
Critical opalescence
L. A. Zubkov and V. P. Romanov

A. A. Zhdanov Leningrad State University
Usp. Fiz. Nauk 14, 615-659 (April 1988)

Studies of critical opalescence near phase transitions in different systems are reviewed. The
fundamentals of the modern approach to the description of the propagation and scattering of light
in media with large nonuniformities are presented. The experimental data on the coefficient of
extinction and integrated intensity of the scattered light are analyzed and different models for the
correlation function are discussed. Different methods for studying multiple scattering of light and
methods for eliminating it from the measured intensity are examined. The kinetic properties of
systems in the critical region are examined. Attention is devoted primarily to the experimental
data obtained by the methods of correlation spectroscopy and to the comparison of these data
with the predictions of different theoretical models. Significant attention is devoted to the study of
phase transitions in liquids by the methods of light scattering as well as the problem of
propagation and scattering of light in the nematic phase, where fluctuations of the director exhibit
the same behavior as at the critical point. In conclusion, phase transformations in micellar
solutions, to which a great deal of attention has been devoted in recent years, are studied.
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INTRODUCTION

As the points of liquid-liquid and liquid-vapor equilib-
rium are approached optically transparent systems start to
become cloudy owing to strong scattering of light. This phe-
nomenon is well known and is termed critical opalescence.
The optical properties of such systems depend strongly on
the closeness to the critical point, and for this reason the
method of light scattering is widely employed in the study of
second-order phase transitions and critical phenomena.la)

This method has the significant advantage that in studying
the intensity of the scattered light there is virtually no exter-
nal perturbation acting on the system, and fluctuations of
the order parameter make the main contribution to the scat-
tering, since they grow in an unbounded fashion as the tran-
sition point is approached. For this reason, the values of the
critical parameters, obtained from such experiments are in
this sense most reliable.

One of the main problems in the theory of phase transi-
tions is the calculation of the critical indices of different
physical quantities and the amplitudes corresponding to
them. This is done with the help of different modifications of
the renormalization group method or high-temperature ex-

pansions. The criterion for the validity of some particular
approach is the direct comparison of the computational re-
sults with the experimental data. Since the difference in the
values of the parameters obtained theoretically is, as a rule,
not large, the experiments must meet very exacting require-
ments.

Critical opalescence experiments are of two types. In
one type the equilibrium properties of systems are studied,
while in other types the time correlation function of the fluc-
tuations of the order parameter is studied. In both cases, in
addition to the problem of maintaining a constant tempera-
ture, which is common to all experiments on critical phe-
nomena, there appear specific requirements on light sources
and systems for recording the scattered radiation.

Aside from purely technical problems, there also ap-
pear problems of a fundamental character. Information
about the critical parameters appears in the simplest possible
manner in the single scattering of light. Very close to the
critical point, within hundredths or thousandths of a degree,
however, higher-order scattering begins to play an apprecia-
ble role in most objects. The contribution of multiple scatter-
ing can be reduced appreciably in a purely experimental
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fashion, but it cannot in principle be eliminated completely
from the total intensity. Methods enabling separation of
purely single-scattering have therefore been developed. It
has turned out that for this additional measurements must
be performed and the problem of light scattering in the real
geometry of the experiment must be solved.

Critical opalescence has now been studied in greatest
detail near the critical point of separation and the liquid-
vapor point, which are equivalent second-order phase transi-
tions. These transitions have been most fully described theo-
retically, and the main efforts are directed toward clarifying
the fine details of the phase transition. The optical diversity
of these systems has made it possible to develop the entire
experimental procedure to a very high standard.

As a result, it is now possible to study even more com-
plicated systems. This concerns, first of all, liquid crystals, in
which a great deal of attention is devoted to the study of the
isotropic liquid—nematic liquid crystal transition. This
phase transition is unusual in that because of the low heat of
the transition the pretransition phenomena are observed
over a wide temperature interval and, in the process, the
behavior of the susceptibility does not exhibit any universal-
ity.

The nematic phase is also interesting from the view-
point of critical opalescence. The spectrum of the fluctu-
ations of the director is a Goldstone spectrum with an anom-
alously large long-wavelength part, so that the scattering of
light over the entire region of existence of this phase occurs
in the same manner as at the critical point itself, which is not
attainable in order physical systems.

The intensive study of the critical behavior of a wide
class of micellar systems has been initiated in the last few
years because of the great practical applications of these sys-
tems. Extensive experimental data, for which it is not always
possible to find a rational explanation, have been accumulat-
ed in this field.

