by the 
interpart icle distance. 

D e b ye says no th ing abou t the scattering or diffraction 
of light by these dynamic elastic waves. 

It was no t unt i l later tha t it became clear the Eins te in ' s 
and Debye ' s studies of the theory of the specific heat of a 
solid, and Einstein 's and M a n d e l s t a m ' s studies of the theory 
of molecular light scat tering deal with waves of the same 
na tu re . One can even say tha t the Einstein and M a n d e l s t a m 
Four ie r componen t s and the D e b ye the rma l elastic waves 
are the same thing. 

However , it was no t easy to unde r s t and this at the t ime 
the theory was p roposed [6, Vol. 5], bu t the realisat ion of 
this identi ty has s t imulated the development of optics and 
of molecular acoustics, and has led to the discovery of new 
p h e n o m e n a and the appea rance of new fields of experi
men ta l and theoret ical research [ 7 - 1 0 ] . 

I shall re turn to this fundamenta l fact, bu t here I must 
m a k e some comment s on the calculat ion of f luctuat ions of 
t h e r m o d y n a m i c quant i t ies and of the intensity of light 
scattered by these f luctuat ions. 

In a con t inuous med ium (J ^ 1,1 is the mean free pa th 
and X the wavelength of light), opt ical inhomogenei t ies arise 
as a consequence of the statistical n a t u r e of the mo t ion of 
the particles const i tu t ing the med ium. 

Different quant i t ies character is ing the states of the 
substance m a y fluctuate. Only the f luctuat ions of physical 
quant i t ies which lead to the appearance of an optical 
inhomogenei ty in the investigated med ium are significant 
for light scattering. These include the density and 
t empera tu re f luctuations, and — in their tu rn — the density 
f luctuat ions depend on the pressure and en t ropy fluctu
at ions . 

Pressure f luctuat ions arise when part icles with m o m e n t a 
somewhat smaller or greater than the volume-average 
m o m e n t u m accumula te in a definite place and at a 
definite t ime while a f luctuation of t empera tu re (Ar) or 
en t ropy (AS) means tha t part icles with a kinetic energy 
greater or smaller t han the value averaged over the sample 
have gathered in a certain small region at a par t icular 
t ime. 

Pressure f luctuat ions (AP) are quite independent of 
t empera tu re f luctuat ions (Ar) or en t ropy f luctuat ions 
(AS). This means tha t the statistical average p roduc t s of 
the pressure and en t ropy f luctuat ions are zero. 

Consider ing the entire picture , we can assume tha t the 
scattering as a consequence of pressure f luctuat ions at a 
par t icular po in t in a sample and at a par t icular t ime is 
unre la ted to the same f luctuat ions at ano ther po in t in the 
sample at the same t ime. This also applies to en t ropy 
f luctuat ions. Consequent ly , in order to calculate the 
intensity of light scattered as a consequence of f luctuat ions 
of different origin, it is sufficient to calculate the scattering 
by one f luctuation and to mult iply the result by the number 
of such f luctuat ions in the scattering volume. 

Calcula t ions of the magn i tude of the pressure, ent ropy, 
and concent ra t ion f luctuat ions by Einstein 's m e t h o d 
[3, 1 1 - 1 3 ] yield, for example, the following values for 
the pressure P , en t ropy S, and concent ra t ion C f luctuations: 

(AP2> k T 

( A 5 2 } = 

<AC 2 )=-

v*ps ' 
kC Pp 

y* ' 
CkT 

(1) 

V * 8 P 1 / 8 C ' 
Here , V * , / ^ P ^ C, P , and k are, respectively, the effective 
vo lume of the f luctuations, the adiabat ic compressibili ty, 
the osmot ic pressure, the concent ra t ion , the absolute 
t empera tu re , and the Bo l t zmann constant . The angular 
b racke ts denote averaging over the ensemble. 

Let us consider the case in which the effective d imen
sions of a f luctuation are much smaller t han the wavelength 
X of the scattered light. One can m a k e the approx ima te 
assumpt ion tha t ( V * ) 1 / 3 = / e f f < A/25. 
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The intensity of the molecular light scattering due to 
f luctuat ions (1) is given by the following expression [11] for 
na tu r a l exciting light: 

I0n2V 
2A 4 L 2 

P ^ j ^ T (1 + c o s 2 9) (2) 

where I0 is the exciting-light intensity and L,p, and 8 are , 
respectively, the distance between the scat ter ing vo lume 
and the poin t of observat ion, the density, and the scattering 
angle; 

/ i . = adf)P 214L2 

o2kT2 

CPp 
(1 + c o s 2 0 ) (3) 

where a and CP are, respectively, the coefficient of vo lume 
expansion and the heat capacity at cons tant pressure; 

^ 2 

' 2 A 4 L 2 

8e_ 
8C p,s 

CkT 
dPi/dC 

(1 + c o s 2 9) (4) 

where C is the concent ra t ion and Pi the osmot ic pressure. 
The overall intensity of the light scattered by the density 

f luctuat ions in a liquid is [11] 

J — I ad + ^is — 
2X4L2 
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> 
and takes account of the familiar t h e r m o d y n a m i c re la t ion
ships [12] 

pCP 

(6) 

(the subscript S denotes t h r o u g h o u t the adiabat ic value of 
a quant i ty and the subscript T cor responds to i so thermal 
values), then the familiar Einstein formula is obta ined 
instead of E q n (5) [3, 9, 11, 12, 15]: 

. 2 
88 

V pTkT (7) 

I emphasise tha t the light scattered as a consequence of the 
density f luctuat ions ( 7 a d and 7 i s ) and the concent ra t ion 
f luctuat ions is in all cases linearly polar ised for observa
t ions at the scattering angle 9 = 90° relative to the electric 
field vector of the light wave (this vector is in a p lane 
perpendicular to the scattering plane) . 

If the exciting light is linearly polar ised in such a way 
tha t its electric field vector lies in the scat tering plane, there 
is no scattered light (7 and 7C) for observat ions at 9 = 90°. 
The light scattered by, for example, the an iso t ropy 
f luctuat ions is depolarised, bu t this is due to n o n t h e r m o -
dynamic f luctuat ions which are discussed below. 

In all these cases the optical inhomogenei t ies of 
f luctuation origin have been assumed to be static 
( ' frozen') and independent of t ime, so tha t E q n s ( 2 ) - ( 5 ) 
and (7) yield the integral intensity. 

Nevertheless , the f luctuat ions defined by Eqn (1) vary as 
a function of t ime, like statistical f luctuations in general, 
leading to f luctuat ions of the permit t ivi ty (Ae) or of the 
refractive index (An) (s = n2). They appear and are sup
pressed, appear again and are again suppressed, and so on. 
The mean square of a f luctuation (Ae2) or its r o o t - m e a n -
square ( A e 2 ) 1 / 2 is thus a function of t ime. The exciting light 
(with a certain frequency co0) incident on such a f luctuation 

is scattered sideways and the field of the scattered light 
wave is also a function of t ime. In other words , the t ime 
dependence of an optical inhomogenei ty leads to m o d u l a 
t ion of the scattered light. 

The modu la t ion p h e n o m e n o n occurs in a wide variety of 
fields in physics, radiophysics , and engineering. A theory 
of this p h e n o m e n o n has been satisfactorily developed 
[6, 11, 15, 16]. In the case of light scattering, the m o d -
ula- t ion and the Dopp le r effect are the physical causes of a 
scattered-light spectrum differing from the exciting-light 
spectrum. Light scattering always occurs under the influ
ence of exciting light and is therefore a s t imulated process . 

The theory of t ime dependence of the concent ra t ion 
f luctuat ions in a solution and of the density f luctuat ions in 
a liquid was developed in detail by Leontovich [7]. I ts 
results have been applied to the p rob lem of the scat tered-
light spectrum and a formula has been obta ined for the 
frequency dis t r ibut ion of the scattered-light intensity. Our 
aim is in fact to do this for all possible f luctuations, bu t for 
the m o m e n t we shall deal with the pressure and en t ropy 
f luctuat ions or the t empera tu re and concent ra t ion fluctu
at ions . 

Na tura l ly , the t ime dependences of different f luctuat ions 
are different or, in other words , the modu la t i on functions 
0(t) are different. W e shall designate by <PP(t), # 5 ( f ) , # c ( 0 > 

etc. the roo t -mean-squa re values of the permit t ivi ty fluctu
at ions determined by AT^AS, and AC. Suppose tha t the 
m o n o c h r o m a t i c light exciting the scattering is given by 

E = E0 exp [i(co0£ — k •#•)] . 

The electric field of the scattered light can then be 
described by: 

E'(t)=E(t)*{t) . (8) 

It is necessary to find the law governing the var ia t ion of 
&(t) in order to obta in a specific form of E'(t). 

2. Mandelstam-Brillouin spectrum and 
Mandelstam-Brillouin scattering components 
The function &(t) or the average fluctuation ( A e 2 ) 1 / 2 , 
induced by the pressure f luctuations, are described by the 
phenomenolog ica l equa t ions which in fact apply to and 
have been formulated for the average values. 

F o r the pressure f luctuations in an idealised medium, 
free of losses and dispersion, this is a wave equat ion of the 
type 

<2>-v2V2<2> = 0 . (9) 

Since any function of a k n o w n a rgument t — ( r /v) can be a 
solution of wave equat ion (9), we shall proceed in the usua l 
way and seek its solution in the form 

$(t) = &0 c o s ( £ V - <l'r - <p) •> (10) 

where <P0, £20,#, and r are, respectively, the m a x i m u m value 
of $(t), the angular frequency, the wave vector, and the 
coord ina te respectively, while v is the velocity of sound. 

Thus , in this case the modu la t ing function &(t) varies in 
accordance with the cosine law and Er(t) can be readily 
determined from E q n s (8) and (10): 

£ ' ( , ) = M ° exp [ i [ ( « 0 + Qo)t -q-r-cp]} 

+ e x p { i [ ( a ) 0 - ( 3 0 ) f + q.r + q>]}} . (11) 



824 I L F a b e l i n s k i i 

It follows from E q n (11) tha t there are two satellites in the 
scattered-light spectrum: a Stokes satellite with a frequency 
COQ — QQ and an ant i -Stokes satellite with a frequency 
COQ + O 0 ; according to E q n s (9) and (10), the elastic wave 
frequency is Q0 = vq. 

The satellites arising in the course of the modu la t ion of 
the scattered light are k n o w n in Western l i terature as the 
Bril louin componen t s , bu t they were first predicted inde
pendent ly by M a n d e l s t a m [17] and Bril louin [18]. 
M a n d e l s t a m also carried out an exper imental search for 
the p h e n o m e n o n which he predicted. On Landsbe rg ' s and 
M a n d e l s t a m ' s suggestion, Gros s [19] jo ined this investiga
t ion and detected the M a n d e l s t a m - B r i l l o u i n (MB) 
componen t s in a quar tz single crystal with the aid of 
improved appa ra tu s . Gros s also observed the same p h e 
n o m e n o n in liquids. 

It follows from the law of conservat ion of energy and 
m o m e n t u m tha t 

co0-cos 
! 0> ±q , (12) 

where cos is the scattered-light frequency, QQ the frequency 
of the elastic (sound) wave, and ks and q are the wave 
vectors of the scattered light and the elastic wave, 
respectively (Fig. 1). 

Since Q/co0 is small (r 
while 

. . 2K 4nn . 9 
\q\ = — = —5— s i n - . 

10 ), one can put \ks\ w \k0 

(13) 

Here , A is the wavelength of the elastic waves and 9 the 
scattering angle. The relat ionship between Q09q, and v 
follows from E q n (12): 

_ 4nnv . 9 ^ v . 9 
Q0 = vq = —-— sin - = 2n - co0 sin -

X 2 c 2 
(14) 

Hence , the shift of the frequency Q relative to co0 is 
p r o p o r t i o n a l to the rat io of the velocity of sound v to the 
velocity of light c, as well as to the refractive index and the 
sine of hal f the scattering angle: 

Aco v . 9 
— = ±2n - sin -
co0 c 2 

(15) 

where Aco is the frequency shift of a an M B componen t . 

Figure 1. S c a t t e r i n g ( d i f f r a c t i o n ) o f l igh t b y a n e las t i c a c o u s t i c w a v e 
r e p r e s e n t i n g t h e F o u r i e r c o m p o n e n t o f a p r e s s u r e f l u c t u a t i o n . T h e w a v e 
v e c t o r s r e p r e s e n t t h e e x c i t i n g l igh t (A:0), t h e s c a t t e r e d l igh t (ks), a n d t h e 
e las t i c w a v e (</) . 

It follows from E q n s (14) and (15) tha t the investigated 
sound frequency Q0 can be varied between wide limits by 
varying the angle of observat ion of the scattered light from 
Q0 = 0 for 9 = 0 to Q0 = 2n(v/c)co0 for 9 = 180°. 

Fo r co0 = 5 x 1 0 1 5 r a d s _ 1 , we obtain 
Q0 « 5 x 1 0 1 0 r a d s _ 1 or / « 1 0 1 0 H z for water , where 
v = 1.5 x 1 0 5 c m s _ 1 and the green-light refractive index is 
n = 1.33. F o r d iamond , Q0 is an order of magn i tude higher 
than for water . 

It is thus possible to investigate sound waves of 
frequencies which m a y be varied by several orders of 
magn i tude by varying the scattering angle. Studies at 
hypersonic frequencies Q0 > 1 0 9 - 1 0 1 0 H z are especially 
effective. The details will be given later. 

Elastic or sound and hyper sound waves are the Debye 
the rmal waves and their number is 2N, where N is the number 
of molecules or species within the vo lume of a sample. These 
extremely n u m e r o u s sound waves p r o p a g a t e a long very 
diverse directions within a bulk sample and, at first sight, 
it appears tha t there is no hope whatever of investigating the 
proper t ies of mat te r at any one frequency QQ with a wave 
vector q. However , this would be a p r e m a t u r e conclusion. 
Fig. 1 helps one to unde r s t and h o w this can be achieved 
experimentally. If a p lane light wave with a wave vector k0 is 
incident on a sample and observat ions are m a d e in the 
direction of the wave vector &s, then in the same direction 
ks one can observe light diffracted by a gra t ing formed by a 
s tanding wave with wave vector s=hy which satisfy E q n (12) or 
Bragg ' s condi t ion. This condi t ion can be formulated as 
follows: 

2An sin - = X , 
2 

(16) 

where A is the per iod of this gra t ing or the wavelength of 
the sound, and X is the wavelength of light in vacuum. 

One m a y speak of the format ion of a s tanding gra t ing 
because a m o n g the m a n y sound waves there are always 
some having wave vectors identical in magn i tude bu t with 
opposi te direct ions [11]. 

A n expression for the field of the scattered light 
[Eqn (11)] is ob ta ined by tak ing account of the modu la t ion 
of the scattered light. 

Us ing Eqn (11), we obta in an expression for the t ime 
var ia t ion of the intensity: 

E\t)E'*(t) = I(t) = 7 0 [1 + c o s ( 2 O 0 ; " 2q-r)] . (17) 

H e r e 

_(E'O0O)2 

[see E q n s (10) and (11)]. E q n (17) shows tha t the 
expression for the intensity of the M B componen t s 
conta ins a t ime- independent const i tuent equal to 7 0 and, 
against the b a c k g r o u n d of a cons tant intensity, there is an 
intensity which varies at a frequency 2Q0 ^ 2 x l 0 1 0 H z . A t 
the m a x i m u m , the var iable const i tuent is 7 0 , while at the 
min imum it is determined by the cons tant const i tuent also 
equal to 7 0 . Thus , the overall m a x i m u m intensity is 27 0 . 

Hence, in our idealised model, with no losses or dispersion 
of the velocity of sound in matter, the scattered-light spectrum 
of a liquid phase exhibits two M B scattering components 
arranged symmetrically relative to co0. In this model the M B 
components do not have a finite width; they are represented by 
a ^-function. Fo r an isotropic body, such as a glass, one 
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observes two M B components due to longitudinal sound and 
two components due to transverse sound. In the case of an 
anisotropic crystal, the formula for the frequency of sound Q0 

or for the optical shift in the spectrum Aco is [26] 

On -co0 
(ri[ — ns) + Anxns sin (18) 

Here , nx and ns are the refractive indices for the incident 
(exciting) and scattered light respectively. 

One quas i longi tudinal and two quasi t ransverse waves 
( 'fast ' and 'slow') can p r o p a g a t e in any direction in a crystal 
and the posi t ions of the M B componen t s differ in the two 
polar isa t ion states of the exciting light and in the two 
polar i sa t ions of the scattered light, so tha t the to ta l number 
of componen t s m a y be 24, bu t — for certain polar isa t ions 
and or ienta t ions of the crystal — it is possible to observe six 
componen t s of the spectrum simultaneously. Fig. 2 shows 
four M B scattering componen t s . 

4 0 G H z 

Figure 2 . S p e c t r u m o f l ight s c a t t e r e d in y t t r i u m a l u m i n i u m g a r n e t 

( Y 3 A 1 5 0 1 2 ) [89]. H e r e , L a n d T a r e t h e M B s c a t t e r i n g c o m p o n e n t s d u e 

t o l o n g i t u d i n a l a n d t r a n s v e r s e e las t i c w a v e s , r e s p e c t i v e l y . 

M o r e information can be deduced from the scattered light 
spectrum if the function &(t) is found for a more realistic 
medium in which there are losses but the dispersion is 
neglected. 

It is then necessary to describe <P(t) by the p h e n o m e n -
ological h y d ro d y na mic equat ion for the average values, 
i.e. the Stokes equat ion [7, 11, 23, 24]: 

< p - V 2 v 2 < i > - r v 2 < i > : 0 . 

Here , 

r = -
p 

"4 K 

3^/ + ^ + ^ ( y • i ) 

(19) 

(20) 

where rjf is the bulk viscosity, K the the rmal conductivi ty, 
y = CP/Cv, and CP and Cv are the specific hea ts at 
cons tant pressure and constant volume, respectively. 

The solution of E q n (19) will be sought in the form of an 
expansion represent ing a three-dimensional Four ie r series 
of the type 

(21) 

Subst i tut ion of Eqn (21) in E q n (19) gives the following 
expression for one of the componen t s of the sum (21): 

& + rq2& + v2q2& = 0 . 
The Laplace t ransform 

<P(t) exp(-pt)dt 

(22) 

(23) 

applied to E q n (22) yields the following expression for 

0 = 
$(t=o)\p + rq

2
 + 0(t = o ) ] _ 0(o)\p + 23 + d > ( o ) ] 

p + pq T + v q p2 + 23p + Ql 

where 

rq

2, Ql 2 2 

, (24) 

(25) 

The t ime dependence in the modu la t i ng function &(t) is 
obta ined from E q n (24) by the inverse Four ie r t r ans fo rma
t ion: 

&(t) = 0(0) Qxp(-St) [cos(fl§ - b2 t)1'2 + sin(fl§ - b 2 1 ) 1 ' 2 ] . 

(26) 

W h e n p is replaced by ICQ in the Laplace t ransform, the 
latter becomes a Four ie r integral and then, if E q n (23) is 
mult iplied by 0(0) and it is assumed tha t {&(0)&(0)} = 0, 
the result is the following expression for the intensity 
dis t r ibut ion [7]: 

/•OO 

I(co) - E2

o{\0(co)\2) =E2

0Rq\ 0(O)0(t)Qxp(-icot)dt 
J O 

= £ O < L * ( o ) | 2 > 
2Ql5 

{a>2 - Ql)2 + Ad'co 
(27) 

In tegra t ion of Eqn (27) over all the frequencies should give 
the intensity 7 a d of the light scattered by the adiabat ic 
density f luctuations [Eqn (2)]. Hence , the normal isa t ion 
condi t ions yield 

1 AD I(co) dco = E2

o02(O) 
2Qlbdco 

= KEz

0<Pz(0) ; 

it therefore follows tha t 

>(co2-Ql)2+4b2CQ2 

(28) 

/ ( © ) = / * 

If 

b<Q0 , 

then 

(2/n)bQ2

0 

(co2-Q2

0)2 + 4b2co: 2 , „ 2 

/ ( C O ) 1 AD " 
S/n 

(29) 

(30) 

(31) 
(co - G 0 ) 2 + b2 ' 

It follows from E q n (31) tha t the overall width of a 
Bril louin scat tering componen t at half the m a x i m u m 
intensity is 

(dco)B = 23 (32a) 

E q n (29) was obta ined in a different way by Ginzburg [8, 9]. 
The factor represent ing decay with t ime can be expressed 
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simply in te rms of the ampl i tude absorp t ion coefficient a, 
namely, 

3 = av (32b) 

where v is the velocity of sound. 
On the other hand , the hyd rodynamic theory yields the 

following expression for a: 
2 

(33) 

where r is defined by E q n (20). Subst i tut ion of E q n (33) in 
E q n (32) gives 

2ScoQ = q2T. (34) 

Consequent ly , if the molecular scat tering spectrum is 
suitably recorded, it is possible to find the phase velocity of 
sound from the posi t ions of the M B componen t s , while the 
sound or hyper sound decay factor can be found from half 
the width of these componen t s . Thus , a new field of optical 
and acoustic research has arisen. The dispersion of the 
velocity of sound [20, 21] has been observed by means of 
such procedures , and hyper sound re laxat ion and absorp t ion 
process in l iquids have been investigated quant i ta t ively [22]. 
M a n y p h e n o m e n a also affect the intensity of M B c o m p o 
nents , bu t this will be discussed in detail below. 

However , it mus t be emphasised tha t the elastic the rmal 
or D e b ye waves differ significantly from the elastic acoust ic 
waves, which are generated by an emitter and are then 
injected into the med ium being investigated. 

A p lane rad ia t ion wave then generated is 

A = A 0 e x p [ i ( G a ; - e x ) ] , (35) 

where A 0 , £ 2 a , and Q are the ampl i tude , the frequency, and 
the wave number of the sound wave, respectively. 

If A = A 0 at t ime t = 0 and at a poin t in space x = 0, 
then this wave is described by Eqn (35) as t ime progresses 
and the wave p ropaga te s in the medium. 

If the med ium suffers acoust ic losses under these 
condi t ions , the implicat ion is tha t the frequencies Qa or 
Q are complex variables. F o r example, we m a y assume tha t 

Subst i tut ion of E q n (36) in Eqn (35) yields 

A =A0Qxp(-rt)Qxp[i(Q1t - Qx)] . 

(36) 

(37) 

It follows from the last expression tha t the ampl i tude of the 
sound wave m a y decay as a function of t ime and, when 
account is t aken of Eqn (32), it can also be a t tenua ted in 
space. It is easy to show tha t r represents the same 
quant i ty in E q n s (37) and (33) [14, 2 3 - 2 5 ] . 

In the case of the the rmal elastic or Debye waves, the 
s i tuat ion is completely different. 

Accord ing to the Debye theory [5], an average energy 
HQ[exp (HQ/kT) — 1 ] _ 1 cor responds to each n o r m a l v ibra
t ion and , bear ing in mind tha t HQ/kT <̂  1, an average 
energy kT cor responds to each n o r m a l v ibra t ion in the M B 
spectrum. Hence it follows tha t at a t empera tu re T the 
elastic the rma l or Debye waves retain a cons tant ampl i tude 
A and therefore this ampl i tude [Eqn (37)] does no t decay in 
the usual ly accepted sense. At a cons tant t empera tu re T, the 
ampl i tude of the the rmal wave is cons tant at any poin t 
within a sample and at any t ime, and it can be described in 

te rms of a combina t ion of constants , the velocity of sound, 
and the frequency in t e rva l . ! 

The na tu r a l conclusion following from all the foregoing 
considera t ions is tha t , having the M B spectrum at one 's 
disposal and knowing the intensity dis t r ibut ion in the M B 
componen t s , it is possible to find the decay factor of the 
sound wave, generally speaking in the range from Q = 0 to 
Q = 2n(v/c)coQ. However , we emphasise once again tha t this 
possibili ty arises no t because the the rma l elastic wave 
decays, bu t because the modu la t i ng function for the t ime 
var ia t ion of &(t) includes as pa rame te r s quant i t ies such as 
the viscosity, which determines the elastic pe r tu rba t ion 
losses, the frequency, and the elastic-vibration wave vector. 

3. Some applications of Mandelstam-Brillouin 
spectroscopy 
As already ment ioned above, the first effective appl icat ion 
of M B spectroscopy was m a d e by me together with 
Shustin [20] and M o l c h a n o v [21] in connect ion with the 
observat ion of the dispersion of the velocity of sound in 
benzene, carbon te t rachlor ide , chloroform, carbon disul
fide, and then also in a series of other l iquids.} W e 
measured the hypersound absorp t ion coefficient a only 
after laser light sources became available in our l abora 
to ry [22]. W e found tha t a = 4.5 x 10 3 c m - 1 for benzene 
and a = 1.6 x 1 0 4 c m _ 1 for ca rbon te t rachlor ide . 

The technique used by us in the measurement of the 
dispersion of the velocity of sound and of the absorp t ion 
coefficient m a d e it possible to carry out a direct experi
men ta l test of a formula from the relaxat ion theory, 
developed by M a n d e l s t a m and Leontovich [29], and to 
determine the re laxat ion t ime x of the bulk viscosity. 
F o r example, T = 2.7 x 1 0 ~ 1 0 s for benzene and 
T = 28.3 x 1 0 ~ 1 0 s for ca rbon disulfide. The relaxat ion 
t ime T has also been found for other liquids. 

One can say tha t the exper imental studies described here 
have laid the foundat ions of a new quant i ta t ive m e t h o d for 
investigating the optical and acoust ic proper t ies of mat te r in 
a wide variety of states, for example in the course of phase 
t rans i t ions in the critical region, in pa ramagne t i c mater ia ls 
under the p h o n o n 'bot t leneck ' condi t ions , in magnet ic 
mater ia ls , in piezoelectric semiconductors subjected to an 
external static electric field, in t r ansparen t and o p a q u e 
insulators , in semiconductors and metals , and in viscous 
l iquids and glasses. Na tura l ly , this list does not exhaust the 
n u m e r o u s appl icat ions of this me thod . 

f I n o r d e r t o e s t i m a t e t h e effect ive a m p l i t u d e A e f f o f a t h e r m a l w a v e , o n e 
m a y p o s t u l a t e t h a t in t h e r a n g e d O f o r HQ/kT <4 1 t h e w a v e e n e r g y c a n b e 
d e t e r m i n e d f r o m P l a n c k ' s f o r m u l a ( R a y l e i g h - J e a n s f o r m u l a ) 
EQ dQ = {pn2V3)~lQ2kT dQ o r pQ2A2

eff = (pn2V3)~lQ2kT dQ, so t h a t 

kT 

p2n2V5 
dQ 

I t is n a t u r a l t o a d o p t t h e t r u e h a l f - w i d t h o f t h e M B c o m p o n e n t s a s dQ. 
F o r e x a m p l e , dQ « 1 0 9 r a d s - 1 for l i q u i d b e n z e n e a t T — 3 0 0 ° C a n d a n 
e s t i m a t e y i e l d s Aeff = 3 x 1 0 - 1 0 c m . 

J i t is n o t e w o r t h y t h a t a n a t t e m p t t o u s e t h e M B c o m p o n e n t s for t h e 
d e t e r m i n a t i o n o f t h e v e l o c i t y o f h y p e r s o u n d h a d b e e n u n d e r t a k e n m u c h 
ea r l i e r [28], b u t it w a s u n s u c c e s s f u l : a p o s i t i v e d i s p e r s i o n o f t h e v e l o c i t y o f 
s o u n d , e x p e c t e d for a se r ies o f l i q u i d s , w a s n o t o b s e r v e d . 
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Figure 3 . S p e c t r u m o f l igh t s c a t t e r e d in l i q u i d b e n z e n e [11 , 22 ] . 

The first repor ted spectrum of the molecular scattering 
of H e - N e laser rad ia t ion in benzene [22] will be considered 
as an example. This spectrum can be used to determine the 
ampl i tude absorp t ion coefficient a of hyper sound and its 
velocity with the aid of E q n s (31) and (15) (Fig. 3). 

The M B spectra also m a k e it possible to investigate the 
p ropaga t i on of hypersound in the region of the l i q u i d -
vapour phase t ransi t ion as well as in liquid solut ions. The 
t empera tu re dependence of the velocity of sound near the 
phase t rans i t ion in ca rbon dioxide ( C 0 2 ) was determined 
above and below the critical t empera tu re from the posi t ions 
of the M B componen t s [44]. 

The p ropaga t i on of hypersound in the region of the 
upper , lower, and double critical po in ts in a guaiacol -
glycerol solut ion with some added water has been recently 
investigated. In the presence of a small a m o u n t of water in 
this solution, a closed region or a loop appears in the phase 
d iagram (representing the dependence of the t empera tu re T 
on the concent ra t ion C ) , within which the solution 
componen t s are immiscible whilst outs ide it the solution 
is homogeneous . Fig. 4 gives the dependence of the velocity 
of hyper sound in the region of the upper and lower critical 
po in t s of a solut ion of this kind in which the t empera tu res 
of the upper and lower po in t s differ by only 7 K. The fact 
tha t near the lower critical po in t the t empera tu re coefficient 
of the velocity of hyper sound exceeds by a factor of 2 the 
coefficient in the region of the upper critical po in t is no t 
trivial. It awai ts explanat ion. 

V / l O ^ s - 1 

30 40 50 60 70 80 T/°C 

Figure 4 . T e m p e r a t u r e d e p e n d e n c e o f t h e v e l o c i t y o f h y p e r s o u n d n e a r t h e 
u p p e r a n d l o w e r c r i t i c a l p o i n t s o f a g u a i a c o l - g l y c e r o l s o l u t i o n [155]. 

a / G H z 
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14 2 4 34 44 54 64 74 34 T/°C 

Figure 5. T e m p e r a t u r e d e p e n d e n c e o f t h e a b s o r p t i o n coef f ic ien t o f 
h y p e r s o u n d n e a r t h e u p p e r a n d l o w e r c r i t i c a l p o i n t s o f a g u a i a c o l -
g l y c e r o l s o l u t i o n [155]. 

a / G H z 

2 0 30 40 50 60 70 80 T/°C 

Figure 6. T e m p e r a t u r e d e p e n d e n c e o f t h e a b s o r p t i o n coef f ic ien t o f 
h y p e r s o u n d n e a r t h e d o u b l e c r i t i c a l p o i n t o f a g u a i a c o l - g l y c e r o l 
s o l u t i o n [155]. 

F ig . 5 i l lustrates the absorp t ion of hypersound , r epre 
sented by the width of the M B componen t in the same 
solution in the region of the upper and lower critical poin ts . 

Fig. 6 shows the hyper sound absorp t ion curve in the 
region where the upper and lower po in ts merge forming a 
double critical point . 

The an i so t ropy of the elastic cons tants as well as their 
t empera tu re dependences can be investigated in detail on 
the basis of measurements of the velocity of hypersound in 
crystals a long different crystal lographic directions. The 
behaviour of the elastic cons tants in the region of a phase 
t ransi t ion is par t icular ly interesting. A s t rong anomaly of 
the elastic cons tant C 6 6 = pv2 has been deduced from the 
pos i t ions of the M B componen t s in a po tass ium dihydrogen 
p h o s p h a t e ( K D P ) crystal in the region of the ferroelectric 
phase t rans i t ion [30]. 

Very m a n y publ ica t ions , difficult to survey, have been 
devoted to the appl icat ions of molecular l ight-scattering 
spectroscopy to solids. These include the series of b o o k s 
entitled Light Scattering in Solids edited by M Car d o n a and 
G G u n t h e r o d t [31]. Here , solids are unde r s tood to comprise 
insulators , semiconductors , metals , superionic conduc tors , 
and glasses. 
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Figure 7. M B s p e c t r a o f a n i t f e r r o m a g n e t E u T e : t e m p e r a t u r e 1.5 K , 
s c a t e r i n g a n g l e 6 = 180° , q = 3 x 1 0 5 c m " 1 ; # | | [ 0 0 1 ] , H = 2 5 k O e ; M B 
s c a t t e r i n g c o m p o n e n t s S\ a n d AS\ c o r r e s p o n d t o t h e If m a g n o n b r a n c h , 
a n d S2 a n d AS2 t o t h e h f m a g n o n b r a n c h . T h e p o s i t i o n o f t h e M B 
c o m p o n e n t s v a r i e s w i t h t h e m a g n e t i c field [36b] . 

The spectra of M B scattering by spin waves in ferro
magnet ic and ant i fer romagnet ic mater ia ls are of great 
interest. Fo l lowing the first investigations by P A F leury 
et al. [32, 33], extensive theoret ical and exper imental studies 
have been carried out and reviews and m o n o g r a p h s have 
been wri t ten [34]. As an i l lustrat ion, Fig. 7 presents the M B 
spectrum of E u T e [Refs 36a and 36b]. M B spectroscopy is 
also effective in the s tudy of acoust ic pa ramagne t i c 
resonance ( A P R ) [35]. The effect k n o w n as the p h o n o n 
'bot t leneck ' is par t icular ly interest ing and its basic n a t u r e 
can be explained as follows. 

In a pa ramagne t i c crystal, the levels of the incorpora ted 
ions (for example, N i 2 + or C e 3 3 + ) are split in a static 
magnet ic field and two levels with an energy difference AE 
are formed in the simplest case. If such a system is acted 
u p o n by a high-frequency electromagnet ic field with 
hco = AE, the usua l ESR line is observed. The absorbed 
energy is consumed in resonant 'excitation of spins ' . If the 
spin excitation energy flux to the crystal lattice is greater 
t han the energy flux from the crystal lattice to the 
the rmos ta t (liquid hel ium), the number of p h o n o n s with 
an energy HQ w hco exceeds the equil ibrium value. Conse 
quently, in the range of frequencies no t exceeding the 
pa ramagne t i c resonance line width , the nonequi l ibr ium 
t empera tu re Tne exceeds the equil ibrium t empera tu re Te. 
The quan t i ty a = Tne/Te, which m a y be calculated, is 
referred to as the p h o n o n 'bot t leneck ' factor. 

If the M B componen t s are n o w observed in light 
scattered in a crystal exhibit ing the p h o n o n 'bot t leneck ' 
effect in such a way tha t the componen t s are induced by the 
resonance p h o n o n s HQ, the intensity of these componen t s is 
greater t han for a crystal at the t empera tu re of the heat 
reservoir su r round ing it. Such experiments have been 
carried out by Brya et al. [37] on an M g O crystal with 
N i 2 + ions and by Al ' t shuler et al. [38] on double cerium 
ni t ra te with C e 3 + ions. In the case of M g O crystals, the 
t empera tu re of the reservoir was 2 K and the intensity of 

the M B componen t s cor responding to 60 K or o = 30. In 
the s tudy of double cerium ni t ra te , the t empera tu re of the 
reservoir was 1.5 K and the intensity of the M B c o m p o 
nents cor responded to 100 K and hence to o = 70. There 
are also da ta obta ined by b o t h g roups which give o 
exceeding 1000. This p rocedure for the s tudy of A P R 
can yield informat ion abou t the most detailed aspects of 
the p h e n o m e n o n . 

A striking and impressive p h e n o m e n o n is displayed in the 
spectrum of light scattered in piezoelectric semiconductors in 
a static electric field. Litt le m o r e t han 30 years ago it was 
established tha t , under certain condi t ions , an u l t rasonic wave 
p ropaga t i ng in a piezoelectric semiconductor can actually be 
enhanced ra ther than , as usual , a t t enua ted [39, 40]. These 
condi t ions include the appl icat ion of an external static 
electric field of intensity E capable of accelerating charge 
carriers to velocities equal to or greater than the phase 
velocity of sound. Z n O and CdS are examples of such 
substances. Calcula t ions have shown tha t the sound d a m p 
ing factor is 

X[l - (E/Ec)]cozq 
r = r0+- (38) 

(\+q2R2)2 + [\-(E/Ec)]2Q2z2 9 

where T 0 is the absorp t ion by the crystal lattice; T = e/47icr; 
8 is the permit t ivi ty; a is the conductivi ty; % is the electro
mechanica l coupl ing cons tant ; Q is the sound frequency; q 
is the wave number ; R is the Debye radius . 

If the second te rm of E q n (38) becomes negative for 
E/Ec > 1 and r is negative, which can be readily realised, 
the u l t rasonic wave defined by E q n (37) does no t decay, bu t 
is actually amplified. 

Na tura l ly , the amplification takes place within a certain 
b a n d of frequencies, and the gain m a x i m u m in this b a n d 
cor responds to the frequency Qmax = v/R. H e r e R is the 
Debye rad ius 

R = 
skT 

4nn0e 

and n0 is the number of carriers of a charge e in 1 cm . 
If the frequency of the elastic the rmal wave responsible 

for the appearance of a an M B componen t lies within the 
b a n d of the amplified elastic wave frequencies of a 
semiconductor , the molecular light scat tering spectrum 
should change. If the elastic wave which is amplified has 
the frequency, polar isa t ion , and direction of p ropaga t ion 
such tha t it generates a Stokes (or ant i -Stokes) M B 
componen t , then this componen t should increase a p p r e 
ciably compared with the other componen t . This 
p h e n o m e n o n was in fact first observed in Wet l ing ' s 
experiments [41] and was tho rough ly investigated by 
Yakovlev and his colleagues (see Ref. [42] and the l i tera
ture cited there) . 

F ig . 8 presents the spectrum of the M B componen t s of 
light scattered in a Z n O single crystal subjected to a static 
electric field [43]. 

Exper iments have shown tha t the amplification of 
hyper sound in a piezoelectric semiconductor subjected to 
a static electric field increases the intensity of one of the M B 
componen t s by a factor of h u n d r e d s of t h o u s a n d s when 
light passes t h rough the crystal at a dis tance of abou t 2 m m 
from the ca thode . 

Extensive oppor tun i t ies thus arise for the investigation 
of var ious proper t ies of the amplifying mater ia ls and also of 
high-intensi ty hypersound and the accompany ing nonl inear 
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Figure 8. M B s p e c t r u m o f t h e p i e z o e l e c t r i c s e m i c o n d u c t o r Z n O in a n 
e x t e r n a l s t a t i c e l ec t r i c field [43]. 

acoust ic p h e n o m e n a . Some such proper t ies have a l ready 
been observed [42]. 

Light scat tering at the interface between two media 
was predicted by Smoluchovsky [2] and observed by 
M a n d e l s t a m [4], who also devised a theory of this p h e n o m 
enon, which was subsequent ly developed by A n d r o n o v and 
Leontovich [46]. These first studies involved the use of 
unresolved light and it was no t unt i l 55 years later tha t the 
first exper imental s tudy of light scattered inelastically by the 
surface of liquid m e t h a n e was carried out [47]. 

The development of spectroscopic studies of light 
scattered by a surface required devices permit t ing a marked 
increase in contrast within the spectrum. A high contrast in 

the spectrum is necessary in all spectroscopic studies and this 
was well unders tood a long t ime ago. Thus , Dufour [50] was 
apparent ly the first to p ropose the use of one instead of two 
consecutively arranged interferometers [51], mak ing sure that 
light passes th rough it twice. Al though the advantages of this 
scheme have been demonst ra ted experimentally [52], the low 
luminosity of the appara tus has prevented wide-scale 
employment of mul t ipass F a b r y - P e r o t interferometers. 

The si tuat ion changed radically [49] when laser light 
sources and improved weakly absorb ing dielectric mi r rors 
appeared in the labora tor ies . Such a p p a r a t u s has become 
available in n u m e r o u s labora tor ies t h r o u g h o u t the wor ld 
largely owing to the excellent exper imental studies by 
Sandercock [48, 53, 54], who constructed n u m e r o u s 
F a b r y - P e r o t interferometers with a corner-cube (triple) 
pr ism for the t u rnback of the light beam and who used his 
a p p a r a t u s in a wide variety of investigations. 

Mul t ipass F a b r y - P e r o t interferometers are n o w a d a y s 
manufac tu red in unl imited n u m b e r s by companies such 
as Burleigh and others . This has opened extensive 
oppor tun i t ies for research requir ing a high contras t of 
~ 10 9 —10 1 2 and in par t icular tha t involving the de te rmina
t ion of the spectra of scattered light modu la t ed by surface 
waves of var ious origins. The s tudy of elastic surface and 
vo lume waves, p ropaga t ed in o p a q u e media such as metals 
and semiconductors , has yielded par t icular ly str iking 
results. In such cases the vo lume scattering in one direction 
(into the bulk of a sample) is determined by the depth of a 
skin layer ( ~ 1 0 _ 6 c m ) at the opt ical wavelength of 
5 x 10~ 5 cm and by the cross-sectional area of a light 
beam on the surface of a sample ( ~ 1 0 _ 2 m m 2 ) . T h u s 
the scat tering vo lume is just ~ 1 0 _ 1 0 c m 3 . F u r t h e r m o r e , 
one must bear in mind tha t the intensity of the scattered 
light is max imal in the direction of the reflected light, bu t 
one mus t also no t forget tha t the intensity of the paras i t ic 
light, prevent ing de terminat ion of the scattered-light spec
t rum when the contras t is low, is max ima l in the same 
direction. 
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Figure 9. M B s p e c t r u m d u e t o a s u r f a c e R a y l e i g h w a v e in a G e s ing le c r y s t a l [60b] . 
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Figure 10 . M B s p e c t r u m d u e t o a s u r f a c e R a y l e i g h w a v e in a s ing le c r y s t a l 
o f t h e h i g h - t e m p e r a t u r e s u p e r c o n d u c t o r G d B a 2 C u 3 0 7 . T h e a n g l e o f 
i n c i d e n c e o f l igh t is 55 .2° a n d t h e s c a t t e r i n g a n g l e is 180° [60b] . 

observed in the spectrum: two due to the longi tudinal 
sound and two due to the second sound. The frequency 
shift of these componen t s in hel ium II is Aco/co w 10~ 6 , for 
the second sound we have Aco/co w 10~ 7 , and the overall 
intensity is 10~ 8 of the intensity of the exciting light. It has 
been suggested, in par t icular in my b o o k [11], tha t this is 
merely of theoret ical interest and tha t it cannot be observed 
owing to exper imental difficulties. Lasers had only jus t 
begun to be used in the l abo ra to ry at the t ime. Vinen and 
his colleagues [72] disproved my pessimistic views by their 
detailed spectroscopic invest igat ions and obta ined excellent 
records of the M B componen t s for hel ium II due to the 
usua l sound and the second sound (Fig. 11). This result 
must be regarded as a record achievement and my 
'p rophecy ' [11] has proved ill-founded. 

G o o d reviews on molecular l ight-scattering spectra 
have been wri t ten by F leury [55], Di l [56], Chu [57], 
Cros ignani [58], and La l lemand [71]. Examples of h igh-
precision molecular l ight-scattering spectra are presented in 
Figs 9 and 10; they are taken from the pape r s of 
Aleksandrov et al. [60]. A mul t ipass F a b r y - P e r o t inter
ferometer is suitable for var ious experiments and is 
na tura l ly widely used to solve var ious p rob lems . 

It follows from the examples a l ready presented tha t 
molecular l ight-scattering spectroscopy is effective in the 
s tudy of var ious substances and var ious p h e n o m e n a under a 
wide variety of condi t ions . The me thod is universal . It 
affords optical and acoust ic informat ion, bu t one should 
no t imagine tha t molecular light scat tering spectroscopy 
const i tutes a simple and easy way of ob ta in ing fundamenta l 
results. This is by no means so. The me thod requires 
exper imental skill and experience. Major and varied 
difficulties, which are far from easy to overcome, await 
the physicist in this field. Pe rhaps the mos t significant 
exper imental difficulty is the low intensity of the scattered 
light. E q n s ( 2 ) - ( 5 ) and (7) m a k e it possible to est imate the 
propor t ion of the exciting light scattered by fluctuations of 
various origins. It has been found that the propor t ion of blue 
exciting light scattered is as follows: ~ 2 x 10~ 8 in air, 
~ 4 x 10~ 9 in molecular hydrogen, ~ 10~ 7 in a quar tz 
crystal, and ~ 10~ 5 in benzene. Thus , the scattered-light 
intensity, integrated with respect to frequency, lies in the 
range from 1 x 1 0 - 9 of the intensity of the exciting light for 
various substances to 1 x 10~ 5 for liquids such as benzene. 
The difficulty increases even further when this weak light flux 
has to be 'spread ou t ' between various frequencies and the 
spectrum has to be recorded reliably. Another serious 
difficulty is the need to investigate lines with very different 
intensities over a na r row spectral range of ~ 1 c m - 1 . There 
are also other difficulties, but we have no space to list them 
here. 