In this review we shall try to study all these objects from
a unified viewpoint and identify the general results that unify
them. A relatively large amount of attention is devoted to the
problems of designing experiments and the concomitant
methodological questions, since it is precisely the solution of
these problems that in many cases makes it possible to obtain
reliable results. The theory of light propagation, including
also multiple propagation, is presented only to the extent
that is necessary for the analysis of experimental data and
the discussion of the results obtained, since these questions
have been studied in detail in many reviews and monographs
(see, for example, Refs. lb and 2). We shall also virtually
ignore the characteristics of light scattering near the liquid-
vapor critical point, where the gravitational effect plays a
significant role, since this problem has been discussed in de-
tail in a recent review.3

1. PROPAGATION AND SCATTERING OF LIGHT IN A
NONUNIFORM MEDIUM

The phenomenological theory of light scattering is
based on Maxwell's equations. We shall neglect the magnet-
ic properties of the medium. The relationship between the
electric induction vector D and the electric field intensity
vector E is assumed to be linear and local

where the dielectric permittivity, for simplicity assumed to
be scalar,

e (r, t) = e0 + fie (r, t), (1-2)

consists of a constant part e0 and a fluctuating part Se (r, t).
The quantity (Se (r, / ) ) = 0, where the brackets ( . . . ) de-
note statistical averaging.

In the case when the incident wave is the source of the
field, it is possible to transfer from Maxwell's equations to
the equivalent integral equation

Ea(r, *) = -ri, t-tj

X 8B (rt, t (1.3)

where T°a/3 is the dipole propagator, whose Fourier trans-
form equals

(1.4)

co is the circular frequency, c is the velocity of light in a
vacuum, n\ = E(), and Eo (r, t) is the electric field intensity
vector, satisfying Maxwell's equations with SE (r,t) = 0 and
the corresponding boundary conditions.

The iterative solution of Eq. (1.4) can be represented in
the diagramatic form:

(1.5)

where the diagramatic representations of E, Eo, T", SE are as
follows:

At every vertex O integration over space and time and sum-
mation over all polarizations are performed; the left end of
every diagram corresponds to the point (r, t).

We shall be interested in the average field in the medi-
um and the scattering intensity:

defined by the mutual coherence tensor (Ea (r, t) E% (r,
t)). Averaging (1.5), we obtain

_ ^ - = —.— -L S^. - J_ /TV -

(1-6)

where

D (r, *) = B (r, t) E (r, t), (1.1)

denote the irreducible correlation functions (SE (ru f,) Se
(T2,t2)), (Se (r,, f,) SE (r2, t2) Se (r3, f3)) . For a fluctuating
medium the dipole propagator
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r3 — rA ~

is introduced analogously.
We note that in the far zone r >A, where A is the wave-

length of the light wave, the form of the dipole propagator is
the same as that of T°aP with e0 replaced by e—the dielectric
permittivity of the medium. The wavelength-dependent dif-
ference e — e0 can be expressed as the spatial Fourier trans-
form of the collection of diagramslb)

d.7)

regarded as a function of the difference of the coordinates of
their ends. Averaging the squared combination of the fields
(1.5) we obtain the intensity of the scattered light:

1 Z Z

4 5

+
7

"V*

(1.8)
Here partial summation of the diagrams has been per-
formed, so that the answer is expressed in terms of the aver-
age field and the average propagator. The second diagram
describes the single-scattering of light. The third and fourth
diagrams are termed sesquiscattering, and the fifth diagram
describes double-scattering. The remaining diagrams can
also be referred to double-scattering, but, unlike the fifth
diagram, because of correlations they are linked with pro-
cesses localized in a bounded region of space, like the third
and fourth diagrams.

In what follows we shall study only the second and fifth
diagrams and the analogous ladder diagrams of higher or-
der, since the main contribution to scattering is linked pre-
cisely with three diagrams.4

Let us examine the parameter with respect to which the
expansion in the orders of scattering is performed. The fifth
diagram, compared with the second diagram, contains the
factor

~ jd Tl (r3 - rj) T (r4 - r2) {8a,

(1.9)

Here it is assumed that the fluctuation of the dielectric per-
mittivity depends linearly on the fluctuations of the thermo-
dynamic quantities a,.

8e (r, t) = - ^ 6a; (r; t).

Outside the critical region

(1.10)

(1.11)

where L is the characteristic size of the scattering system and
l0 is a distance of the order of the intermolecular separation.
In obtaining this estimate we took into account the fact that

On transferring into the critical region the fluctuations of the
order parameter 8c(r), whose correlation function (8c (r^
8c (r2)) becomes long-ranged, make the main contribution
to the scattering. In this case the characteristic scale /„ is
replaced by the correlation radius rc = r0 T~V, which in-
creases as the critical point is approached; here
T = \T — Tc\/Tc, where Tc is the critical temperature, v is
the critical index, and r0 is a quantity of the order of several
angstroms. Since the correlation function itself decays even
at the critical point itself approximately as \/r, the substitu-
tion l\ -»/-

cr
2, occurs in the expansion parameter, i.e.,5

(1.12)

This estimate shows that the contribution of higher-order
scattering increases as the critical point is approached and,
as in (1.11), depends on the dimensions of the scattering
system.