Almost 50 years ago Ginzburg poin ted out [61] an 
interest ing M B spectrum of hel ium II , where (apar t from 
the usua l longi tudinal sound) yet ano ther type of sound is 
p ropaga ted , so tha t four M B componen t s should be 

L AT — —3.05 m K 

Figure 1 1 . M B s p e c t r u m o f l i q u i d h e l i u m b e l o w t h e X p o i n t (a , b ) a t a 
p r e s s u r e o f 20 b a r . T h e i n n e r n a r r o w d o u b l e t is d u e t o t h e s e c o n d s o u n d . 
T h e o u t e r c o m p o n e n t s a r e d u e t o t h e first s o u n d (c) . T h e l a t t e r s p e c t r u m 
w a s o b t a i n e d b y r e d u c i n g t h e p r e s s u r e t o 17 b a r . O n l y t h e c o m p o n e n t s 
d u e t o t h e first s o u n d c a n b e s een . A r is t h e t e m p e r a t u r e d r o p b e l o w t h e X 
p o i n t . T h e s p e c t r a w e r e r e c o r d e d b y a F a b r y - P e r o t i n t e r f e r o m e t e r w i t h 
p l a n e m i r r o r s s e p a r a t e d b y 80 c m [72]. 

The s tudy of the molecular scattering spectra of gases 
belongs to the class of interesting and impor t an t p rob lems . 
This s tudy has an unusua l history, which began 50 years 
ago (1942) with the exper imental search for the M B 
componen t s in H 2 at 100 a tm, in N 2 and 0 2 at 80 a tm, 
and in C 0 2 at 50 a tm [62]. This search was unsuccessful. 
The componen t s were not recorded and it was actually 
claimed tha t the M B componen t s should no t exist. 

I did no t agree with this claim and demons t ra ted , on the 
basis of e lementary and qual i tat ive considerat ions , tha t 
discrete M B componen t s should be observed for hydrogen , 
ni t rogen, oxygen, and ca rbon dioxide at the pressures 
used [62] and for all the investigated gases [63, 64]. 
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If a med ium can be regarded as con t inuous or, in other 
words , if the mean free p a t h / of a part icle of the med ium is 
shorter or, bet ter still, much shorter t han the wavelength A 
[Eqn (16)], then all the results referring to l iquids in 
Section 2 apply also to gases, subject only to the condi t ion 
tha t the a t t enua t ion of the hyper sound at a given wav
elength is much less than 2n. 

If we assume tha t discrete M B componen t s cannot be 
observed when the width of a componen t 8co = av is equal 
to the separat ion between the max ima of the componen t s 
and the central line, 

8co = ACQ = av = 2n - co sin -
c 2 

(39) 

we can obta in the required criterion on the basis of 
E q n s (16) and (32): 

ocA = 2n . (40) 

Thus , if aA <̂  2n, discrete M B componen t s should be 
observed. The quan t i ty aA can be est imated from 
elementary gas-kinetic da ta : 

OLA=A^-9 (41) 
A 

where a rough est imate yields A w 25 and this makes it 
possible to find aA under exper imental condi t ions when the 
gas pressure is 5 0 - 1 0 0 bar [11, 64]. 

If scattered light is observed for 9 = 90° at a tmospher ic 
pressure ( / w 10~ 5 cm) and if ocA > 1, discrete M B c o m p o 
nents cannot be observed, bu t since aA < 1 at jus t 20 ba r 
discrete componen t s can be observed. This has been 
confirmed experimentally, a l though admit tedly the first 
evidence for the existence of a fine s t ructure in gases 
was obta ined under the condi t ions of s t imulated M B 
scattering (STBS) [65], bu t the M B componen t s were 
subsequent ly also detected in gases due to the scattering 
by the rmal f luctuat ions [66, 67]. 

Gases are suitable systems for exper imental and t h e o 
retical studies if only because different regimes can be 
realised. F o r rarefied gases, when 15> A, the gaseous 
med ium cannot be regarded as con t inuous — each part icle 
scatters the exciting light independent ly of other scattering 
centres. The scattering spectrum then reproduces tha t of the 
exciting light, bu t the former is somewhat b roade r as a 
consequence of the Dopp le r shift of the frequency of the 
scattering centres migra t ing at t he rma l velocities. The 
Maxwel l ian velocity dis t r ibut ion is assumed. The scattered 
line half-width is then 

S o p p i e r = 2a> sin 
9 2kT 

l n 2 (42a) 

where m is the mass of a scattering centre (molecule). 
The exper imental results can thus be simply described in 

two extreme cases. 
In the in termedia te range, when / w A, it is no t difficult 

to obta in exper imental results, bu t a quant i ta t ive theoret ical 
descript ion is no longer qui te so simple. H e r e it is necessary 
to solve the Bo l t zmann kinetic equat ion . 

If the changes in the frequency dis t r ibut ion of the 
intensity I(co) are studied at increasing pressures, it can 
be seen h o w the Gauss ian dis t r ibut ion becomes gradual ly 
dis torted and, when / <̂  A, is converted into a distinct triplet 
in which there are two M B componen t s and a central 
(Rayleigh) line (see below). 

0 

Figure 12 . M o l e c u l a r s c a t t e r i n g s p e c t r a p r e d i c t e d t h e o r e t i c a l l y for a 
d i a t o m i c g a s a t v a r i o u s p r e s s u r e s : (a ) l o w g a s d e n s i t i e s , v i b r a t i o n a l 
d e g r e e s o f f r e e d o m d o n o t p a r t i c i p a t e in t h e f o r m a t i o n o f t h e s p e c t r u m ; 
(b ) i n t e r m e d i a t e c a s e , t h e s p e c t r u m h a s a n e w c o m p o n e n t IK a n d i t s 
i n t e g r a l i n t e n s i t y is IQ +IK — IQ, a n d t h e i n t e n s i t y r a t i o is h / l t = i > 
(c) h i g h g a s d e n s i t i e s , v i b r a t i o n a l d e g r e e s o f f r e e d o m t a k e n i n t o a c c o u n t , 
IB/IQ — I - I n a l l c a s e s t h e w i d t h s o f t h e c o m p o n e n t s a r e less t h a n t h e 
i n s t r u m e n t a l w i d t h o f t h e s p e c t r o s c o p i c i n s t r u m e n t s [69]. 

The first exper imental s tudy of the spectra of the 
molecular scattering of light by the rmal f luctuat ions in 
gaseous Ar , Xe, N 2 , C 0 2 , and C H 4 was carried out by 
Grey tak and Benedek [67] and was followed by other 
exper imental and theoret ical invest igations [68], in which 
the changes in the frequency dis t r ibut ion of the intensity as 
a function of the gas pressure could be readily t raced. 

Theoret ical studies by Andreeva and Malyugin [69] are 
of special interest: these au tho r s predicted tha t a new 
picture of the molecular scat tering of light will emerge 
when all three componen t s can be seen clearly in the 
scattering spectrum (1<^A). 

W h e n account is t aken of the interact ion of the 
t rans la t iona l and ro ta t iona l degrees of freedom and of 
the dispersion of the kinetic coefficients, a new section 
appears in the molecular l ight-scattering spectrum: it 
represents a n a r r o w b a n d with a m a x i m u m at a cons tant 
frequency result ing from a redis t r ibut ion of the intensity in 
the spectrum (Fig. 12b). At higher pressures the new b a n d is 
converted into the M B componen t s (Fig. 12c). The redis
t r ibut ion of light in the spectrum is then complete . 

The his tory of invest igations of the spectra of light 
scattered in viscous liquids and glasses has been very similar 
to the his tory of such invest igations of gases, in the sense 
tha t initially the M B componen t s were sought in viscous 
l iquids and glasses, bu t could no t be detected. It was then 
decided tha t they should not exist, whe reupon they were in 
fact observed and such studies have cont inued and have 
yielded interest ing results. 

The first invest igations were carried out by Gross [73] 
who observed the M B componen t s in a qua r t z single 
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crystal, bu t he failed to find these componen t s in the 
spectrum of light scattered by a glass. 

The next unsuccessful a t t empt to observe the M B 
componen t s in glasses was m a d e by R a m m [74]. Other 
a t t empts to detect these componen t s in the spectrum of light 
scattered by glasses and viscous l iquids were likewise 
unsuccessful [ 7 5 - 7 8 ] . The studies were of a fundamenta l 
na tu re and the results seemed to be so reliable tha t it 
became desirable to explain this and such an explanat ion 
was in fact formulated [78]. Briefly the explanat ion is as 
follows: it is well k n o w n tha t the half-width 8co of the M B 
componen t s is determined by the absorp t ion coefficient of 
hyper sound [Eqn (32)] and this coefficient is p ropo r t i ona l 
to the viscosity: a oc rj [Eqn (33)]. Nex t it is claimed tha t the 
viscosity of highly viscous liquids and glasses is eno rmous 
and reaches ~ 1 0 1 8 P . 

The viscosity measured under static condi t ions is indeed 
as high as this and, according to R a n k and Doug la s [78], its 
e n o r m o u s value b r o a d e n s the M B componen t s so much 
tha t they cannot be observed as discrete lines. If a viscosity 
of ~ 1 0 1 8 P determines the absorp t ion of sound in glasses, 
then even a thin glass layer should no t t ransmi t sound 
waves. However , it is well k n o w n tha t this is not the case 
and tha t even hf sound passes t h rough glass readily. The 
impor t an t po in t is tha t , even at low sound frequencies, the 
re laxat ion process renders the absorp t ion of sound incom
parab ly weaker t han might have been expected on the basis 
of the viscosity at zero frequency. The re laxat ion process 
also leads to the dispersion of the velocity of sound [11, 29]. 

This lack of knowledge or misunders tand ing of the role 
of re laxat ion has been largely responsible for the long-
lasting failure to observe the M B componen t s in viscous 
l iquids and glasses. All the above-ment ioned exper imental 
searches for these componen t s in viscous l iquids and 
glasses [73, 78] were carried out before laser light sources 
became available in labora tor ies and for this reason the 
exposures lasted m a n y hou r s and even m a n y tens of hours . 

F o r a long t ime it has been unclear why, for example, 
the M B componen t s are clearly seen in glycerol at 
5 0 - 6 0 °C, while in the region of the glass-transit ion 
t empera tu re Tg of the same glycerol it has no t been 
possible to find these componen t s . 

If one bears in mind tha t the re laxat ion process results 
in the dispersion of the velocity of sound and tha t at high 
viscosities and high hypersonic frequencies it can reach 
100%, the velocity of sound is doubled. This means tha t the 
adiabat ic compressibil i ty fis decreases by a factor of 4 and 
the integral M B componen t intensity [Eqn (2)] also 
decreases by the same factor. Consequent ly , the exposure 
must also be increased by a factor of 4. U n d e r such 
condi t ions , exposures lasting m a n y hundreds of hou r s 
are needed to observe these componen t s . 

W h e n this became under s tood , Pesin and I [79, 80] 
increased the aper ture rat io of our a p p a r a t u s by an order 
of magn i tude and discovered the M B componen t s for a 
number of viscous media . K r i s h n a n [81] was the first to 
observe these componen t s in fused qua r t z at 300 °C at the 
A = 2636 A line in a p p a r a t u s with a mercury vapour 
resonance filter. Stoicheff et al. [82] also detected the 
M B componen t s related to longi tudinal and t ransverse 
hypersound in fused quar tz : they used a lamp opera t ing 
on the basis of the mercury-198 isotope. These p rob lems 
were examined in greater detail in my b o o k [11]. 

In all these cases it has been assumed tha t the scattering 
med ium is at an equil ibrium t empera tu re identical at all 
po in ts within the med ium. 

Almost 60 years ago, M a n d e l s t a m [85] stated tha t if 
there is a t empera tu re gradient , the intensity of light 
scattered at a par t icular po in t within a b o d y depends on 
the t empera tu re at other po in ts in the body . The dis t r ibu
t ion of the scattered-light intensity is then m o r e uniform 
than the t empera tu re dis t r ibut ion. M a n d e l s t a m [85] p r e 
dicted tha t this m a y be observed in solids and in liquids, 
while according to Andreeva and Malyugin [69] this 
p h e n o m e n o n with its interest ing features should also be 
observed in gases at suitable pressures. 

The theory of the p h e n o m e n o n predicted by 
M a n d e l s t a m [85] for solids and l iquids was developed 
quant i ta t ively by Leontovich [86]. The physical na tu re of 
the p h e n o m e n o n can be readily unde r s tood if one takes into 
account the fact tha t the scat tering of light m a y be regarded 
as diffraction by a Four ie r componen t ; for example, by an 
adiabat ic f luctuation or an elastic the rma l wave with a wave 
vector ±q. A m a x i m u m of the scattered (diffracted) light is 
observed for exciting light with a wavelength X at an angle 9 
when condi t ion (16) is fulfilled (Fig. 1). F luc tua t ions at the 
most diverse po in t s within a given b o d y generate an elastic 
wave with a wave vector q. Therefore, if a b o d y is heated 
nonuniformly , elastic waves or Four ie r componen t s with 
different ampl i tudes arrive at the poin t of observat ion of the 
scattered light. F o r this reason, if the wave with — q differs 
in ampl i tude from the wave with +q, the intensity of the 
Stokes MB-sca t te r ing componen t also differs from tha t of 
the ant i -Stokes componen t . 

Thus , in the presence of a s teady t empera tu re gradient , 
the scattering at a par t icular ' po in t ' in a sample depends 
also on the t empera tu re of the ne ighbour ing regions. The 
effect depends on the shape and size of a sample, as po in ted 
out by M a n d e l s t a m in his very first communica t ion [85]. 
M a n d e l s t a m also ment ioned tha t the dis t r ibut ion of the 
scattered-light intensity does no t reflect exactly the 
t empera tu re dis t r ibut ion because the Debye waves, res
ponsible for light scattering, are a t tenua ted only very 
weakly and their energy const i tutes a very small p ropo r t i on 
of the energy cor responding to the entire Debye spectrum. 

The first a t t empt to investigate experimental ly the 
scattering of light in a nonuni formly heated b o d y was 
m a d e by Landsbe rg and Shubin [87], who investigated the 
scattering in a nonuni formly heated qua r t z single crystal 
i l luminated with white light. With in the limits of an 
exper imental error of ~ 1%, Landsbe rg and Shubin [87] 
found no deviat ion of the intensity dis t r ibut ion from tha t 
for a uniformly heated body , which enabled them to 
conclude tha t the absorp t ion coefficient is a > 0.75 c m - 1 

for the elastic waves responsible for the light scattering. On 
the other hand , since the discrete Brillouin componen t s are 
observed in a qua r t z crystal, one can pos tu la te tha t 
a < 5 x 1 0 4 c m _ 1 . 

Ano the r interest ing oppor tun i ty for an exper imental 
s tudy of the scattered light in the presence of a t empera tu re 
gradient in a sample was indicated by Vladimirski i [88]. It is 
based on the fact tha t light scattered (diffracted) by the rmal 
waves travell ing a long and opposi te to the t empera tu re 
gradient has different ampl i tudes , so tha t the Stokes and 
ant i -Stokes componen t s have different intensities. 

Accord ing to Leontovich [86], the asymmet ry of the 
intensities of the M B componen t s can be formulated as 
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follows: 

= V ^ C O S ^ B 

/ olT 
(42b) 

where 7S and 7a s are the intensities of the Stokes and an t i -
Stokes MB-sca t te r ing componen t s , 7 is the intensity of the 
scattered light in the absence of a gradient , T is the 
t empera tu re at the test po in t within the med ium, and $ B is 
the angle between the direction of the t empera tu re gradient 
and the direction of p ropaga t ion of an elastic the rmal 
wave. 

A n experiment designed to observe the asymmet ry of 
the intensities of the M B componen t s of light scattered in 
an y t t r ium a luminium garnet ( Y 3 A 1 0 1 2 ) in the presence of a 
steady t empera tu re gradient was unde r t aken by 
Chistyi [89], who described his s tudy in detail. The 
asymmetry of the M B intensities was no t observed in 
this investigation either. 

It follows from the foregoing tha t , s tar t ing from 1934, 
the p h e n o m e n o n has constant ly a t t rac ted the a t tent ion of 
theoret ical and exper imental physicists and its theory has 
been sufficiently complete to obta in significant charac ter 
istics of the scattering med ium from exper imental da ta . 
However , the experiments unde r t aken did no t yield the 
expected result. I described all this interest ing his tory of the 
p rob lem in fair detail (with the exception of Chis tyi ' s 
work [89]) in m y b o o k [11] publ ished in our coun t ry in 
1965 and in an English t rans la t ion in the U S A in 1968. It 
appears tha t , qui te independent ly of Leontov ich ' s s tud
ies [86] described above, several theoret ical invest igations of 
f luctuat ions in a nonequi l ib r ium med ium and in par t icular 
of the scattering of light by these f luctuat ions were 
unde r t aken [90] and the expression obta ined for the 
asymmetry of the M B componen t s in the presence of a 
t empera tu re gradient agreed with tha t predicted [Eqn (42a)] 
by the 50-year-old Leontovich theory [11, 86]. 

Studies were then publ ished by au tho r s familiar with the 
early theoret ical and exper imental investigations [83, 91 -
93]. This account na tura l ly does not cover all the theoret ical 
invest igations in this field. 

A qual i ta t ive observat ion of the asymmetry of the M B 
componen t s of the scattering in liquid water in the presence 
of a t empera tu re gradient Vr = 1 0 0 K c m _ 1 has been 
repor ted [94]. 

Subsequent ly Kiefte, Clouter , and Penney [95] quan t i 
tatively determined the asymmet ry of the M B componen t s 
in the presence of a t empera tu re gradient in water and in 
fused quar tz . 

The asymmetry of the M B componen t s predicted by the 
theory [95] can be formulated as follows: 

(?-vr) 
i n 

(42c) 

where 

^as 

v is the velocity of sound; T and q are defined by E q n s (20) 
and (13). E q n (42b) is t ransformed into E q n (42c) if 
account is t aken of E q n s (20) and ( 3 1 ) - ( 3 4 ) . 

Fig. 13 is a schematic d iagram of the a p p a r a t u s used by 
Kiefte et al. [95]. In this appa ra tus , the scattered light 
was observed at an angle of ~ 1° and was analysed with 
the aid of a confocal F a b r y - P e r o t interferometer . The 
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K2, s c a t t e r e d 
'T v r 

Figure 1 3 . S c h e m a t i c d i a g r a m o f t h e a p p a r a t u s u s e d in d e t e r m i n a t i o n o f 

t h e M B s p e c t r u m o f a m e d i u m w i t h a c o n s t a n t t e m p e r a t u r e g r a d i e n t [95]. 

H e r e , P M is a p h o t o m u l t i p l i e r . 

t empera tu re gradient was varied in the range 0 - 4 5 K c m -

at t empera tu res of 2 8 8 - 3 0 7 K. The dependence of the 
Jasymmet ry of the intensity of the M B componen t s on 
q'VT/q2 is i l lustrated in Fig. 14. 

The correlat ion function C(T,q), describing the central 
or Rayleigh line in the presence or a steady t empera tu re 
gradient Vr, was subsequent ly calculated on the basis of 
a theory of the interact ing modes of diffusional and viscous 
mot ions . 

The correlat ion function obta ined has the following 
form: 

C(t,q) = Ch{l+C0 ( l + y ) e x p ( - 7 V r ) 

-A exp 
-P

qT ) ]}• 
where 

A = B 
(V7f 

B =• 
CP 

T[(r,/p)2-D2} ' 

C b defines the b a c k g r o u n d against which the correlat ion 
function is observed, C 0 is the correlat ion function for 
Vr = 0, and T is the average absolute t empera tu re . 

The exper iments show tha t the theoret ical predic t ions 
described above agree with exper imental results for a 
liquid [96]. 

4. Spectroscopic investigations of the central 
(Rayleigh) line in the scattered-light spectrum 
The spectra of light scattered by adiabat ic f luctuat ions of 
the density or of the pressure are considered above. I shall 
n o w discuss isobaric f luctuations of the density or of the 
en t ropy AS or of the t empera tu re Ar. 

This topic has been the subject of var ious theoret ical 
invest igations concerned with a range of media 
[11, 83, 84, 9 6 - 9 8 ] . F luc tua t ions of the en t ropy in l iquids 
and solut ions will n o w be considered, bu t the conclusions 
reached are fully applicable to all types of media within the 
hyd rodynamic approx imat ion . 

As in the case of adiabat ic f luctuat ions of the density, 
the spectral singularities of the light scattered as a result of 
the en t ropy f luctuat ions are governed by the law of 
modu la t i on of the light scattered by the t ime-dependent 
f luctuat ions of the entropy, t empera tu re , or concent ra t ion 
(if a solution is considered). 

The en t ropy or t empera tu re f luctuat ions appear and 
disperse at a ra te governed by the the rma l diffusivity % of a 
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F igure 1 4 . D e p e n d e n c e o f t h e a s y m m e t r y o f t h e i n t e n s i t i e s o f t h e M B 
c o m p o n e n t s o n VT/q2: (a) v a r i o u s d a t a for w a t e r , V T = 1 7 - 4 0 K c m - 1 

a n d T — 288 K ( o p e n c i rc les ) , 293 K ( b l a c k c i rc les ) , 2 9 8 K ( o p e n s q u a r e s ) , 
a n d 303 K ( b l a c k s q u a r e s ) ; VT = 2 8 . 3 K c m " 1 a n d T — 2 9 6 K ; ( b ) ' b e s t ' 
r e s u l t s for w a t e r w i t h VT — 45 K c m - 1 a n d T — 307 K , t h e o u t e r a r r o w s in 

t h e u p p e r p a r t o f t h e f igu re c o r r e s p o n d t o q — 3 0 0 0 c m - 1 a n d t h e i n n e r 
a r r o w s c o r r e s p o n d t o 4 0 0 0 c m - 1 ; (c) d a t a o b t a i n e d for fused q u a r t z , 
V r = 8 0 K c m - 1 a n d T — 315 K , t h e a r r o w a t t h e t o p c o r r e s p o n d s t o 
4 = 4 0 0 0 c m - 1 [95]. 

given med ium or by the diffusion coefficient D if the 
med ium is a solution. The na tu re of the t ime dependence 
of the rms f luctuat ions of the en t ropy ( tempera ture) is 
described by the wel l -known Four ie r equat ion or by the 
heat conduct ion equat ion . If we assume the previously 
discussed t ime dependence of an optical inhomogenei ty 
described by (An2)1'2, {AS2)1'2, (AT2)1'2, (AC2)1'2, and if 
we pos tu la te tha t (An2) ' 2 is described by $(t)9 we can wri te 
the Four ie r equat ion in the following form [11]: 

d-xV20 = O . (43) 

W e shall seek the solution of Eqn (43) in the usua l form 

<p(t) = <pQ Qxp[i(mt - q-r)] . 

Subst i tut ion of this solut ion into E q n (43) gives 

&(t) = <2>0 exp(-<5sf) e x p ( - i ? . r ) , (44) 

where 

<5S = q X 

and 

X CPp ' 

(45) 

(45r) 

Here , K is the the rmal conduct ivi ty and CP is the specific 
heat at cons tant pressure. 

It follows from Eqn (44) tha t the resul tant f luctua
t ions ( A S 2 ) 1 / 2 and ( A r 2 ) 1 / 2 disperse in accordance with 
an exponent ia l law and the ra te of dispersal or the 
spreading t ime T s = 1/(5s is governed by the cons tant % 
and by the wave number q. By way of example, it is 
assumed tha t X = 5 x 1 0 - 5 cm and % = 1 0 - 3 c m 2 s - 1 , then at 
6 = 90 °C, the spreading t ime is T s ~ 1 0 - 8 s. The scat tered-
light field, modu la t ed by Eqn (44), is then 

E(t) = E0<P0Qxp(-dst)Qxp(icot) , 

which leads to the following t ime dependence of the 
scattered-light intensity 

I(t)=h exp(-2<5sf) (47) 

It follows from E q n (47) tha t the light scattered by the 
en t ropy f luctuat ions decays exponential ly wi thout oscilla
t ions of the kind observed for the adiaba t ic f luctuat ions 
described by E q n (17). 

Since the concent ra t ion f luctuat ions (AC 2 ) 1 / 2 disperse 
in accordance with the same law as (AS 2)1'2, it follows tha t 
the na tu re of the solution and the subsequent expressions 
should be the same as for ( A S 2 ) 1 / 2 if X is replaced with the 
diffusion coefficient D, so tha t the function modu la t i ng the 
scattered light is 

0(t) = &0 Qxp(-Sct) Qxp(-iq-r) 

where 

Sc = q2D . 

(48) 

(49) 

(46) 

In one of his early pape r s M a n d e l s t a m [17] considered 
the f luctuat ions of the t empera tu re and concent ra t ion , and 
derived E q n (47). H e discussed [17] the process leading to 
the appearance of an unshifted line in the scattered-light 
spectrum. The dis t r ibut ion of the intensity on the frequency 
scale of such a line can be obta ined by expanding E(t) as a 
Four ie r integral and then calculat ing the scattered-light 
intensity as a function of the frequency. This is exactly the 
p rocedure adop ted above in E q n s ( 2 5 ) - ( 3 0 ) and the final 
result is 

/.(«>) = ^ % - (50) 

The to ta l intensity of the central componen t 7 i s is 
t'OC 

Is(co)dco = Iis , (51) 
J—oo 

where 7 i s is given by Eqn (3). 
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The half-width of this line at hal f -ampli tude 7 s (co)/2 is 
then 

X • (52) 

Here , q is given by Eqn (13). 
In the same way we can obta in the intensity Ic(co) of the 

light scattered as a result of the concent ra t ion f luctuations: 

/c(fl>) = ca2+d2

c 

(53) 

where 7C is described by E q n (4) and the line half-width at 
hal f -ampli tude 7 c (co)/2 is 

r = 8coc = q D (54) 

A n est imate of the t ime needed to establish the spectrum of 
light scattered by the concent ra t ion f luctuations, ob ta ined 
on the assumpt ion tha t D = 10~ 5 c m 2 s _ 1 and tha t the 
condi t ions are the same as in the preceding example, gives 
T C ~ 10~ 6 s. The Einstein expression for the m u t u a l 
diffusion coefficient D is 

D = 
kT 

6nrjr 
(55) 

where rj is the shear viscosity and r is, strictly speaking, the 
rad ius of a macroscopic particle. 

Einstein also applied this expression to molecules, bu t 
the result is physically meaningless and can be justified only 
by the success of expression (55) in the case of molecular 
systems. 

The half-width of the central (Rayleigh) line for the 
scattering in a one -componen t med ium or in a solution can 
be described by a general expression of the following type: 

t 
(56) 

where L are the Onsager kinetic coefficients and x* is the 
generalised susceptibility. 

In the critical range the value of L is practical ly 
independent of t empera tu re , whereas x* increases strongly 
because of the critical opalescence [ 9 9 - 1 0 4 ] and, therefore, 
the central line half-width tends to zero. Therefore, a 
reduct ion in the half-width of the Rayleigh scattered-light 
line and an increase in its intensity are due to the same cause 
which is an increase in the correlat ion rad ius of the 
concent ra t ion f luctuat ions in a solut ion or of the density 
f luctuat ions in a one -componen t liquid because of app roach 
to the critical point . 

Express ions (5) and (7) derived for the intensity of the 
scattered light are inapplicable to the case when the 
t empera tu re of a liquid or a solut ion is close to the critical 
t empera tu re . Expressions (5) and (7) are derived on con
dition tha t the f luctuat ions are independent of one another . 
In the region of the critical t empera tu re this condi t ion is no t 
satisfied. In the critical region the f luctuat ions influence one 
ano ther at effective distances r c , which can be called 
the correlat ion radii . This impor t an t poin t was allowed 
for by Ornstein and Zernike [105] who generalised expres
sions (5) and (7) to the critical range of t empera tures . 
This general isat ion by Ornstein and Zern ike leads to the 
following expression for the intensity of the scattered light 
hz'-

where 7 is given by Eqns (5) or (7). In the limiting case of 
long-wavelength ha rmon ics (q —> 0), we find tha t (57) 
reduces to the initial expressions (5) and (7). The depend
ence of IQZ o n # 2 is a s traight line, the slope of which 
makes it possible to find r 2 . In this me thod the 
de terminat ion of r c requires finding first the dependence 
of the relative intensity on the scat tering angle or, 
equivalently, on q. This has been done on m a n y occasions 
(see, for example, Refs [11, 102, 1 0 7 - 1 0 9 ] and the l i tera
ture cited there) . 

Ano the r me thod for de terminat ion of the correlat ion 
rad ius of the ent ropy, t empera ture , or concent ra t ion 
f luctuat ions is pure ly spectroscopic. It basically involves 
de terminat ion of the width of the Rayleigh line in the 
scattered-light spectrum. The first de te rminat ion of the 
Rayleigh line width in the critical region was repor ted 
by Alper t , Yeh, and Lipswor th [110], bu t since then there 
have been extensive and multifaceted theoret ical investiga
t ions [11, 1 0 2 - 1 0 9 ] . A brief account will no t be given of 
some results of the studies of critical solut ions which have a 
double critical poin t . Systems of this kind have been largely 
neglected, a l though they are of considerable interest for the 
unde r s t and ing of the physical features of phase t rans i t ions 
in general [111]. 

The phase d iagrams of some b inary solut ions represent a 
crater-like surface when plot ted in te rms of the coordina tes 
t empera tu re T and concent ra t ion C. Inside such a crater the 
c o m p o n e n t s o f t h e s o l u t i o n b e c o m e s e p a r a t e d . T h e m i n i m u m o f 
the crater cor responds to a double critical poin t (Fig. 15). 

There are m a n y solut ions with the upper critical poin t : 
by way of example, we can ment ion n i t r o b e n z e n e - h e x a n e , 
aniline - cyclohexane, n i t r o e t h a n e - t r i m e t h y l p e n t a n e , and 
m a n y others . A crater-like phase d iagram with its 
ex t remum at TcL and C L has the lower critical point . By 
way of example, we can ment ion t r i m e t h y l a m i n e - w a t e r , 
g a m m a - c o l l i d i n e - w a t e r , l u t i d i n e - w a t e r . There are fewer 
solut ions with the lower critical point . There are also certain 
systems which, described in te rms of the coordina tes T and 
C, form closed regions or loops inside which the c o m p o -

/ 0 Z = / ( l + ^ C ) _ 1 , (57) 

Figure 15 . P h a s e d i a g r a m w i t h a c r a t e r - l i k e p h a s e s e p a r a t i o n s u r f a c e (Cx is 
t h e c o n c e n t r a t i o n o f t h e t h i r d c o m p o n e n t ) : ( 7 ) l ine o f l o w e r c r i t i c a l 
p o i n t s ; (2) l ine o f u p p e r c r i t i c a l p o i n t s . T h e s u r f a c e m i n i m u m 
c o r r e s p o n d s t o t h e d o u b l e c r i t i c a l p o i n t ( w h i c h is t h e p o i n t w h e r e l ines 1 
a n d 2 m e e t ) [111]. 
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nen ts of the b ina ry solution become separated and the 
pos i t ions of the separate phases are stable. 

The last type of phase d iagram appears only if a small 
a m o u n t ( ~ 0.5% - 1 . 0 % ) of the third componen t is added 
to a b inary system. F o r example, water m a y be added to a 
g u a i a c o l - g l y c e r o l solution, N a 2 S 0 4 to a jS-pico l i n e - w a t e r 
solut ion, and salt to an O H - p r o p a n o l - w a t e r solution. 
There are relatively few such solut ions and they have been 
studied less thoroughly . The greater the a m o u n t of water in 
a g u a i a c o l - g l y c e r o l solution, the larger the region where 
guaiacol and glycerol do not form a solution, bu t are in 
separate stable phases . 

Systems of this kind s imultaneously possess the upper 
and lower critical po in ts (represented by hor izonta l sections 
of the crater in Fig. 15). 

Since the na tu re of the phase d iagram depends strongly 
on the a m o u n t of the added thi rd componen t , a th ree-
dimensional phase d iagram can be constructed, as is done 
for a g u a i a c o l - g l y c e r o l solut ion in Fig. 15. In this figure 
the vertical axis gives Cx, which is the concent ra t ion of 
water . The other two coordina tes are the t empera tu re and 
the concent ra t ion of guaiacol in glycerol. 

The phase d iagram is then a crater-l ike surface and the 
upper and lower critical po in t s are t ransformed into lines of 
such poin ts . The double critical po in t is where the lines of 
critical po in ts meet at the ex t remum. 

As poin ted out earlier, the half-width of the central 
(Rayleigh) line in the scattered-light spectrum is equal to the 
p roduc t of the square of the wave number and the m u t u a l 
diffusion coefficient, as given by E q n (54). It follows 
from E q n (55) tha t the diffusion coefficient is itself a 
function of t empera tu re , as well as of the shear viscosity 
and of the size r, which in the critical region should differ 
greatly from the size of a molecule and which represents the 
correlat ion rad ius of the concent ra t ion f luctuations. 

Extensive exper imental and theoret ical investigations 
have ben m a d e of phase t rans i t ions and critical p h e n o m e n a 
in var ious media under diverse condi t ions [ 3 2 - 3 6 , 38, 97, 
98, 1 0 0 - 1 0 2 , 106, 107, 112, 113]. There have also been 
m a n y a t t empts to develop a theory of phase t rans i t ions 
and critical p h e n o m e n a of solut ions tha t exhibit phase 
separa t ion. Here , I shall ment ion pr imari ly the papers 
tha t have led to the development of a theory of interact ing 
modes [97, 98, 100, 101, 1 1 4 - 1 1 9 ] . This theory accounts 
well for the exper imental results and describes the half-
width of the central line in the spectrum represent ing the 
concent ra t ion f luctuat ions by the expression 

kT 1 

T = r Q + r c = DQq2(l + x2)+DcRq2K(x) (58) 

The subscripts B and c indicate tha t the quant i ty is divided 
into the b a c k g r o u n d (B) and critical (c) pa r t s ; q is the wave 
number of the scattered light; x = qrc, where r c is the 
correlat ion rad ius of the concent ra t ion of f luctuations; 
R = 1.027; K(x) is a function of the following 
type [120, 121]: 

K(x)=-x 2 [ l + x 2 + ( x 3 - x ! ) a r c t a n x ] (59) 

The b a c k g r o u n d DB and critical Dc values predicted by this 
theory [115, 116, 122] are 

kT 

6nrjrc 

(60) 

D B = T 7 
16f/Br c qrc 

(61) 

Here , rj is the shear viscosity and its b a c k g r o u n d 
componen t is rjQ. The value of qc can be found from [122] 

Qo1 = 2qoX exp ( 4o (62) 

qD and g 0 are quant i t ies with the dimensions of the wave 
number . Q0 can be obta ined from the t empera tu re 
dependence of the shear viscosity [122] 

1B 
(63) 

Here , xn is the critical exponent of the viscosity and qD is a 
finite number , bu t such tha t the theory based on the 
approx ima t ion of a con t inuous med ium is applicable. It 
therefore follows from expressions ( 5 8 ) - ( 6 3 ) predicted by 
this theory tha t measurements of all the quant i t ies in these 
expressions (with the exception of r c ) can be used to find r c 

and its t empera tu re dependence, as was done for the 
g u a i a c o l - g l y c e r o l solut ion [123]. If r c is wri t ten in te rms 
of the dimensionless t empera tu re [124], the following 
expression can be used: 

r c = r o ( 8 ! 8 2 ) v , (64) 

where 

r P

L - t 

Here , T\ and T^ are the lower and upper critical 
t empera tu res of the g u a i a c o l - g l y c e r o l mixture , r 0 is a 
constant , and v is the critical componen t . 

This investigation has established tha t if 
Ar = r y - T\ > 1.5 °C, the critical exponent is 
0.631 ± 0.094 in agreement with Ref. [128] and our earlier 
measurements [125, 126]. This result fits within the f rame
work of the f luctuation theory, bu t if the phase separat ion 
region cor responds to Ar < 1.5 °C, the value of v decreases 
tending to v = 0.5 as predicted by the L a n d a u theory. This 
result is somewhat unexpected. 

In the direct vicinity of the double critical po in t the 
exper imental value of the critical exponent [123] is 
v = 1.02 ± 0.01, a l though one would expect v = 1.26 (for 
details see Ref. [123]). 

A n extensive theoret ical investigation of some of the 
systems with the double critical po in t was repor ted in 
Ref. [127]. This purely theoret ical paper describes phase 
d iagrams and gives a physical explanat ion of the existence 
of the upper and lower critical po in t s on the basis of the 
s trength of the hydrogen-bond ing force. 

However , it seems tha t the physical origin of the lower 
critical po in t needs new studies and convincing a rgumen t s 
to ensure the correct unde r s t and ing of the na tu re of the 
p h e n o m e n a involved. 

Exper imenta l studies of g u a i a c o l - g l y c e r o l solut ions 
have revealed several surprising effects. F o r example, if 
such a solution is carefully purified to remove water , it 
becomes h o m o g e n e o u s in te rms of the coordina tes T and C 
for any value of T and C. Only the addi t ion of abou t 0 .5% 
of water causes the solution componen t s to separate in a 
certain region and the greater the a m o u n t of water the 
greater this region, bu t it is sufficient to add, for example, 
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Figure 16 . D e p e n d e n c e o f t h e r e d u c e d h a l f - w i d t h r* o f t h e R a y l e i g h l ine (5) S F 6 (pc); (6) C 0 2 ( c o e x i s t e n c e c u r v e ) ; (7) C 0 2 (p2)', (8) X e 
o n qrc for v a r i o u s s y s t e m s : (7 ) n i t r o e t h a n e - 3 - m e t h y l p e n t a n e ; (2) i s o - ( c o e x i s t e n c e c u r v e ) ; (9) X e (pc) (see Ref . [71]). 
b u t y r i c a c i d - w a t e r ; (3) a n i l i n e - c y c l o h e x a n e ; (4) 2 , 6 - l u t i d i n e - w a t e r ; 

e thanol to such a solut ion in a m o u n t s smaller t han tha t of 
water to induce d isappearance (collapse) of the phase 
separat ion region, so tha t the solut ion is again h o m o g e 
neous . 

In the theoret ical t r ea tment given in Ref. [127] it is 
stated tha t the na tu re of the lower critical poin t depends 
strongly on the behaviour of the strength of the hydrogen-
b o n d i n g forces in the vicinity of this point . 

However , our exper imental investigation [128] h a d 
shown tha t the strength of the hydrogen-bond ing forces 
behaves differently in the regions of the upper and lower 
critical poin ts . This could be used as the suppor t of the 
hypothesis pu t forward in Ref. [127]. However , the follow
ing new impor t an t evidence has been obta ined recently. 

If a small a m o u n t of benzene of C C 1 4 (each substance is 
free of hydrogen bonds ) is added to a initially 'd ry ' 
h o m o g e n e o u s solut ion, a separat ion region appears in 
this solution. The quest ion therefore arises whether the 
hydrogen-bond ing forces are impor t an t here or are we 
dealing with something else? 

Ethyl alcohol, which does not induce a phase separat ion 
region and can even suppress it if it is induced by the 
presence of water , dissolves well in b o t h componen t s of the 
solut ion, whereas water dissolves in jus t one componen t 
(glycerol), and benzene and C C 1 4 also dissolve in one 
componen t (guaiacol) . 

This whole p h e n o m e n o n has to be investigated in 
greater detail experimentally. A solution with a double 
critical po in t and, in par t icular , a g u a i a c o l - g l y c e r o l 
solut ion represents a special object which is very sensitive 
to the intermolecular in teract ions and, therefore, can be 
studied experimental ly m o r e readily than other objects. If 
the cases abou t which there is little exper imental evidence 
are excluded, it is found tha t the theory of interact ing 

modes describes well the great variety of accumula ted 
exper imental da ta . 

A compar i son of the theoret ical expressions with these 
da ta is m a d e by deriving the following dimensionless 
quant i ty (width) from E q n (58): 

= 6nrj rc 

c kT q3 

and p lo t t ing this quant i ty as a function of qrc and then 
super imposing the exper imental values on the con t inuous 
curve obta ined in this way [129]. 

Fig. 16 shows h o w well the theory fits the exper imental 
results. 

5. Spectrum of depolarised scattered light 
A polar isa t ion analysis shows tha t the scattered light 
consists of linearly polar ised light, scattered by optically 
isotropic inhomogenei t ies result ing from fluctuat ions of— 
for example — the density and ent ropy, and depolarised 
light scattered by anisot ropic inhomogenei t ies due to 
f luctuat ions of the aniso t ropy. 

The depolar isa t ion of scattered light was discovered a 
long t ime ago. The first results were repor ted by 
Tyndal l (1869) and were obta ined in a s tudy of the 
polar isa t ion of light scattered by small solid particles. 
This has been confirmed by studies of light scattered by 
the terrestr ial a tmosphere and finally, much later, by 
invest igations of light scattered in gases, l iquids, and solids. 

5.1 Estimate of the integral intensity of light scattered as 
a consequence of anisotropy fluctuations 
The integral intensity of light scattered as a result of 
f luctuat ions of the an i so t ropy of l iquids frequently exceeds 



838 I L F a b e l i n s k i i 

the intensity of light scattered as a consequence of isotropic 
f luctuat ions [11]. 

Let us assume tha t a paral lel beam of na tu ra l light 
p ropaga te s a long the x axis and tha t an isotropic opt ical 
inhomogenei ty (f luctuation) is located at the origin of the 
coord ina te system. The exciting light induces a m o m e n t P in 
the inhomogenei ty and the scattered-light field can be 
described by Ef oc AsP, where As is a scalar, and therefore 
the electric vector of the light wave Ef is paral lel to P or, in 
other words , only linearly polar ised light is present , 
irrespective of whether the exciting light is na tu r a l 
(Ez = Ey) or l inearly polar ised (Ez). In this case and those 
discussed later the scattered light is observed a long the y 
axis at 90° to the direction of the exciting light. In this 
geometry, i l luminat ion of an inhomogenei ty by linearly 
polar ised light with E = Ey p roduces no scattered light 
a long the y axis. 

If an anisot ropic inhomogenei ty is located at the origin 
of the coord ina te system, the induced m o m e n t P does no t 
coincide in the direction with Ez and we have E \ OC AsikEh 

where Asik is a tensor and the scattered light has two 
componen t s Ef

z and Ef

x; this results in depolar isa t ion of the 
scattered light. 

A measure of this depolar isa t ion is the depolar isa t ion 
coefficient described as the rat io 

\E'\2 Ir 

\E'Z\ I7 

The indices x and z are usual ly replaced with H , when the 
posi t ion of the electric field vector is hor izonta l (in the 
scattering plane) , and with V, when this vector is vertical 
(perpendicular to the scat tering plane) . Two such indices 
are employed and the first refers to the direction of E in the 
exciting light and the second to the posi t ion of E in the 
scattered light. 

If the intensity of the polar ised scattered light is denoted 
by I = Iyy and the intensity of the depolarised scattered 
light is z = zVv + * V H > the depolar isa t ion coefficient of the 
to ta l scattered-light flux, which for 9 = 90° is 

J — 7yy + iyy + / V H •> 

is described by the expression 

A = *VH 

u T _ L • ' 
1 W " T * W 

(65) 

(66) 

and the depolar isa t ion coefficient of the light scattered by 
the an iso t ropy f luctuat ions is 

* V H (67) 

El iminat ion of ; V v a n d * V H from Eqn (65) by means 
of Eqns (66) and (67) gives 

J = h 
' p-A 

(68) 

Accord ing to the theory and in full agreement with 
experiments (see Ref. [11] and the l i terature cited there), 
when the exciting light is na tura l , then p = 6 /7 , and for the 
excitation with linearly polar ised light, the cor responding 
value is p = 3/4. 

The expression given by the fraction in E q n (68) is 
k n o w n as the C a b a n n e s factor because C a b a n n e s was the 

first to al low for the integral intensity of light scattered 
because of the an iso t ropy f luctuat ions. 

If p = 6 /7 , this factor is 

6 + 1A 
6-1A 

bu t for p = 3 /4 , it becomes 

3 + 3 ^ 1 
3-4A 

The to ta l intensity of the molecular ly scattered light 
when the scattering angle is 6 = 90° can therefore be found 
if expressions ( 2 ) - ( 5 ) and (7) are multiplied by f(A). 

The rela t ionships given above readily yield the rat io of 
the integral intensity / of light scattered by the an iso t ropy 
f luctuat ions to the intensity / of light scattered by the 
density f luctuations: 

i = A(l+p) 
I ~ p-A 

B (69) 

If the exciting light is na tu ra l , then A = Au applies to 
this exciting light and we again have p = 6 /7 , bu t if the 
exciting light is l inearly polar ised and the vector E is 
perpendicular to the scat tering plane , then A = Ay and 
p = 3/4. The relat ionship between Au and Ay is 

2A 
1 + A 2-An 

(70a) 

If the exciting light is na tura l , it follows from measure 
ment s tha t B = 1.92 for benzene, 5.15 for ca rbon disulfide, 
13 for salol and benzophenone . In other words , the intensity 
of light scattered by the an i so t ropy f luctuat ions in these 
substances can exceed the intensity of light scattered on the 
density f luctuat ions by a factor of 2, 5, or even an order of 
magni tude . F o r substances such as acetone we have 
B = 0.56, for ethyl ether we have 0.20, and for ca rbon 
te t rachlor ide it is 0.12, so tha t for these substances the 
intensity of light scattered by the aniso t ropy fluctuations is 
much less than the intensity of light scattered by the density 
fluctuations. The ratio (69) makes it possible to estimate the 
value of B for any substance. 

5.2 Spectrum of depolarised light scattered in liquids 
The depolarised light scattered by the an iso t ropy fluctu
at ions has been discovered in the spectrum of scattered 
light in the form of a fairly wide b a n d with a m a x i m u m 
which coincides with the posi t ion of the frequency of the 
exciting light and which falls on either side, bu t extends by 
1 0 0 - 1 5 0 c m - 1 or further and is usual ly called the wing of 
the Rayleigh line. 

This effect was discovered s imultaneously by F rench and 
Ind ian physicists in 1928. A t t e m p t s to account for the 
physical origin of the depolarised light in the spectrum 
had been m a d e by French , Ind ian , and Soviet physicists, bu t 
the explanat ions p roposed up to 1934 had been incorrect 
and will no t be discussed here (see Ref. [11] and the 
l i terature cited there). 

The origin of the Rayleigh line wing is explained 
correctly by L a n d a u and Plachek in a paper dealing 
with a completely different topic [130]. In this paper the 
Rayleigh line wing is referred to only once as follows: "in 
the case of l iquids the Debye relaxat ion t ime creates a 
definite role in the s t ructure of this p a r t " . 



S p e c t r a o f m o l e c u l a r l igh t s c a t t e r i n g a n d s o m e o f t h e i r a p p l i c a t i o n s 839 

This first indication of the relaxation origin of the 
Rayleigh line wing has played its role and has been 
significant. 

The first quant i ta t ive re laxat ion theory of the spectrum 
of light scattered in a viscous liquid, based on the 
Maxwel l ian theory of viscosity, was p roposed by L e o n t o 
vich [131]. 

This simplified, bu t still qui te complex theory, yields 
expressions describing the dis t r ibut ion of the intensity in the 
M B componen t s due to the longi tudinal and t ransverse 
the rmal waves, as well as the dis t r ibut ion of the intensity in 
the Rayleigh line wing. Leon tov ich ' s calculat ions also give 
the degree of depolar isa t ion of the scattered light as a 
function of the frequency [131]. 

One of the simplifications in Leon tov ich ' s theory is tha t 
it pos tu la tes the existence of just one an iso t ropy relaxat ion 
t ime T . There are also other simplifications in this theory, 
bu t they will no t be discussed, because use will be m a d e of 
the results of m o r e general theories. It should, however , be 
po in ted out tha t the advan tage of Leon tov ich ' s theory is its 
physical clarity in the descript ion of the na tu re of the 
p h e n o m e n o n and a demons t ra t ion of h o w this p h e n o m e n o n 
is l inked to other physical effects. 

Leontov ich ' s expressions for the dis t r ibut ion of the 
intensity in the Rayleigh line wing in the case of excitation 
of the scat tering by na tu ra l light are as follows: 

1A kT 2 T 

12/1 1 + co\2 9 

A2kT 2 T 

2\i 1 + COZTZ 

(70c) 

where Iy(co) and In(co) are the intensities of the scattered 
light (considered as a function of the frequency measured 
from the frequency of the exciting light) with the vertical 
and hor izon ta l polar isa t ions , respectively; A is a quan t i ty 
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F igure 17 . D i s t r i b u t i o n o f t h e i n t e n s i t y in t h e f a r - f r e q u e n c y p a r t o f t h e 
R a y l e i g h l ine w i n g o b t a i n e d for t h e s c a t t e r i n g in s a l o l a t v a r i o u s 
t e m p e r a t u r e s ( 7 ) 1 2 0 ° C ; ( 2 ) 2 0 ° C ; (3) 0 ° C [63]. 

related to the Maxwel l ian constant M by M = A T ; \I is the 
shear modu lus . It follows from E q n s (70b) and (70c) tha t 
the depolar isa t ion coefficient is p = / H / / v = 6 /7 , in 
agreement with the value given above. 

Fig. 17 shows the dis t r ibut ion of the intensity in the far 
pa r t of the Rayleigh line wing ( R L W ) of salol obta ined at 
three different t empera tu res [63]. 

The theoret ical expressions (70) provide ra t iona l ways 
of compar ing theory with experiment . One such way, which 
I p roposed [132], is as follows. 

The reciprocal of the intensity / ( c o ) - 1 is p lot ted a long 
the ord ina te and co2 a long the abscissa [Eqns (70a ) - (70c ) ] . 
Then the equat ion for the straight line can be wri t ten as 
follows: 

+ -
2 2 

CO T 

This straight line readily yields 

• d [ / - » P 1 / 2 _ f d [ / - » ] V 
1 dco2 J 

(71) 

It is therefore possible to determine the relaxat ion t ime 
of the an i so t ropy f luctuat ions easily if the simplified theory 
is no t in conflict with the exper imental results. Fig. 18 
shows schematically the results usual ly obta ined experi
mental ly for the R L W of var ious liquids in a wide frequency 

(70b) range . 

Figure 18 . S c h e m a t i c d e p e n d e n c e o f I l(co) o n co2 in t h e R a y l e i g h l ine 
w i n g in t y p i c a l c a s e s . E x p l a n a t i o n s in t e x t . 

This typical g raph shows immediately tha t there are two 
regions with a linear dependence: A B and BC. It follows 
from this exper imental result tha t the R L W has at least two 
an i so t ropy relaxat ion t imes: X\ (cor responding to AB) and 
T 2 (BC), where xx > T 2 . The region C D cannot be described 
by a straight line and very different explanat ions of this 
region have been pu t forward. 

Fisher [133] assumes, like m a n y others , tha t this far pa r t 
of the R L W is described by an exponent ia l frequency 
dependence of the intensity. S ta runov [134] and others 
assume tha t the region C D can be described by a power 
function. The quest ion cannot be regarded as finally 
resolved, because no reliable exper imental invest igations 
of this par t of the spectrum have yet been made . In the 
region C D the intensity is very low and, therefore, within 
the limits of the considerable error of such measurements , 
b o t h po in t s of view can be 'confi rmed' . 
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The an iso t ropy relaxat ion t imes for the regions A B and 
BC can be determined qui te reliably by the above me thod , 
as repor ted in [132]. 

It should be stressed once again tha t the an iso t ropy 
relaxat ion t imes are determined a long the spectrum on the 
assumpt ion tha t only one physical process, which is the 
an i so t ropy relaxat ion, is responsible for the R L W . H o w 
ever, in general , there m a y be other processes tha t 
cont r ibu te to the spectrum of the depolarised light scat
tered in l iquids. 

De te rmina t ion of the an iso t ropy relaxat ion t ime from 
the spectral line width is an indirect me thod and there have 
been so far no direct measurements which would have 
raised doub t s abou t the values of xx and x2 obta ined from 
the spectrum of depolarised scattered light. M a n y such 
doub t s have been raised and the results obta ined have even 
been rejected outr ight , bu t there is no need to consider them 
here because the direct m e t h o d s for the de terminat ion of T , 
which became available a quar te r of a century ago, are in 
surprisingly accura te agreement with the values found from 
the spectrum of depolarised light scattered in liquids. The 
optical m e t h o d s for the direct de te rminat ion of the 
an i so t ropy re laxat ion t imes began with the work of 
D u g u a y and H a n s e n [135] and are n o w conducted on a 
huge scale. Reviews of this topic were wri t ten a long t ime 
ago [136] and b o o k s on the subject are available (see, for 
example, Ref. [137]). The optical m e t h o d s for the direct 
de te rminat ion of the an i so t ropy relaxat ion t ime are in mos t 
cases based on the optical Ke r r effect, observed for the first 
t ime by Maye r and Gires [138] and also by M a k e r , 
Terhune , and Savage [139], and can be described as 
follows: a short intense light pulse induces birefringence 
in a liquid of anisot ropic molecules, in a manne r similar to 
tha t induced by a static electric field (Kerr effect). The 
optical Ke r r effect can therefore be used to construct an 
optical light switch which acts t h r o u g h o u t an intense light 
pulse. 

The use of intense picosecond light pulses has m a d e it 
possible to determine directly the an iso t ropy relaxat ion 
t ime, called xx above, determined from the region A B of the 
spectrum (Fig. 18). Relat ively recently it had become 
possible to measure T 2 with the aid of femtosecond light 
pulses, bu t the measurements are limited so far to several 
l iquids listed in Table 1. The results given in this table are 
t aken from reviews and original pape r s [137 -142] . The 
direct and indirect measurements of xx are in good 
agreement . There is also a good agreement for x2 in the 
case of ca rbon disulfide studied on different occasions, bu t 
a s t rong divergence between the results of the direct and 
indirect measurements of x2 of n i t robenzene [134, 136, 137], 
and those obta ined with femtosecond pulses [142]. Fu r t h e r 
work will show whether this is a physical process or the 

Table 1. R o o m - t e m p e r a t u r e a n i s o t r o p y r e l a x a t i o n t i m e s i\ a n d T 2 > 
d e t e r m i n e d i n d i r e c t l y a n d d i r ec t l y . 

L i q u i d D e d u c e d f r o m s p e c t r a D i r e c t m e a s u r e m e n t s 

1 0 % / s 1 0 1 2 T 2 / S 1 0 1 2 T ! / S 1 0 1 2 T 2 / S 

C a r b o n d i su l f i de 2 .4 0.21 2 + 0.5 0 .24 

N i t r o b e n z e n e 4 4 . 6 - 3 9 3.6; 1 4 7 . 4 3 1 . 8 ± 2 . 0 

T o l u e n e 4.1 0 .17 5 ± 1 — 

B e n z e n e 3.3 0 .24 4 ± 0 . 5 — 

C h l o r o b e n z e n e 6.3 ± 0 . 3 

difference which results from imperfections of the measu re 
ments . 

The good agreement between the direct and indirect 
measurements of xx makes it possible to use the spectrum of 
depolarised light scattered in var ious media to s tudy 
relaxat ion processes and to find xx. Deve lopment of 
femtosecond pulse m e t h o d s should per form a similar 
task in the case of T 2 . 

Fas t processes can be studied by optical switches right 
down to t imes xx governing the response t ime of such 
switches. 

Ord ina ry organic l iquids can be used in the range of 
t imes defined by xx and T 2 . The best liquid for short t imes is 
carbon disulfide for which the permissible t ime interval lies 
between 2.4 x 1 0 ~ 1 2 and 2 x 1 0 ~ 1 3 s. The response of a 
femtosecond pulse in the region C D (Fig. 18) is not yet clear 
because the physical origin of this spectrum has no t yet been 
identified. F o r pulses longer t han 1 0 ~ 1 2 s this is a relatively 
simple task, namely one should select such l iquids as 
n i t robenzene ( t ! « 5 x 1 0 _ 1 1 s ) or even m o r e viscous media 
for which xx can be ~ 1 0 ~ 6 - 1 0 ~ 5 s. 

Selection of the opt ical switch mater ia l for t imes shorter 
t han 1 0 ~ 1 3 s is m o r e difficult, bu t still can be done . In the 
latter case one needs to rely on the electronic re laxat ion 
t imes of the switch, ~ 1 0 ~ 1 5 s, and these are the t imes 
expected for glasses and some other mater ia ls in which the 
Ker r (Voigt) effect is governed by the electronic polar i sa
t ion bu t not by the or ien ta t ional effect. 

A na tu r a l and impor t an t quest ion arises as to the 
microscopic na tu re of the var ious pa r t s of the R L W shown 
schematically in Fig. 18. 

Since the whole spectrum of depolarised light scattered 
in var ious media is under intensive investigation, new 
cont r ibu t ions will be m a d e to the unde r s t and ing of the 
na tu re of the wing, bu t at this stage the most satisfactory 
and physically clear is the explanat ion p roposed by 
S ta runov [134], which can be described briefly as follows. 

A n y anisot ropic molecule in a liquid is in a po ten t ia l 
well created by the envi ronment of its ne ighbour ing 
molecules. This molecule in a po ten t ia l well exhibits at 
least two types of the rmal mot ion , one of which is due to 
ro ta t iona l diffusion with j u m p s to other po ten t ia l wells. 
Such mot ion of anisot ropic molecules is relatively slow and 
modu la te s the scattered light which cont r ibutes to the 
region A B (Fig. 18). The relaxat ion t ime xx determines 
the ro ta t iona l diffusion t ime. 

In the interval between two diffusion ro ta t ions the 
molecule in a potent ia l well executes, under the influence 
of the rmal effects, l ibrat ions (vibrat ions in a po ten t ia l well), 
which lead to 'fast ' modu la t i on of the scattered light and 
m a k e their own cont r ibu t ion to the region BC in the 
spectrum (Fig. 18), so tha t x2 is a characterist ic ( 'per
iod ' ) of the l ibrat ional mot ion . 

The scattering in l iquids is no t on single molecules, bu t 
on an iso t ropy f luctuations, so tha t xx and x2 should be 
regarded as the effective measures of the processes described 
here. 

5.3 Further investigations of the spectrum of light 
scattered on anisotropy fluctuations. Detect ion of the 
doublet structure of the spectrum 
Exper imenta l invest igat ions of the frequency dis t r ibut ion of 
the intensity of light scattered on the an i so t ropy fluctu
at ions , carried out with the aid of spectroscopic a p p a r a t u s 



S p e c t r a o f m o l e c u l a r l igh t s c a t t e r i n g a n d s o m e o f t h e i r a p p l i c a t i o n s 841 

with low resolut ion and with excitation sources tha t have 
wide spectral lines, have provided only a general p ic ture of 
the p h e n o m e n o n . 

It would be point less to use such ins t ruments as the 
F a b r y - P e r o t interferometer to s tudy the R L W of liquids 
such as benzene, to luene, and m a n y others with short 
re laxat ion t imes xx and x2 and, consequently, wider spectral 
regions. 

In the case of l iquids with a n a r r o w region A B (Fig. 18) 
a F a b r y - P e r o t interferometer could be used to find xx and 
its dependence on the viscosity ( temperature) . 

I used a F a b r y - P e r o t interferometer with the dispersion 
(free spectral) r ange Av ~ 1 c m - 1 in investigations of this 
kind [63, 137a] to observe clearly the M B scattering 
componen t s . The excitation was provided by a wide line 
at 4358 A from the spectrum of mercury emitted in a gas 
discharge and its scattered-light spectrum was recorded with 
a pho tog raph i c plate . At tha t t ime our l abo ra to ry did no t 
have access to a p p a r a t u s needed in the photoelect r ic 
me thod . 

In this investigation the scattered light was observed at 
the scat tering image of 90° to the direction of the exciting 
light, passed th rough a Wol las ton pr ism, and was split into 
two beams with mutua l ly perpendicular polar isa t ions : 
n o r m a l to the scat tering p lane 7 V and paral lel to the 
scattering p lane 7 H . The light then passed t h rough a A/4 
plate which m a d e the polar isa t ion circular and ensured 
identical condi t ions for the p ropaga t i on of b o t h beams 
th rough a m o n o c h r o m a t o r selecting X = 4358 A, a 
F a b r y - P e r o t interferometer , and objectives. A p h o t o 
graphic pla te was used to record the scattered-light 
spectrum in these two polar isa t ions . In one half of the 
pla te var ious interference orders were recorded for light 
conta in ing the M B componen t s , which included the central 
componen t in the super imposed n a r r o w (AB in Fig. 18) pa r t 
of the wing, whereas the other pa r t of the p la te recorded only 
the light from the 7 H spectrum, when only the n a r r o w par t of 
the R L W could be seen. The wide par t of the wing, which 
considerably exceeded the dispersion range Av, the region 
BC, and the rest of the wing were all super imposed in 
var ious orders and formed the b a c k g r o u n d [10, 11, 137a]. 
In the case of benzene, to luene, etc. there was a con t inuous 
b a c k g r o u n d to 7H and in the case of 7 V a M B componen t 
was observed against the con t inuous backg round . The 
spectra of light scattered in quinol ine, salol, b e n z o p h e -
none , etc. were qui te different [10, 11, 137a]. In the case of 
these liquids the spectrum of 7H had a weak b a c k g r o u n d 
and a very s t rong line, whose width was of the order of the 
spectral width of the exciting light. F o r 7 V there was also a 
s t rong line lying within the M B doublet . This s t rong line 
was due to the region A B (Fig. 18) of the R L W . 

The anisot ropy relaxation t ime of such liquids, found 
from the region A B (Fig. 18), would be one or even two 
orders of magni tude longer than T 2 found from the region 
BC. 

Accord ing to the initial re laxat ion theory of the 
spectrum of light scattered on an iso t ropy fluctuations, 
p roposed by Leontovich [131], the an iso t ropy relaxat ion 
t ime is p ropo r t i ona l to the shear viscosity and inversely 
p r o p o r t i o n a l to the absolute t empera tu re T: 

where V is a cons tant (according to Leontovich , it is the 
vo lume of a molecule) and k is the Bo l t zmann constant . 

The first exper imental de te rmina t ions of x and of its 
t empera tu re dependence have shown tha t there is a 
quali tat ive agreement with Eqn (72), bu t — for example in 
the case of salol — there is no quant i ta t ive agreement . 
Between 20 and 170 °C the shear viscosity varies by a 
factor of 80 and x calculated from E q n (72) varies by a 
factor of 120, whereas the exper iments show tha t in this 
t empera tu re range x changes by a factor of jus t ~ 4. 

In calculat ion of x from E q n (72) it is hard ly valid to 
subst i tute the shear viscosity rj measured in a static 
experiment , as is usual ly done , because the format ion of 
the R L W is related to high frequencies at which the shear 
viscosity m a y change considerably because of re laxat ion. 

F u r t h e r exper imental invest igations of the R L W have 
been hindered by the considerable width of the exciting line 
from the mercury spectrum generated in high-pressure 
lamps . The width of the exciting line is greater t han the 
width of the emitted (scattered) line. 

Invest igat ions of the R L W have been cont inuing. The 
reviews of the results obta ined can be found in Ref. [11] and 
in the b o o k by Vuks [144], bu t new data have been obta ined 
only when satisfactory light sources have been used, such as 
the mercury lamp with the 1 9 8 H isotope [82]. In our 
l abora to ry we m a d e a lamp with cadmium vapour emit t ing 
a s t rong and n a r r o w line at X = 6438 A, intended for 
detailed invest igations of the spectra of the molecular 
scattering light in general [145]. 

However , such investigations have no t been carried out . 
The t rad i t iona l light sources have been replaced with lasers 
emit t ing intense lines with a degree of monochromat i c i ty 
tha t could no t have been even dreamt of by the experi
mental is ts . The si tuat ion in the case of the n a r r o w par t of 
the R L W has also changed drastically. 

Our first interferometric exper imental invest igations 
with a laser [22], which immediate ly gave new results on 
the width of the M B componen t , have revealed a very 
n a r r o w pa r t of the R L W of liquid n i t robenzene [146]. 

A m o r e detailed exper imental s tudy of this pa r t of the 
wing in n i t robenzene and quinol ine has m a d e it possible to 
observe a new effect in the spectrum of depolarised light 
scattered in these liquids. In our first paper on this 
topic [147] we stated right at the beginning: " the spectrum 
of the rma l dipolarised scattering of light (Rayleigh line 
wing) revealed a new p h e n o m e n o n in which the x 
componen t , 7 V H ( C O ) , in this spectrum is split into two. 
The separat ion between the componen t s of this double t 
is considerably less t han the separat ion between the M B 
c o m p o n e n t s . " 

Our first explanat ion of this new p h e n o m e n o n was as 
follows: light scattered by the an i so t ropy f luctuat ions 
caused by shear s trains is modu la t ed by the Four ie r 
componen t of these strains or, in other words , by strongly 
damped t ransverse acoust ic waves. 

In our first exper iments the detector was a p h o t o g r a p h i c 
plate . W e subsequent ly acquired electronic means for 
recording the spectra. Fig. 19 shows a record of the fine 
s t ructure of the R L W in salol [148] and Fig. 20 gives the 
spectra of the molecular scat tering of light in liquid aniline, 
recorded for different polar i sa t ions of the scattered light 
and showing all the singularities repor ted previ
ously [143, 149, 150]. Here , 7 V V represents the M B 
componen t s , 7 V H is the fine s t ructure of the Rayleigh 

* = ^ » (72) 
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Figure 19 . F i n e s t r u c t u r e ( d o u b l e t ) o f t h e R a y l e i g h l ine w i n g o f s a l o l a t 
76 .7 ° C [148]. 
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Figure 2 0 . S p e c t r u m o f t h e m o l e c u l a r s c a t t e r i n g o f l igh t in a n i l i n e , 
o b t a i n e d for v a r i o u s p o l a r i s a t i o n s . E x p l a n a t i o n s in t ex t [149]. 

line wing, and finally 7 H H shows some singularity at the 
frequency of the M B componen t associated with the 
interact ion between the longi tudinal acoustic modes and 
the or ienta t ional mo t ion in l iquids [151]. 

The observed doublet s t ructure of the wing had been 
unexpected and even gave rise to a misunders tand ing 
pr imar i ly because the presence of a s t ructure (two b r o a d 
lines) in the R L W should mean tha t the scattered light is 
modu la t ed by a process with n o n m o n o t o n i c t ime depend
ence. This process can be the p ropaga t ion of strongly 

damped t ransverse sound, as ment ioned above. However , 
since the double t s t ructure of the R L W is observed in 
l iquids with viscosities in the range 2 - 4 cP, it is clear tha t 
the hypothesis of the p ropaga t i on of t ransverse sound is in 
conflict with classical hydrodynamics , which predicts tha t at 
the acoust ic wavelength A the absorp t ion coefficient a of 
t ransverse sound in such a med ium is 2n and, consequently, 
such sound cannot p ropaga te . Accord ing to h y d r o d y 
namics , such a med ium can suppor t only a N e w t o n i a n 
'viscous w a v e ' or, in other words , exponential ly decaying 
sound for which the a rgument of the exponent ia l function 
aA is 2n [14, 1 5 2 - 1 5 4 ] . Such a modu la t i ng function cannot 
give rise to a doublet in the spectrum and can only alter the 
width of the spectral b a n d or line. 

The n a m e 'viscous w a v e ' is quite a rb i t ra ry because the 
ampl i tude of such a 'wave ' decreases by a factor of 535 in 
one wavelength and one cannot speak of wave-like mot ion . 

However , cont inua t ion of the exper imental investiga
t ions has definitely confirmed the existence of a doublet as 
an essentially new unusua l p h e n o m e n o n . 

Over a year after our first paper [147], Stegeman and 
Stoicheff [151] confirmed our observat ions and explanat ion 
of the na tu re of the p h e n o m e n o n in the case of n i t roben
zene, quinol ine, aniline, and m-ni t ro toluene. 

This new p h e n o m e n o n has a t t rac ted the interest of 
experimental is ts and theoret ic ians work ing in a number 
of labora tor ies and countr ies . W e shall give only some of 
the results of the exper imental investigations of the fine 
s t ructure of the R L W for l iquids consist ing of aniso t ropic 
molecules with viscosities tha t are in approximate ly the 
same range . 

Fig . 21 shows the fine s t ructure of quinol ine as a 
function of the scattering angle 9 [207] and we can see 
tha t the p ronounced doublet d isappears at high scattering 
angles. 

The fine structure of the wing has also been studied in 
benzyl alcohol [171] and in a-bromonaphthalene [170]. Fig. 22 
shows the fine structure of the R L W of triphenyl phosphate at 
70.2 °C for the scattering angle of 9 = 90° and X = 5145 A: 
the fine structure disappears at 41.6 °C and 9 = 90° [156]. 

The t empera tu re dependence of the fine s t ructure has 
also been revealed clearly by an exper imental s tudy in the 
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Figure 2 1 . F i n e s t r u c t u r e o f t h e R a y l e i g h l ine w i n g in q u i n o l i n e for v a r i o u s 
s c a t t e r i n g a n g l e s f r o m 9 — 45° t o 9 — 176° [207]. 
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Figure 2 2 . F i n e s t r u c t u r e o f t h e R a y l e i g h l ine w i n g o f t r i p h e n y l p h o s p h a t e 
a t 70 .2 ° C [156]. 

specific case of anisa ldehyde [157] between 79 and 6 °C 
(Fig. 23). If the fine s t ructure does indeed appear as a result 
of modu la t i on of the scattered light by a damped acoust ic 
wave and if such modu la t ion can be detected at 79 °C, it 
would seem tha t it should be even m o r e readily visible at the 
lower t empera tu re of 6 °C, whereas the exper imental 
evidence shows tha t the reverse is t rue . This result is in 
conflict with hydrodynamics and cannot be reconciled in 
any way with the Maxwel l ian scheme of viscosity. 

J | L 
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F r e q u e n c y / G H z 

Figure 2 3 . T e m p e r a t u r e d e p e n d e n c e o f t h e f ine s t r u c t u r e o f t h e R a y l e i g h 
l ine w i n g o f a n i s a l d e h y d e o b t a i n e d in t h e t e m p e r a t u r e i n t e r v a l f r o m 79 t o 
6 ° C [157]. 

A clear fine s t ructure of the R L W has also been 
observed for ace tophenone at 15 °C (Fig. 24) [158], in 
salol at 81 °C (curve 1 in Fig. 26) [148], and in m a n y other 
cases. There is no space to give all the evidence and there is 
no need for this. 

6 4 2 0 2 4 
F r e q u e n c y / G H z 

Figure 2 4 . F i n e s t r u c t u r e o f t h e R a y l e i g h l ine w i n g o f a c e t o p h e n o n e [158]. 

In the case of a substance such as carbon disulfide, 
consist ing of anisot ropic molecules, there is no fine s t ructure 
at r o o m tempera tu re and the intensity falls monoton ica l ly on 
either side of the m a x i m u m located at the unshifted 
frequency. 

Enr ight and Stoicheff [159] carried out a careful and 
detailed investigation of the R L W for Iyn(co) at nine 
different t empera tu res between 162 and 192 K, and did 
the same for 7 H H ( c o ) at six different t empera tures . 

In the case of 7 V H the fine s t ructure became less clear 
as the width of the depolarised spectrum increased. Fig. 25 
shows the spectrum of C S 2 obta ined at two different 
t empera tu res at which the fine s t ructure could be observed. 

This result is very impor t an t because it shows tha t a 
liquid consist ing of anisot ropic molecules can be in a state 
in which its viscosity lies within an interval of ~ (1 -
2) x 1 0 _ 2 P , when this scattered-light spectrum exhibits 
the fine s t ructure of the R L W . This is evidence tha t the 

30 20 10 0 10 20 30 
F r e q u e n c y / G H z 

Figure 2 5 . F i n e s t r u c t u r e o f t h e R a y l e i g h l ine w i n g o f C S 2 a t t w o 
t e m p e r a t u r e s [159]. 
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observed fine s t ructure is of general na tu re . Enr ight and 
Stoicheff assume, with good g rounds , tha t the fine s t ructure 
m a y also be observed in such simple l iquids as ni t rogen and 
oxygen. 

At the beginning of the exper imental invest igations the 
very first observat ion of the fine s t ructure of the R L W 
provided the correct bu t purely qual i tat ive explanat ion of the 
physical na tu re of the observed effect [147, 160, 165]. A 
quant i ta t ive descript ion of this fine s t ructure is n o w 
needed. It is no t permissible to calculate the an iso t ropy 
fluctuations in the same way as in the case of the density, 
ent ropy, and concent ra t ion fluctuations because the an i so
t ropy is no t a t h e r m o d y n a m i c pa ramete r bu t an internal one. 
The an i so t ropy fluctuations and the spectrum of light 
scattered on such fluctuations have to be calculated by a 
completely different p rocedure . 

The first quant i ta t ive , simplified, bu t still very complex 
calculat ion of the spectrum of the light scattered on the 
an iso t ropy and pressure fluctuations was publ ished by 
Leontovich [131], as ment ioned above. H e obta ined for
mulas for I(co) in the region near the exciting line [131]. 

W e shall no t repeat the whole complex p rocedure of 
obta in ing the results in quest ion (they can be found in 
Ref. [131] or in Ref. [11]). The final result will be given. If 
the vector E of the incident linearly polar ised light lies in a 
p lane perpendicular to the scattering plane , then 

4 _ 
" 8/x 

2 C O 2 T C O S 2 ( 0 / 2 ) 
+ 

2 T s in 2 (0/2) 

•+T2(CO2-Q2)2 1 + c o V 
(73) 

If the same vector E lies in the scattering plane , then 

Am, 0 = 9 0 M - ^ 
3(coz-Q2

L)2T 

(co2 - Ql)2 + co\2(co2 - Qj) 

+ 
2 T 

1 + c o V 
(73') 

Here , QL = 2qvL, QT = 2qvT, Q2

S = Q\ + ( 4 ( ^ / 3 ) , A = M / T , 
where M is the Maxwel l ian constant , \i is the shear modu lus , 
and the frequency co is measured from the frequency of the 
exciting light v L = ^\J/3sp, ($s is the adiabat ic compress i 
bility, and v T = (up)1' . The Maxwel l ian scheme yields the 
following relat ionship between the viscosity and elasticity: 

(74) 

There are two terms in Eqn (73): the first represents the 
discrete componen t s at frequencies ±QT and the second is 
super imposed on the shifted componen t s and has its 
m a x i m u m at the unshifted frequency (co = 0). U n d e r 
certain condi t ions (at a specific t empera ture ) the predicted 
profile can resemble the doublet s t ructure presented in 
Figs 1 9 - 2 5 . 

This is the reason why we assumed [147, 1 6 0 - 1 6 2 ] tha t 
the double t s t ructure observed by us in the near pa r t of the 
wing can be explained by Leontov ich ' s theory [131] and 
expression (73) which follows from it. This opinion was 
shared by other physicists [163, 170]. The same misunder 
s tanding can also be found in a b o o k by Berne and 
Pecora [172]. 

This in terpre ta t ion of the exper imental results can be 
confirmed or rejected by further exper iments and, in 
par t icular , by de terminat ion of the t empera tu re depend
ence of the double t componen t s . 

Accord ing to Leontovich ' s formula (73) cooling and an 
increase in the shear viscosity (when the relaxat ion process 
' conver ts ' the viscosity into elasticity) should increase the hf 
shear m o d u l u s p., velocity of sound v T , and, therefore, QT. 
Consequent ly , an increase in the viscosity should increase 
the separat ion between the double t max ima and finally at 
very high viscosities and in glasses there should be a clear 
triple with two n a r r o w shifted componen t s and the central 
one. This spectrum should superficially resemble the 
spectrum of light scattered by the pressure and en t ropy 
fluctuations, bu t the origin of this spectrum is completely 
different and represents depolarised light. These are the 
predic t ions tha t follow from Leontov ich ' s for
mula (73) [131]. 

However , the first exper imental results obta ined in our 
studies [165-169] p roduced no th ing like this and the 
subsequent experiments simply confirmed the earlier results. 

In an exper imental s tudy of the t empera tu re dependence 
of the frequency posi t ions of the max ima of the doublet 
componen t s of the double t observed in the R L W [147] it is 
necessary to select a liquid which consists of molecules as 
anisot ropic as possible and with a shear viscosity which can 
be varied between the widest possible limits by altering the 
t empera tu re of the liquid. On the basis of my previous 
experience, I selected salol for this pu rpose [164]. It shows 
clearly the double t s t ructure of the Rayleigh wing and its 
viscosity (after suitable purif icat ion) can vary from very low 
values to tha t of the glassy state [165, 168]. 

If the separa t ion between the max ima of the doublet 
componen t s (lines) is denoted by 2 A v m a x , cooling (increase 
in the viscosity) should m a k e it possible to follow the 
changes in 2 A v m a x . Where Leontov ich ' s theory [131] p re 
dicts an increase in 2 A v m a x when the viscosity rises, our 
experiments gave a directly opposi te result. A n increase in 
the viscosity reduced somewhat 2 A v m a x [165]. The same 
effect was repor ted by Stegeman [163]. This was an 
unexpected and surprising result. Even m o r e surprising 
was the behaviour of the investigated spectrum at still 
lower t empera tures . Between 120 and 46 °C a doublet was 
observed, bu t at + 4 5 °C the doublet s t ructure d isappeared 
and there was no R L W structure of salol between —2 and 
+ 4 5 °C: the profile was a smooth dome. 

This behaviour of the spectrum was no t predicted by 
Leontovich ' s theory [131] or by any other theory available 
at the t ime. 

In our experiments we cont inued to observe the 
spectrum when t empera tu re was reduced even further in 
a con t inuous manne r . At —2.5 °C a n o n m o n o t o n i c depend
ence appeared on the sides of the smooth d o m e and then 
clear lines appeared ; the value of 2 A v m a x increased as the 
viscosity became higher and finally a clear triplet was 
observed. The appea rance of the side componen t s exactly 
followed the behaviour predicted by Leon tov ich ' s 
theory [131], at least in the quali tat ive sense. 

Fig. 26 (curves 3 and 4) shows h o w the theoretically 
predicted and the experimental ly observed triplet behaves in 
the case of the spectrum of light scattered in salol at 
—20 °C [148]. The n a r r o w shifted componen t s are evidence 
of weak damping of a t ransverse acoust ic wave in salol at 
—20 °C and the n a r r o w central line indicates tha t the 
an i so t ropy relaxat ion t ime x is long compared with the 
value of T at a t empera tu re which is higher, bu t still such tha t 
a triplet is observed [148]. 
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Figure 2 6 . D e p e n d e n c e s 7 V H ( w ) o b t a i n e d for s a l o l a t v a r i o u s t e m p e r a t u r e s 
( for v a r i o u s v i scos i t i e s ) : ( 7 ) 8 1 ° C ; ( 2 ) 3 6 ° C ; ( 3 ) 1 5 ° C ; ( 4 ) 2 0 ° C [148]. 

The spectrum of depolarised light had also been studied 
for the scat tering in benzophenone [ ( C 6 H 5 ) 2 C O ] and this 
was done in a wide range of the shear viscosity. It was found 
tha t the changes in the spectrum with t empera tu re were 
exactly the same as in the case of salol. 

Initially, between 115 and 15 °C, the fine structure of the 
R L W was clearly visible, but between + 1 5 and —2.5 °C it 
was no longer detectable. Beginning from —2.5 °C a triplet 
appeared and remained clear down to —55 °C, exactly as 
described earlier for the case of salol. 

In these experiments on benzophenone the shear 
viscosity varied by 12 orders of magn i tude from 10~ 3 to 
1 0 9 P [168]. 

W h e n the exper imental results are replot ted graphically 
so tha t the o rd ina te gives 2 A v m a x and the abscissa represents 
t empera tu re , the results are as shown in Fig . 27 for salol (a) 
and benzophenone (b). W e can see clearly two b ranches of 
each spectrum which are practical ly identical for b o t h 
substances. 

At higher t empera tu res the po in ts cor respond to the 
value of 2 A v m a x for the doublet spectrum and quite 
arbi trar i ly this is called the 'high - t empera tu re ' b ranch , 
whereas the po in t s lying at lower t empera tu res represent 
2 A v m a x cor responding to the posi t ions of the displaced 
componen t s in the triplet spectrum and are called the 
' low- tempera ture ' b ranch . 

The con t inuous curves represent the op t imal representa
t ion of the exper imental poin ts . 

One further nontr iv ia l observat ion in the spectrum of 
molecular scat tering of light should be ment ioned: it was 
first repor ted by Stegeman and Stoicheff [151, 163]. 

This observat ion related to 7 H H ( co ) . Fig. 28 shows its 
n o n m o n o t o n i c behaviour in the range of frequencies 
cor responding to the superposi t ion of the M B c o m p o 
nents . A m o r e detailed exper imental investigation of this 
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Figure 2 7 . T e m p e r a t u r e d e p e n d e n c e s o f t h e p o s i t i o n s o f t h e m a x i m a 
( 2 A v m a x ) o f a d o u b l e t a n d t r i p l e t in t h e s p e c t r u m o f l igh t s c a t t e r e d in 
s a l o l (a) a n d b e n z o p h e n o n e (b ) [165, 166, 168]. 

region showed tha t , in accordance with the predic t ions of 
Leontovich ' s theory — Eqn (74) in Ref. [131], the long
i tudinal acoust ic and or ienta t ional mo t ion modes 
interact: the curve is similar to the a n o m a l o u s dispersion 
curve in Fig. 28. 
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Figure 2 8 . S p e c t r a o f q u i n o l i n e o b t a i n e d for t h e 7 H H (co) p o l a r i s a t i o n a n d 
6 — 90° . T h e effect o f t h e i n t e r a c t i o n b e t w e e n t h e a c o u s t i c a n d 
o r i e n t a t i o n a l m o d e s o f m o t i o n is o b s e r v e d in t h e r e g i o n o f t h e M B 
s c a t t e r i n g c o m p o n e n t s [151b , 163] . 
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This is the exper imental behaviour of the spectrum of 
molecular scattering of light by the an i so t ropy fluctuations, 
specifically the behaviour of the R L W , and these are the 
quali tat ive and simplified explanat ions of this behaviour . 

6. Quantitative description of the molecular 
light-scattering spectra 
The his tory of h o w the theory provid ing a quant i ta t ive 
descript ion of the molecular l ight-scattering spectra has 
reached the present high level of development is interesting 
and even fascinating, like the his tory of the p rob lem as a 
whole . 

I shall consider only one specific topic to demons t ra t e 
h o w fascinating it is [173]. A s tudy of the his tory of the 
subject as a whole is a task for the future. However , I h o p e 
tha t this will be done . 

At this stage I would like to m a k e jus t a few comment s 
h o w the quant i ta t ive theories have appeared . 

M o s t p robab ly the first l abo ra to ry observat ions of the 
scattering of light were those m a d e by Tyndal l in 1869 (see 
Ref. [11]). H e observed the scattering of arc light by small 
solid part icles and detected 'b lueing ' of the scattered light. 
Evident ly this experiment provided the st imulus tha t led 
Lo rd Rayleigh to develop a quant i ta t ive theory of the 
scattering by part icles (such as dust) smaller t han the 
wavelength of light. In 1890 Rayleigh derived a formula 
which is still valid. It follows from the Rayleigh formula 
tha t the intensity of the scattered light is p ropo r t i ona l to the 
sixth power of the part icle rad ius ( r 6 ) and inversely 
p r o p o r t i o n a l to the fourth power of the wavelength of 
light ( A - 4 ) . This is quite sufficient to account for the sky 
being blue. However , it was soon found tha t the absence of 
dust in the a tmosphere (in high moun ta ins ) p roduces an 
even m o r e strongly sa tura ted blue sky than in the presence 
of much dust . Rayleigh then concluded tha t the gas 
molecules forming the a tmosphere themselves scatter light 
and thus developed a theory of the scattering of light by 
isolated molecules (1900). 

In his theory the scattered-light intensity is inversely 
p r o p o r t i o n a l to the fourth power of the wavelength of the 
incident light: I oc A ~ 4 . This is the Rayleigh law and it 
accounts for the blue colour of the sky. Rayle igh ' s theory of 
the scat tering of light in the a tmosphere led to controversy 
(see M a n d e l s t a m [6], Vol. 1), bu t this po in t will no t be 
discussed here. 

This fundamenta l work of Rayleigh provides a basic 
unde r s t and ing of the p h e n o m e n a in a tmospher ic optics. 

Var ious theories of the critical opalescence are cont inu
ing to be discussed and new ones are being p roposed [ 9 8 -
100]. This opalescence appears in a critical l i q u i d - v a p o u r 
region or in solut ions which undergo phase separa t ion. 
Initially the e n o r m o u s intensity of the scattered light, which 
appears in a n a r r o w t empera tu re interval (critical range) , 
had not been explained correctly. Finally, Smoluchovsky [2] 
provided a correct explanat ion of the opalescence in 1908: 
he a t t r ibuted it to a s t rong rise of the density or 
concent ra t ion f luctuations in solut ions. This fruitful idea 
of f luctuat ions is the basis of the Einstein theory of 
scattered light. Einstein [3] derived a fundamenta l formula 
for the integral intensity of light scattered in l iquids and 
solut ions (1910). M a n d e l s t a m [4] also used the idea of 
f luctuat ions to calculate the scattering by the surface of 
a liquid and observed this effect (1913); this work was 

cont inued by the development of a general theory by 
Leontovich [46]. 

F o r a long t ime the f luctuation theories have been based 
on the rmodynamics , which does no t include such concepts 
as frequency and dispersion. These t h e r m o d y n a m i c theories 
have included those in which the intensity of light scattered 
by adiaba t ic and isobaric f luctuat ions is calculated [11]. The 
relat ionship between the intensities result ing from the 
scattering by the two types of f luctuat ions has been 
obta ined and it is k n o w n as the L a n d a u - P l a c z e k 
(Plachek) theory [11, 130], bu t a theory covering the whole 
spectrum of the molecular scat tering of light has no t been 
developed. 

In the twenties in the countr ies where the studies of light 
scattering have been pursued par t icular ly actively the 
experimental is ts have been preoccupied with the search 
for the opt ical ana logue of the C o m p t o n effect (in India) , 
with modu la t i on of scattered light by elastic the rmal 
(Debye) waves (Russia) , and with wha t is n o w k n o w n as 
the combina t ion scattering of light or the R a m a n effect 
(France) . 

In 1928 the combina t ion scat tering of light was 
discovered s imultaneously in India and Russia . M o r e 
over, the wing of the Rayleigh line was observed 
practical ly s imultaneously in F r a n c e and India [191, 192]. 
These discoveries have s t imulated theoret ical investigations, 
bu t they have been focused mainly on the combina t ion 
scattering of light in solids and are only par t ly applicable to 
the subject of my review [174-178] . 

In the late thirt ies I was experimental ly investigating the 
Rayleigh line wing ( R L W ) of var ious liquids and this wing 
was also being investigated by Gross and Vuks [144]. 
M A Leontovich was work ing on a spectral theory of the 
molecular scat tering of light. H e developed his theory [131] 
and derived expressions for the frequency dis t r ibut ion of 
the intensity of light scattered as a result of f luctuat ions of 
the an iso t ropy and pressure. The scattering of light due to 
the en t ropy f luctuat ions was ignored by Leontovich no t 
because he could no t deal with this type of scattering, bu t 
because the theory had a l ready proved too complex and 
serious simplifications were needed. However , Leontovich 
pu t forward the first quant i ta t ive phenomenolog ica l theory 
of the spectrum of the molecular scat tering of light. H e 
managed to do this and to publish the theory before 
G e r m a n y invaded the Soviet U n i o n . It appeared in 1941. 
M y exper imental results were also ready, bu t war inter
vened before they were publ ished and this was done only in 
1945 [132]. They were analysed and discussed on the basis 
of Leon tov ich ' s formula [131]. 

The last war began in Russ ia in 1941 and even earlier in 
F r a n c e and Eng land and other countr ies . Na tu ra l ly , at tha t 
t ime the physicists were no t preoccupied with the spectral 
theories of light scattered in condensed media . The paper s 
on scattered-light spectroscopy began to appear only in the 
fifties and soon the dispersion of the velocity of sound 
was discovered on the basis of the M B spectra [10, 11, 
20, 21]: the results demons t ra ted tha t the the rmo-dynamic 
theories of the scattering of light are unsat isfactory and tha t 
it is necessary to al low for the frequency dependences of 
thermal , mechanical , and internal pa rame te r s of the 
med ium, which — as ment ioned above — is impossible on 
the basis of classical t he rmodynamics . 

It has also been found tha t a n o n t h e r m o d y n a m i c 
derivat ion of the formula for the intensity of light scattered 
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due to the adiabat ic f luctuat ions of the density can modify 
somewhat the L a n d a u - P l a c z e k relat ionship [130] and tha t 
this improves the agreement between theory and experi
ment [11, 201]. 

The fifties saw accumulation of fairly substantial data 
which needed the development of a general theory that took 
into account the various processes of the dispersion and 
interaction of the modes of different types of mot ion in a 
condensed medium. The development of such a phenomen-
ological theory of the spectrum of light scattered because of 
various fluctuations (including the anisotropy fluctuations) 
was under taken, following Leontovich [131], by Rytov on the 
basis of his correlation theory of thermal fluctuations in an 
isotropic medium [179]. H e carried out fundamental work 
presented in two papers [180, 181], which include new 
predictions — for example, a compression wing which is a 
new par t of the spec t rum—which hitherto had not been 
observed experimentally. However , R y t o v m a d e a mis 
take [179-181] , poin ted out subsequently by R o m a n o v , 
Solov'ev, and Fi la tova [182]. 

The p rob lem was as follows: R y t o v [179-181] used an 
' incomplete descr ip t ion ' in which the number of generalised 
coordina tes does no t include the internal relaxing p a r a 
meters and the dispersion is t aken into account formally by 
in t roduct ion of complex frequency-dependent elastic m o d 
uli, specific heats , and the rmal expansion coefficients. 
R o m a n o v et al. showed [182] tha t in the presence of inter
na l re laxat ion processes this incomplete descript ion can be 
used to find f luctuat ions of the generalised coordinates , bu t 
no t of the generalised forces. Therefore, in R y t o v ' s 
work [179-181] , in which the f l uc tua t ion -d i s s ipa t ion 
theorem is used as the main work ing ins t rument , an 
incomplete descript ion is not permissible. This was 
accepted by R y t o v and he immediate ly developed a theory 
on the basis of a complete descript ion [183, 184] free of the 
earlier shor tcomings [179, 180]. 

R y t o v ' s new theory appeared in 1970, forty years after 
the work repor ted in Refs [174] and [175]. The fundamenta l 
phenomenolog ica l theory [183] was followed by a number 
of theoret ical invest igations provid ing a phenomenolog ica l 
descript ion of the spectrum of light scattered by var ious 
f luctuat ions [185 - 187]. In the t ime between the publ ica t ion 
of Refs [ 179 -184 ] and of Ref. [186], M o u n t a i n p roduced a 
series of pape r s [ 1 8 8 - 1 9 0 ] in which an account was t aken 
of the rmal re laxat ion with a single t ime cons tant T and 
expressions were obta ined for the dis t r ibut ion of the 
intensity in the central or Rayleigh line and in the M B 
componen t s . The L a n d a u - P l a c z e k relat ionship was dis
cussed in detail by M o u n t a i n . The spectra of light scattered 
on the an iso t ropy f luctuat ions were ignored. However , it 
can be said tha t by the seventies a quant i ta t ive p h e n o m 
enological theory of the spectra of light scattered on 
f luctuat ions of var ious types had been developed and 
has proved to be capable of a satisfactory descript ion of 
the exper imental results. 

By this t ime an exper imental observat ion was repor ted 
of the fine s t ructure of the R L W , as described above. 

When the initial doub t s about the reality of the observed 
fine structure had been resolved, a whole stream of 
theoretical investigations, explaining this fine structure, 
appeared. 

7. Ratio of the integral intensities of light 
scattered on isobaric and adiabatic density 
fluctuations in a dispersive medium 
In the spectrum of molecular light scattering the central (or 
Rayleigh) componen t 7C is due to the scattering by isobaric 
f luctuat ions and is described by E q n (3). Bo th M B 
componen t s 27 B are due to adiabat ic f luctuations and 
are given by Eqn (2). The rat io of these intensities is: 

h = /is = L °2T 
27 B 7 a d pCpPs 

(75a) 

where 

L = 
1 88 8 e Y 

If the t h e r m o d y n a m i c relat ionship described by Eqn (6) 
is t aken into account and it is assumed tha t L = 1, the 
familiar L a n d a u - P l a c z e k formula [130] is obta ined from 
E q n (75a): 

^ - = 7 - 1 . (75b) 

All the relat ionships given above are purely t h e r m o d y 
namic and apply to a dispersion-free med ium. In reality, 
there are strictly speaking no such media and, therefore, the 
L a n d a u - P l a c z e k formula gives est imates of the quant i t ies 
which are in quant i ta t ive disagreement with experiments . 

The M B componen t s are due to hf ( ~ 1 0 1 0 H z ) 
the rmal waves and, therefore, the dispersion must be taken 
into account in a quant i ta t ive descript ion of the rat io 
/ c / 2 / B . 

This was precisely the calculat ion which I carried 
out [201] and which yielded a n o n t h e r m o d y n a m i c expres
sion for 7 a d . The quan t i ty 7 i s is related to long wavelengths 
and, therefore, we can use Eqn (3) and retain the re la t ion
ship (75a) bear ing in mind tha t = [pv2(co)]~l. 

Therefore, expression (75a) allows part ly for the disper
sion via the dispersion of the velocity of sound. In view of 
this, the value of 7 a d becomes smaller and Eqn (75a) better 
describes the experimental results. Nevertheless, a bet ter 
agreement between theory and experiment still needs to be 
achieved. 

The dispersion of the velocity of sound, which originates 
from relaxat ion of the bulk viscosity, reduces the value of 
7 a d , bu t — as demons t ra ted by R y t o v [181] — such re laxa
t ion creates a new region of the spectrum of scattered light 
which is called the compress ion wing. This wing is super
imposed on the central componen t and, consequently, if the 
exper imental compress ion wing is sufficiently na r row, the 
value of 7 C / 2 7 B increases and approaches the exper imental 
results. Therefore, the dispersion of a med ium mus t result in 
some redis t r ibut ion of the intensity in the scattered-light 
spectrum in such a way tha t the cont r ibut ion subtracted 
from 27 B is added to 7C. 

In M o u n t a i n ' s theory of the dis t r ibut ion of the intensity 
in the spectrum of light scattered in a dispersive med ium as 
a result of the density of f luctuat ions [189] the following 
expression describes the rat io of the intensity at any 
f requency: ! 

27 B 

(y-l)/y + A/C 

B/C 
(75c) 

f T h e e x p r e s s i o n o b t a i n e d in Ref . [189] is m u l t i p l i e d h e r e b y L J o u l e s , so 
t h a t t h e t h e r m o d y n a m i c e x p r e s s i o n ( 7 5 a ) is o b t a i n e d in t h e l imi t co —> 0. 
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where 

- 4 = 0 4 - v ^ 2 - p - i 
via1 

B = 
' - | ( ^ r ) ] ( ^ + i ) - ( - - ^ 

2 2 

Vent1 

In the hf limit, vqx > 1, it is found from E q n (75c) tha t 

and apar t from the factor L , the formula (75d) is identical 
with tha t derived earlier by R y t o v [181]. 

8. Quantitative theory of the spectrum of light 
scattered in an isotropic medium consisting of 
anisotropic molecules 
At the beginning of a conference devoted to var ious topics 
of scattered-light spectroscopy of liquids, held in the 
summer of 1971 in Par is , Keyes and Kivelson [194] listed 
eight theories pu t forward to account for the fine s t ructure 
of the R L W [131, 183, 188, 194, 195, 197, 198, 200]. 

The au tho r s of these theories , and au tho r s of o thers who 
p roposed different theories of the fine s t ructure , have since 
developed their p roposa l s and suggested different var iants . 
It is not my aim to provide any complete critical account of 
these theories . 

Purely arbitrari ly, these theories can be divided into two 
groups : purely phenomenolog ica l theories and statistical (if 
the term can be used) theories. 

The phenomenolog ica l theories are based on the 
equa t ions of mot ion and on the f luc tua t ion -d i s s ipa t ion 
theorem, whereas the statistical theories rely on calculat ions 
of the m e t h o d s developed in Refs [ 1 9 4 - 2 0 0 , 202]. T h e o 
retical and exper imental invest igat ions have been cont inued 
[203, 204] and are cont inuing, so tha t a full review of the 
evolut ion of the p rob lem would exceed the limits of my 
paper . 

The most general formulas describing the molecular 
scattering spectra for var ious polar isa t ions are those tha t 
follow from R y t o v ' s phenomenolog ica l theories [183] and 
will be given here: 

kT / l 

2n\co \A 
'Xqz x c 

-2YC +2ZKa + Y2Cq2 

-2YZK aq2 -Z2(A + Bq2) 

(76) 

kT fX2q2 1 
' V H — ^ H V 

2nico V 4A 2 4 - 4 
c.c. (77) 

kT 
2nico \ A 

X2C 
2 V 1 - ~ T ^ ) + 2 X ( Y C -ZK a) cos 9 

^ 7 h 
s in 2 9 — c + Iyy C O S 2 6 (78) 

Here 

A=m2-POCO2, B=K + ^ C = ^ p 0 C v - - ^ j , 

where fi is the shear modu lus , p 0 is the density, K is the 
the rmal conductivi ty, K is the bulk modu lus , and 

A = (A +Bq2)C + K2aq2 . 

In R y t o v ' s theory [183] a fluctuation of the optical 
permit t ivi ty is described by 

Ae^Xutp + YuStp+ZTStp + ^ j 3 8 * * + ' 
j J k k 

Here , wa j 8 is the strain tensor , and my and nk are real 
cons tan ts such tha t 

2,2 kT 
2nico 

Aj = 1 + icOTj 

2%ico 
1 _ kT ^ 

~~ 71 4 -

2 2 

k V " * k/ K ^ -TW «K 

Ak = \ + iC0Tk . 
The above formulas provide a full descript ion of the 

spectra of light scattered by the density and an iso t ropy 
f luctuat ions in a med ium, which is on the whole isotropic. 
These formulas take account of the dispersion and any 
number of re laxat ion t imes b o t h of scalar and of tensor 
pa ramete r s . 

This is the mos t general solut ion of the p rob lem, bu t the 
formulas given in E q n s ( 7 6 ) - ( 7 8 ) are difficult to apply to 
exper imental results. They contain m a n y pa rame te r s r ep 
resenting quant i t ies which, in principle, can be derived from 
independent experiments . 

These theoret ical formulas admit the possibili ty of any 
number of re laxat ion t imes of different origin. 

The Iyy(co) spectra have been discussed above quite 
tho rough ly and the quant i t ies which can be deduced from 
such spectra have been identified. Let us n o w consider in 
detail Iyn(cQ,q) given by E q n (77). 

The exper imental results can be judged and compared 
with the theoret ical formulas if Eqn (77) for 7 V H 4) is 
simplified tak ing into account the exper imental results, 
namely tha t only two an iso t ropy re laxat ion t imes xx and 
T 2 (Fig. 25) are observed in a clear manne r . E q n (77) can 
then be wri t ten as follows: 

hu K q) °< 
kT 

2nico 
'X2q2 cos2(9/2) 

4(/nq2 — pea2) 

2 \l + icozi 1 + I C O T 2 

- c.c. (79) 

where fi and X are the complex values of the shear m o d u l u s 
and of the magne to-op t ic coefficient, respectively: 

_ 1 . / N2T! N2

2T2 \ . , x 

li = — ICO I ; h - : )=LlJr \COY](CO) 

v _ M A T ! n2N2T2 

A — ICO I -—— h 
1 + ICOXi 1 + \cox2 

(80) 

(81) 

The cons tan ts N and n, which occur in E q n s ( 7 9 ) - ( 8 1 ) , can 
be expressed in te rms of physical quant i t ies such as the 
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static viscosity and the m a x i m u m shear m o d u l u s \i = p v T , 
where v T is the velocity of t ransverse sound, X can be 
expressed in te rms of the Maxwel l ian constant M , and 
D = n\/n\ is the rat io of the integral intensities of the 
spectral componen t s with half-widths T F 1 and x2

l. 
If we k n o w the six pa rame te r s needed for calculat ion on 

the basis of E q n (79) — rj, T 1 ; T 2 , / ^ ( T M ) , / ) , and M — calcu
lat ion of this kind can be carried out on a computer . In the 
case of salol and benzophenone this calculat ion was carried 
out by S ta runov and myself [169]. The results of this 
calculat ion will be discussed below. 

The fine s t ructure of the Rayleigh line wing, bu t no t of 
the whole spectrum, can be described by m a k i n g further 
simplifications which are no t in conflict with experiments: 
we can assume tha t n2 = 0 and also tha t xx > T 2 and 
co2xxx2 <̂  1. Assumpt ions of this kind, which agree with 
experiments , modify E q n (79) for IYll(co,q) to 

7VH q) oc 7, 
kT f co2r + co4

m(\ - R ) ^ 1 c o s 2 ( 0 / 2 ) 
1 2 ^ I (co2-co2

m)2+co2r2 [i + < 4 (i -R )r~2}2 

, rsm2(9/2)\ 
+ r2 + co2 J ' 

(82) 

Here 

t = T7 coi = q 2 ^ - R = 1 - ( T 2 / T M ) 

1 - ( T 2 A I ) 

where T m is the Maxwel l ian re laxat ion t ime [see E q n (75)]. 
E q n (82) is a simplified formula from the general 

theory [183] and is practical ly identical with the formulas 
derived from the statistical theories [193 -200 ] . 

A n analysis of the si tuat ion as a whole led 
S ta runov [205, 206] to the conclusion tha t the fine s t ruc
ture is the result of the interact ion of or ienta t ional mo t ion 
modes with shear strains, which gives rise to a scat tered-
light double t and can be described by Eqn (82). 

A l though E q n (82) conta ins explicitly only the re laxa
t ion t ime r _ 1 = X\ = T , in fact the other t imes T 2 and T M 

occur in this formula via the coupl ing pa ramete r R. 
Eqn (82) and its equivalents describe well the doublet 

structure of the spectrum, which can be seen quite clearly 
from Fig. 24 [158], Fig. 22 [156], Fig. 23 [157], and 
Fig. 21 [207] (the calculated results are represented by 
cont inuous lines). A similar good agreement is obtained in 
other cases, which are not cited here, but can be found in the 
literature [172]. 

It should be stressed par t icular ly tha t we have con
sidered so far the scattered-light spectra of l iquids with 
viscosities such tha t the fine s t ructure of the R L W is clearly 
visible in the form of a double t or, in other words , there is a 
n a r r o w dip at the exciting line frequency co = 0. The very 
first experiments have shown tha t the fine s t ructure 
d isappears when t empera tu re is lowered and the viscosity 
increases [165]: for example, the fine s t ructure of anisalde
hyde is no longer observed at 8 cP [157]. W h e n the 
exper imental invest igat ions have provided sufficiently 
diverse da ta on the dynam-ics of the spectrum of light 
scattered in mater ia ls each of which has a wide range of 
viscosities from 10~ 2 to 1 0 1 0 P and in var ious sub
stances [146, 147, 161, 162, 1 6 5 - 1 6 9 ] , it has been found 
tha t the two branches in Fig. 27 can be described by a 
single theory which is of phenomenolog ica l na tu re and, 
therefore, does no t pre tend to provide a descript ion of the 

spectrum t h r o u g h o u t the full r ange of the viscosities [183]. 
Since the formulas deduced from the general theory conta in 
six pa ramete r s , R y t o v found [184] tha t these formulas can 
fully describe the p h e n o m e n o n or, in other words , can 
account for the high- and low-temperature branches sim
ultaneously, if these parameters are regarded as the fitting 
quantit ies. 

However , the pa rame te r s of R y t o v ' s phenomenolog ica l 
theory [183, 184] have a physical mean ing and can be found 
by independent experiments , so they cease to be the fitting 
pa ramete r s . The necessary six quant i t ies for salol and 
benzophenone have m a d e it possible to compare the 
exper imental results with the theoret ical formulas . It has 
been found tha t the si tuat ion is not as simple as one would 
like. 

2 A v m / c m - 1 

0.3 I -

0.2 -

0.1 -

- 5 0 50 
T/ °C 

100 

Figure 2 9 . T e m p e r a t u r e d e p e n d e n c e s o f t h e s e p a r a t i o n 2 A v m a x b e t w e e n t h e 
fine-structure c o m p o n e n t s o f t h e R a y l e i g h l ine w i n g o f sa lo l . C i r c l e s 
r e p r e s e n t t h e e x p e r i m e n t a l r e s u l t s . C u r v e 1 is p l o t t e d w i t h t h e in f luence o f 
t h e i n s t r u m e n t a l f u n c t i o n n e g l e c t e d a n d c u r v e 2 is c a l c u l a t e d o n t h e b a s i s 
o f t h e L o r e n t z i a n i n s t r u m e n t a l f u n c t i o n w i t h a h a l f - w i d t h o f 
2 x 1 0 " 2 c m _ 1 [169]. 
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_L_ 
- 5 0 50 100 

T/ °C 

Figure 3 0 . D e p e n d e n c e s o f t h e s e p a r a t i o n 2 A v m a x b e t w e e n t h e m a x i m a o f 
t h e f ine s t r u c t u r e o f t h e R a y l e i g h l ine w i n g o f b e n z o p h e n o n e . C i r c l e s 
r e p r e s e n t t h e e x p e r i m e n t a l r e s u l t s . C u r v e 1 is c a l c u l a t e d for 
v T = 9 2 0 m s _ 1 a n d c u r v e 2 for v T = 1200 m s - 1 . T h e p o s i t i o n s o f t h e 
p o i n t s a r e n o t v e r y sens i t i ve t o t h e v a l u e o f v T [169]. 
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All the necessary pa rame te r s and all the required details 
of the calculat ions can be found in Refs [45, 1 6 5 - 1 6 9 ] . 
Here , we shall give graphical ly the results of the calculat ions 
and represent the exper imental results by circles or other 
symbols . Fig . 29 gives the da ta obta ined for salol and 
Fig. 30 gives the cor responding da ta for benzophenone . 

It is clear from these figures that the phenomenological 
[183] and statistical [193-200] theories both describe qualita
tively and in a satisfactory manner the fine structure of the 
R L W . 

The si tuat ion is qui te different in the case of the low-
tempera tu re b ranch . In this case there is no t even a 
quali tat ive agreement between Eqn (79), predicted by 
R y t o v ' s theory [183], and experiments . 

This discrepancy between the theory and experiment is 
evidently of the same origin as the discrepancies tha t result 
from the use of relaxat ion theories with local derivatives to 
describe the p ropaga t i on of sound in a viscous medium. 

It is well k n o w n tha t a re laxat ion theory with local 
derivatives does not predict the correct frequency depend
ences of the velocity and absorp t ion of sound. 

This difficulty was overcome by Isakovich and 
C h a b a n [208] in their theory of p ropaga t i on of sound in 
viscous and highly viscous media . Their theory provides a 
satisfactory descript ion of the t empera tu re dependences of 
the velocity and absorp t ion of sound, bu t neither this nor 
similar theories have been generalised to describe the 
spectrum of molecular light scattering. 

Some a t t empts to develop a theory of the spectrum of 
light scattered in a viscous liquid have been made , bu t they 
represent only a very early stage. 

M u c h work on the fine s t ructure of the R L W has been 
done on low-viscosity l iquids when a re laxat ion theory 
based on local derivatives can be applied (see, for example, 
Refs [ 2 0 8 - 2 1 6 , 224]). 

Efforts of this kind remain topical and they cont inue. 

8.1 Modulat ion of light scattered as a result of transient 
changes in anisotropy fluctuations. Propagat ion of a 
transverse elastic wave 
It follows from hydrodynamics [14, 153, 154] tha t the 
changes in the shear strains of a viscous med ium with 
t ime are described by the following equat ion of mot ion : 

0(t,r)-^W20(t,r) = 0 (83) 

The solution of E q n (83) identifies the law obeyed by 
t ime modu la t i on of the scattered light considered from the 
poin t of view of hydrodynamics . If the solut ion of E q n (83) 
is sought , as usual , in the form 

$(t, r) = <P0 exp [i(Qt - q-r)] (84) 

and if E q n (84) is subst i tuted in E q n (83), the result is 

$(t, r) = <P0 exp e x p ( - i ? . r ) . (85) 

The field of the scattered optical wave, modu la t ed by the 
function (85), is 

E(t) = EO0O exp ( -q2^t ) exp(- i t f -r) . (86) 

It readily follows from E q n (86) tha t the scattered-light 
intensity decreases in accordance with the exponent ia l law 

I{t) = / 0 expf (87) 

wi thout oscillations. 
T rans fo rmat ions similar to those described by 

E q n s ( 2 5 ) - ( 3 0 ) yield the following expression for the 
frequency dis t r ibut ion of the intensity 

1(0,) = V H 

co2+6\ 
(88) 

where the line half-width is S^ = q2rj/p and the line 
m a x i m u m is at co = 0. Consequent ly , hydrodynamics 
predicts tha t the scattered-light spectrum consists of a 
line or b a n d of width 3% wi thout any other discrete 
componen t s . 

In fact, as demons t ra ted above, the details of this 
p h e n o m e n o n are much ' r icher ' t han predicted by h y d r o 
dynamics . The spectrum of molecular scattering of light 
includes double ts and triplets, depending on the state of an 
isotropic med ium. 

The doublet s t ructure of the spectrum is described well 
by b o t h the phenomenolog ica l and statistical theories which 
contain such quant i t ies as the velocity and absorp t ion of a 
t ransverse or shear elastic wave, so tha t the theoret ical 
expressions together with the exper imental da ta m a k e it 
possible to determine the pr incipal characterist ics of 
t ransverse sound, which are its velocity and absorp t ion . 

A detailed analysis of this s i tuat ion was m a d e by 
S ta runov [205, 206] (see also Ref. [169]), who considered 
the velocity v and the absorp t ion coefficient a at the 
wavelength A and the frequency QT, and thus derived 
expressions on the assumpt ion tha t there are only two 
an iso t ropy relaxat ion t imes, xx and T 2 , and one Maxwel l ian 
t ime T m , such tha t xx > xM > x2: 

olA av \J\ -\- QjT2 — QTT , 

r = TI 
1 + Q2

:x1x2(x1 - x M + x2)x^ 

K = 
(1 + Q2T2)[\ + QjXi(x\ - T M + T 2 ) W ] 

( 1 + D 2 T 2 ) ( 1 + D 2 T 2 ) 

(89) 

(90) 

(91) 

(92) 

The above formulas m a k e it possible to plot the depend
ence of aA/2% on QT = 2nfT, which is indeed done in 
Fig. 31 . The a r r o w in this figure identifies the ord ina te at 
which the double t s t ructure is observed. The dashed 
hor izon ta l line identifies the value be low which the 
modu la t i ng function is oscillatory and, consequently, 
discrete lines appear in the spectrum. Fig . 32 gives the 
t empera tu re dependence of aA/2n. The dashed line still 
gives the value of aA/2n be low which the modu la t ing 
function is oscillatory. 

In the region where the fine s t ructure of the R L W or the 
double t s t ructure exists in the spectrum, the modu la t ing 
function ceases to be exponent ia l , bu t does not yet become 
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Figure 3 1 . D e p e n d e n c e o f aA/2n o n t h e f r e q u e n c y QT — 2nfT 

r e p r e s e n t i n g o b s e r v a t i o n s o f l igh t s c a t t e r e d a t 6 — 9 0 ° . A n a r r o w 
iden t i f i e s t h e v a l u e o f ocA/2n a t w h i c h t h e fine s t r u c t u r e o f t h e R a y l e i g h 
w i n g a p p e a r e d . T h e h o r i z o n t a l d a s h e d l ine is t h e level b e l o w w h i c h t h e 
m o d u l a t i o n ( c o r r e l a t i o n ) f u n c t i o n $(t, q) is o s c i l l a t o r y [169]. 

od 

2n 
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Figure 3 2 . T e m p e r a t u r e d e p e n d e n c e o f aA/32n for s a lo l . C u r v e 1 
c o r r e s p o n d s t o 0.9 G H z a n d c u r v e 2 c o r r e s p o n d s t o 3 G H z [169]. 

regularly oscillatory, and the region where a well-resolved 
triplet is observed cor responds to a regularly oscillatory 
modu la t i ng function. 

Fig. 26 shows the Iyu(co) spectrum of salol for different 
viscosities. The results, obta ined with a mul t ipass inter
ferometer, are recorded with a DAS-1 uni t and then 
transferred to a persona l compute r where the whole block 
of da ta is analysed appropr ia te ly in accordance with a 
special p r o g r a m . 

A n analysis of the triplet spectrum makes it possible to 
use the half-widths of the shifted componen t s in order to 
determine the a t t enua t ion coefficient of hyper sound in salol 
as a function of t empera tu re . The shifts of the discrete lines 
from the exciting line can be used to deduce the t empera tu re 
dependence of the velocity of hypersound . 

The results of such an analysis are presented in Fig. 33. 
The con t inuous curves in this figure give the results of 
calculat ions carried out on the basis of the formulas given 

Figure 3 3 . T e m p e r a t u r e d e p e n d e n c e s o f t h e a b s o r p t i o n coef f ic ien t a (2 ) 
a n d o f t h e v e l o c i t y v ( l ) o f h y p e r s o u n d . T h e c o n t i n u o u s c u r v e s a r e t h e 
r e s u l t s c a l c u l a t e d o n t h e b a s i s o f t h e o r e t i c a l f o r m u l a s [208]. S y m b o l s 
c o n n e c t e d b y d a s h e d l ines a r e t h e e x p e r i m e n t a l r e s u l t s [148]. 

by Isakovich and C h a b a n [208]. The qual i tat ive agreement 
between the exper imental and theoret ical results can be 
regarded as satisfactory, bu t there is no quant i ta t ive ma tch 
and the task of developing a satisfactory theory of the effect 
is still to be done . 

If aA/2% = 1, it follows — as shown above [see 
E q n s (39) and (40)] — tha t discrete spectral lines cannot 
be observed. 

8.2 Spectra of depolarised light scattered by anisotropy 
fluctuations in the critical region 
The region where phase t rans format ions and critical 
p h e n o m e n a t ake place is usual ly confined to a n a r r o w 
range of the external pa rame te r s and represents a zone of 
ca tas t rophic changes in the state of mat te r and of such 
striking p h e n o m e n a as the critical opalescence. A paper by 
Ox toby and Gelbar t [119] s t imulated new interest in the 
critical opalescence and in the influence of double and 
mult iple scat tering on the scattered-light characterist ics. 
These au tho r s suggested a new nontr iv ia l me thod for 
de terminat ion of the absolute value of the integral intensity 
of the scattered light [119]. A par t ia l account of studies of 
this k ind can be found in reviews [98, 99] and in the 
l i terature cited in these reviews. 

The behaviour of the intensity and spectra of light 
scattered by f luctuat ions of such t h e r m o d y n a m i c quant i t ies 
as the pressure, ent ropy, t empera ture , and concent ra t ion 
has been investigated in detail under a variety of condi t ions , 
as can be par t ly seen from the above account . 

The si tuat ion is different in the case of the spectrum 
of light scattered in the critical range because of 
f luctuat ions of such an internal pa ramete r as the 
aniso t ropy. This can be formulated as the quest ion: 
h o w does the critical state influence the R L W or the 
spectrum of depolarised scattered light? A n d can one 
influence this spectrum at all? 

To the best of my knowledge, unt i l our first experi
men ta l invest igations were publ ished [217, 218], there h a d 
been no theoret ical or exper imental work on this topic . 
However , the behaviour of the an i so t ropy f luctuat ions in 
phase t r ans format ions is impor t an t and the spectrum of 
light scattered on these f luctuat ions can possibly provide 
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in format ion on the na tu re of the behaviour of aniso t ropic 
molecules in the critical region. 

Before the experiments were started, each of the au tho r s 
of these two papers [217, 218] had his own idea abou t the 
expected behaviour of the R L W in the critical region. A 
solution should contain at least one of the two liquids with 
a s t rong R L W . The first solution to be investigated 
consisted of n i t robenzene and n-hexane. Light scattered 
in this solution was analysed by a F a b r y - P e r o t inter
ferometer with two different dispersion ranges Av = 1.833 
and 16.7 c m - 1 . The exper imental results revealed a con
siderable na r rowing of the depolarised scat tering spectrum. 
The critical exponent in the t empera tu re dependences of the 
relaxat ion t imes xx and x2 was determined with a large error 
of rsj 50% (this po in t is discussed earlier; see also Fig. 18). 
F o r the diverging pa r t s of the dependence this exponent 
proved to be abou t 0.6. 

A quali tat ively similar na r rowing had been repor ted for 
an an i l i ne - cyc lohexane solution [217]. 

This investigation was cont inued [218] and n i t roben-
z e n e - n - h e x a n e and n - d o d e c a n e - / ? , /T-dichloro diethyl 
ether were investigated for the second t ime. Once again, 
na r rowing of the depolarised spectrum was observed. 

There have been other investigations of this topic 
[217, 2 1 9 - 2 2 3 ] and, moreover , large pa r t s of the theses 
of U t a r o v a [219] and Kolesn ikov [149] dealt with the same 
topic . 

Spectroscopic investigations in the critical region are 
complicated by the critical opalescence when a major role 
is played by double and multiple scattering of light, which 
leads to depolarisation of light which initially is polarised 
linearly in a plane perpendicular to the scattering plane. F o r 
this reason a very careful alignment of the whole system is 
needed so as to avoid parasitic scattering. This difficulty has 
been evident right from the beginning of our investigations 
and, therefore, special care was taken in our experiments. A 
description of all the details of the work done can be found in 
the theses of U ta rova [219], Kolesnikov [149], and 
Sabirov [45], including a description of the appara tus used 
to record simultaneously the spectrum of depolarised scat
tered light by two F a b r y - P e r o t interferometers with different 
dispersion ranges, as well as a number of other measures and 
precaut ions taken to avoid possible distortion of the 
experimental results by the critical opalescence. 

By way of example, Fig . 34 shows the dependence of the 
an i so t ropy relaxat ion t ime T 2 on s = (T — Tc)/Tc p lo t ted on 
a logar i thmic scale for a n i t r o b e n z e n e - n - h e x a n e solution. 
The interval AT = T -Tc ranged from 40 to 0.08 °C. 

The pa r t of the curve cor responding to xx was no t 
investigated, bu t it could be affected significantly by the 
light depolarised as a result of the critical opalescence and 
because this pa r t was na r row. F o r details, see 
Refs [149, 219]. 

Two theoretical papers appeared at approximate ly the 
same t ime and their results could be used to describe the 
nar rowing of the spectrum of depolarised scattered light in 
solutions. These were the papers of C h a b a n [226], who 
tackled the description of the observed nar rowing specifi
cally, and of Wilson [227], who presented his paper at a 
conference earlier and deal with a different topic. However , 
Wilson also discussed the behaviour of the ro ta t iona l 
diffusion coefficient near a critical point of a solution 
and was thus directly relevant to the problem in ques
t ion, because the anisot ropy relaxation t ime x and the 
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Figure 3 4 . D e p e n d e n c e o f t h e a n i s o t r o p y r e l a x a t i o n t i m e T 2 ( w h i c h is t h e 
r e c i p r o c a l o f t h e h a l f - w i d t h o f t h e R a y l e i g h l ine w i n g ) o n A r — T — Tc, 
p l o t t e d o n a l o g a r i t h m i c sca le [e = (T — Tc)/Tc, AT v a r i e s f r o m 4 0 t o 
0 .08 ° C ] , for a n i t r o b e n z e n e - n - h e x a n e s o l u t i o n [218]. 

ro ta t iona l diffusion coefficient Dr are related by the 
following simple expression derived from the S t o k e s -
Debye and Einstein formulas: 

x = (6DYyl oc (r - Tc)a . (93) 

Here , DY = kT/^nrjr3. Accord ing to Wilson, in the critical 
region we have to replace r with r c . The results obta ined 
earlier lead to the expression r c oc s~0'63 and then x oc e _ ( J , 
where a ~ 2. Accord ing to Wilson, a = 3/2. 

Accord ing to C h a b a n ' s theory [226], the na r rowing of 
the depolarised spectrum near Tc is due to the divergence of 
the concent ra t ion f luctuat ions. In this theory, the expres
sion for the free energy includes the p roduc t of the average 
square of the an i so t ropy tensor f luctuat ions and the average 
square of the concent ra t ion f luctuat ions. 

C h a b a n [226] gives the following expression for the 
an i so t ropy relaxat ion t ime: 

x = (a + be*)-1 . (94) 

Here , a and b are pa rame te r s which depend weakly on 
t empera tu re and the critical exponent is o = 0.8. It should be 
poin ted out tha t the two expressions, (93) and (94), 
cor respond to very different mechanisms of na r rowing of 
depolarised light, bu t b o t h m a y act s imultaneously in real 
experiments . 

The t empera tu re dependences of the an i so t ropy re laxa
t ion t ime or of the reciprocal of the half-width of the R L W 
are different for different solut ions. F o r example, the R L W 
decreases monotonica l ly in width in the case of ca rbon 
disulfide - ethyl a lcohol solut ions (Fig. 35). 

The na r rowing is m o r e usually n o n m o n o t o n i c : this is 
shown, by way of example, in Fig. 36 for an n - h e x a d e c a n e -

/T-dichloroethyl ether. This figure clearly reveals two 
regions of rapid na r rowing of the R L W , separated by a 
region where there is no change in the width . The pa r t of the 
spectrum cor responding to xx has not been investigated 
because of the parasi t ic influence of the critical opalescence. 
T h r o u g h o u t the t empera tu re interval Ar from 27 to 0.1 °C 
the width of the wing decreases by a factor of 15 compared 
with the change in the viscosity by a factor of 1.6 [149]. 

In the regions of rapid narrowing (Fig. 36) the critical 
exponent agrees with Eqn (93) on the assumption that o ~ 2, 
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l n ( 1 0 1 2 T ) 

Figure 35 . D e p e n d e n c e o f In i o n I n s for a c a r b o n d i s u l f i d e - e t h y l a l c o h o l 

s o l u t i o n : ( 7 ) x f o u n d f r o m t h e h a l f - w i d t h o f t h e v = 656 c m - 1 c o m b i n a t i o n 

s c a t t e r i n g l ine o f C S 2 ; ( 2 ) r e m a i n i n g s y m b o l s r e p r e s e n t t h e r e su l t s o f differ

ent a n a l y s e s o f t h e R a y l e i g h l ine w i n g . T h e c o n t i n u o u s c u r v e is t h e o r e t i c a l , 

b a s e d o n E q n (94) w i t h T = 22 x 1 0 " 1 2 (1 .5 x 1 0 4 e 2 + l ) " 1 [220]. 
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Figure 3 7 . D e p e n d e n c e o f l n T 2 o n I n s for t h e R a y l e i g h l ine w i n g o f a n 

n - d o d e c a n e - / ? , j S ' - d i c h l o r o e t h y l e t h e r s o l u t i o n . T h e p o i n t s a r e t h e 

e x p e r i m e n t a l r e s u l t s . T h e c o n t i n u o u s c u r v e is c a l c u l a t e d o n t h e b a s i s o f 

E q n (94) o f Ref . [219]; ( c T I T ) - 1 = 0 .018 + 5 e a 8 . 

l n ( 1 0 1 2 T ) 

Figure 3 6 . D e p e n d e n c e o f l n r o n I n s for t h e R a y l e i g h l ine w i n g o f a n 

n - h e x a d i e n e - / ? , j S ' - d i c h l o r o e t h y l e t h e r . D i f f e r e n t s y m b o l s r e p r e s e n t 

a n a l y s e s o f t h e s p e c t r a o b t a i n e d for d i f fe ren t d i s p e r s i o n r a n g e s o f a 

F a b r y - P e r o t i n t e r f e r o m e t e r . T h e c o n t i n u o u s c u r v e s a r e c a l c u l a t e d o n t h e 

b a s i s o f E q n (94) o f a t h e o r y g iven in Ref . [226]. ( 7 ) i = 13.8 x 1 0 " 1 2 

( 8 .67 x loV + l ) " 1 ; (2) z = 39 .8 x 1 0 " 1 2 (2 .27 x 1 0 " 5 e 2 + l ) " 1 [149]. 

but does not describe the region where there is no temperature 
dependence (arbitrari ly called the sa tura t ion region). 

However , if the n o n m o n o t o n i c behaviour is ignored, as 
has been done in the specific case of an n - d o d e c a n e -

/T-dichloroethyl ether solution, and a line is d rawn in 
accordance with E q n (94), the results are those shown in 
Fig. 37, where the critical exponent is a = 0.8. 

Fig. 38 shows the dependence of l n ( 1 0 1 2 r ) on l n e for an 
an i l i ne - cyc lohexane solution. Curves 1 and 2 differ in 
respect of the t rea tment of the results [225]. Once again 
there is no doub t abou t the na r rowing of the R L W . 

It is wor th no t ing the c i rcumstance tha t depolarised 
R a m a n lines consist of a pa r t which depends weakly on 
t empera tu re and a depolarised pa r t which depends strongly 
on t empera tu re . In view of the fact tha t the na tu re of the 
depolarised pa r t of a combina t ion scattering of light (CSL) 
line is ' re la ted ' in its na tu re to the R L W , it can be assumed 
tha t the depolarised pa r t of a CSLs line will behave in the 
same way as the R L W . 

l n ( 1 0 1 2 T ) 
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Figure 3 8 . D e p e n d e n c e o f l n r o n I n s for t h e R a y l e i g h l ine w i n g o f a n 

a n i l i n e - c y c l o h e x a n e s o l u t i o n . T h e t w o c u r v e s (7 , 2 ) c o r r e s p o n d t o t w o 

d i f fe ren t w a y s o f a l l o w i n g for t h e b a c k g r o u n d [225]. 

A n investigation was therefore carried out of the 
t empera tu re dependences of depolarised CSL lines of a 
ca rbon disulfide - ethyl a lcohol solution. The CSL line of 
C S 2 at v = 6 5 6 c m _ 1 was investigated. The t empera tu re 
dependence of a line of this type is p lot ted in Fig. 39 
where the abscissa gives b o t h Ar = T — Tc and T/rj. It is 
evident from this figure tha t far from the critical t em
pe ra tu re the CSL line width depends on T/rj, bu t in the 
interval Ar from 4.6 to 1.2 °C there is a significant 
na r rowing of the CSL line a l though the change in the 
viscosity in this t empera tu re interval is negligible. The 
dashed line is the result of ext rapola t ion and the intercept 
on the ord ina te can also be used to find the ' res idual ' width. 
This residual width has been determined for pu re ca rbon 
disulfide [149]. 

Similar studies have also been m a d e on depolarised 
R a m a n lines of n i t robenzene in the case of a n i t r o b e n z e n e -
n-hexane solution. Fig. 40 shows the width of depolarised 
lines of n i t robenzene at vx = 610 c m - 1 , v 2 = 1345 c m - 1 , and 
v 3 = 1586 c m - 1 , p lot ted with the use of the same coor 
dinates as in Fig. 39. On app roach to the critical po in t all 
three lines become nar rower , bu t unexpectedly this happens 
in different t empera tu re intervals for each of the lines. So 
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5 v / c m 

Figure 3 9 . D e p e n d e n c e s o f t h e h a l f - w i d t h 5v o f t h e v = 656 c m " 
d e p o l a r i s e d R a m a n s c a t t e r i n g l ine o f C S 2 o n T/rj a n d o n A r for a c a r b o n 
d i s u l f i d e - e t h y l a l c o h o l s o l u t i o n [220]. 

5 v / c m 1 
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Figure 4 0 . D e p e n d e n c e s o f t h e h a l f - w i d t h 5v o f d e p o l a r i s e d c o m b i n a t i o n 
s c a t t e r i n g l ines o n A r a n d T/rj o f n i t r o b e n z e n e - n - h e x a n e s o l u t i o n s . T h e 
r e s u l t s w e r e o b t a i n e d for t h e f o l l o w i n g c o m b i n a t i o n s c a t t e r i n g l ines : 
( 7 ) V! = 6 1 0 c m " 1 ; ( 2 ) v 2 = 1345 c m " 1 ; (3) v 3 = 1 5 8 6 c m " 1 [143, 149]. 

far, this has no t been explained in te rms of physics. A n 
investigation of the dependences of the widths of the 610, 
1345, and 1586 c m - 1 lines on the value of T/rj shows tha t 
t h r o u g h o u t the whole t empera tu re interval the dependence 
is linear and there are no singularities in the case of p u r e 
n i t robenzene [149, 238]. 

In our experiments the distribution of the intensity in the 
R L W has to be described by at least two Lorentzians, as 
demonstrated in numerous examples beginning from 
1945 [132]. This has been confirmed repeatedly by various 
authors, as described in books [11, 144]. The same two 
Lorentzians apply to the lines in the case of solutions and 
sometimes there are three Lorentzians. 

As pointed out above, different Lorentzians vary in 
different ways with temperature (viscosity), so that the result 
is a fairly complex dynamics of changes in the intensity 
distribution in the R L W with temperature. Studies of the 
narrowing of the R L W or of the depolarised par t of a R a m a n 
line are best carried out on solutions in which at least one of 
the components consists of anisotropic molecules. The 

complex 'interplay' of the Lorentzians with temperature 
may create the illusion that the spectrum remains constant 
if only a part of it is studied. N i t roe thane - i sooc tane [228] and 
n i t r ome thane -n -amy l alcohol [229] solutions show no nar
rowing of the R L W . Publication of the first studies of the 
temperature dependence of the R L W in critical solutions has 
been followed by communicat ions from Beysens et al. [230], 
who carried out some experiments that have resulted in a 
misunderstanding. They described the R L W for a solution by 
a single Lorentzian, whereas at least two were observed. 
Moreover, the intensity increased as a result of cooling, 
which could not be explained if the narrowing of the 
R L W were rejected. This is in conflict with experiments 
and theories of scattered light in general. Some investigations 
have also been carried out by other authors [231, 232]. A 
detailed analysis of the investigations that have failed to reveal 
the narrowing of the R L W can be found in theses 
[149, 219, 229] and in a detailed treatment [225]. 

The R L W undoub ted ly originates from changes in the 
an i so t ropy f luctuat ions with t ime. The main role in these 
changes is played by the ro ta t iona l mot ion of aniso t ropic 
molecules. If in the critical region there is no change in the 
spectrum, it should mean tha t the ro ta t iona l mo t ion of the 
molecules does no t 'sense ' a phase t ransi t ion in this region. 
Moreover , the results of such an experiment carried out by 
Beysens et al. [230] are in conflict with the theory 
[226, 227], whereas the results of other experiments 
[ 2 1 7 , 2 1 8 , 2 2 0 - 2 2 3 , 2 2 5 , 2 3 8 ] can be regarded as being 
in qual i tat ive agreement with these theories. A n unsa t 
isfactory si tuat ion exists when not only experiments are in 
conflict with the theory, bu t also exper iments repor ted by 
different g roups of au tho r s disagree even in the case of the 
same solution. 

All this means tha t new experiments with improved 
a p p a r a t u s are needed on the topic in quest ion and m o r e 
extensive theoret ical studies t han hi ther to are required of 
the behaviour of molecular ro ta t ion in the vicinity of a 
phase t rans i t ion in the critical region. 

Some impor t an t results were obta ined some t ime 
ago [233 -237] , bu t the behaviour of the ro ta t iona l mo t ion 
of aniso t ropic molecules in the critical region has , to my 
knowledge, been discussed only by Wilson [227]. 

It seems to me that the rotat ional motion of anisotropic 
molecules in the critical region is an interesting and important 
topic. 

F u r t h e r work on this topic should take account , in 
calculat ions and par t icular ly in the design of experiments , 
of a new type of scat tering predicted and calculated by 
Andreev [239]. 

This new type of scattering, no t observed (so far) 
experimental ly lies in the spectral r ange outs ide the 
Rayleigh scattering (unshifted line) and is super imposed 
on the R L W region. This scattering originates from 
fluctuat ions of the dis t r ibut ion function of the the rmal 
f luctuat ions. The wave vectors of the scattered light are then 
less t han the reciprocal of the interpart icle distances and 
greater t han the reciprocal of the exciting light wavelength. 
Both polar ised and depolarised processes occur in such 
scattering. 

It is impor t an t to stress tha t Andreev reaches the 
following conclusion on the basis of his investigation 
[239]: " I t is clear, however , tha t the mechanism discussed 
above should give rise to the critical opalescence in the case 
of depolarised scattering if the f luctuating quan t i ty x is the 



S p e c t r a o f m o l e c u l a r l igh t s c a t t e r i n g a n d s o m e o f t h e i r a p p l i c a t i o n s 855 

critical exponent Accord ing to the L a n d a u theory, for 
the intensity of scattering at the critical poin t [13] the 
extinction coefficient h is 

h = 
Qt (ab3) - 1 / 2 

2167cV 
(95) 

Here , Qs is the frequency of the scattered light; b is a 
cons tant ; a depends on t empera tu re as T — Tc in the limit 
T —> Tc. The spectral dis t r ibut ion of the intensity predicted 
by Andreev [239] is 

dh _ Qt\co\1/2co 
dco 2\6n2c4s2(co) PP/s 

1 /2 

' 9 e C\ 
+ {dSjP 2p2fl2 

(96) 

Here , co is the frequency shift, v is the velocity of sound, 

f4 
-n + n' + x{y-i) 

and the rest of the no ta t ion is s tandard . 
All the discussions and calculat ions ment ioned above 

apply only to those f luctuations, represent ing optical 
inhomogenei t ies , whose effective size is much less t han 
the wavelength of light. The scattering indicatr ix for light 
depolarised because of the scattering by the an iso t ropy 
f luctuat ions is then symmetr ic for the scattering angles 6 
and 1 8 0 ° - 0 . 

Zai tsev and S ta runov [240] determined the dependence 
of the intensity rat io IQ/I\O%°-Q o n the shift of the frequency 
co in the spectrum of depolarised light scattered in benzene, 
to luene, salol, and some other l iquids. 

Fig. 41 gives the results obta ined for three liquids. In 
the case of benzene up to 20 c m - 1 the rat io h/h^-e is 
uni ty, but at higher frequencies this rat io changes and it is 
found tha t the forward scattering is s tronger than the 
backward effect between 20 and 90 c m - 1 . Asymmet ry 
appears in salol only at 120 °C and at r o o m tempera tu re 

the intensity rat io is uni ty t h r o u g h o u t the frequency range . 
To my knowledge, this is the only investigation of this kind 
and var ious possible explanat ions can be pu t forward. One 
of these explanat ions pos tu la tes tha t dur ing mult iple t imes 
t oc l/co, f luctuat ions with effective dimensions of the order 
of the wavelength of light may appear . The number of such 
f luctuations is no t small, bu t they do no t survive for long: 
accord- ing to Ref. [240] their lifetime ranges from 2 x 1 0 - 1 1 

to 5 x 1 0 " 1 3 s . 
This exper imental and theoret ical p rob lem m a y provide 

new informat ion on the kinetics of f luctuat ions and 
deserves further study. 
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