Under the conditions of critical opalescence the inte-
grated intensities of single- and double-scattering of light by
fluctuations of the order parameter in the case of an incident
monochromatic plane wave have, according to (1.8), the
form

G(C)(g),

=-^r fl!c<c, ( dr, j dr

(mn) marcp]2 GG (q,) Gc (q2)-X [6oP -

(1.14)
Analogous expressions can be written down for the higher-
order scattering. In (1.13) and (1.14) Rst-(C) is the scatter-
ing constant, Gc(q) = <|C,|2>x<|5C, = 0 | 2 > - ' isthe^-de-
pendent part of the correlation function of the fluctuations
of the order parameter." a and /3 are the polarizations of the
incident and scattered light, k is the wave number, V is the
observed part of the illuminated volume, K, is the entire illu-
minated volume, V2 is the volume from which the scattered
light strikes the recording apparatus, X is the distance up to
the point of observation, q = k; — ks is the wave vector of
the scattering fluctuation mode, q = 2k sin(6>/2), 6 is the
scattering angle, k( and ks are the wave vectors of the inci-
dent and scattered light in 7(l), n = X/Xis the direction to
the point of observation, q, and q, are the scattering wave
vectors in Ii2\ km is the wave vector of the light wave during
intermediate reradiation, and m = (r2 — r, )/ |r, — r, |. The
formulas (1.13) and (1.14) were derived under the assump-
tion that the distance up to the point of observation is much
larger than the dimensions of the scattering system, while
the characteristic frequency of the fluctuations of the order
parameter is much smaller than the frequency of the incident
light. The standard arrangement of the light-scattering ex-
periment is shown in Fig. 1. The incident beam and the re-
corded scattered light lie in a horizontal plane. The incident
beam is either vertically (Ev) or horizontally (EH) polar-
ized, and scattered light whose polarization vector is orthog-
onal to the scattering plane (Ev ) or lies in it (EH ) is record-
ed.

Scattering attenuates light beams:
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FIG. 1. Arrangement of the light-scattering experiment.

where / is the path traversed by the light in the medium and a
is the extinction coefficient. Extinction not only attenuates
the light passing through the system, but it must also be
taken into account in the solution of the problem of light
scattering. To calculate the extinction coefficient in the low-
est order approximation one can either integrate the intensi-
ty of the scattered light from a unit length of the beam over
the entire solid angle6 or calculate the imaginary part of the
fluctuation contribution to the dielectric permittivity the
first diagram in (1.7).'b

The information about the critical behavior of the sys-
tem that is obtainable from light-scattering experiments can
be easily demonstrated with the help of the Ornstein-Zernike
approximation for the correlation function:

(1.15)
M-ql / - l-J-(,rc)* '

where (\5Cq„ 0 |
2) ~ r ''; here y is the critical index of the

susceptibility.
The formulas (1.13) and (1.15), taking into account

the fact that Rx ~(|<5Cq_, „ |2>, imply that far from the criti-
cal point the intensity of the scattered light grows as r '. As
the transition point is approached this growth slows down
owing to the increases in qrc, the light scattering starts to
depend on the angle, and the region of small angles starts to
make the main contribution. Therefore light scattering ex-
periments make it possible, in principle, to find the index of
the susceptibility and measure the correlation radius, i.e.,
find the indices y and v and the quantity r0, as well as to
determine the small index i], related with y and v by the
relation 2 — rj = y/v. In addition, the kinetic phenomena
discussed in Sec. 5 can be studied.

2. METHODS FOR STUDYING CRITICAL OPALESCENCE

The general experimental arrangement for studying
critical opalescence or the spectral composition of the scat-
tered light is shown in Fig. 2. The light source is usually a
continuous gas laser, which together with stabilizing devices
of different types enables maintaining the radiation power
constant to within several tenths of a percent. The stabilizing
devices are of two types. In one type a photodetector is in-
serted into the feedback system, which enables maintaining
the radiation power constant with a fixed accuracy.78 With
the other devices the intensities of the transmitted and scat-
tered light are measured in units of the incident light.

The radiation power is selected so that the heating of the
sample owing to absorption of light would not exceed the
temperature stabilization error. The heating for the stan-
dard weakly absorbing liquids far from the edge of the ab-

I A

4—I—I T laser
I •—'

FIG. 2. Overall view of the apparatus for studying critical opalescence. A)
device enabling stabilization of the incident radiation; Ph) photodetector
measuring the intensity of the transmitted light; G) apparatus recording
the scattered radiation, including a photodetector with a system for stor-
ing and processing data, a correlator, spectrum analyzer, and Fabry-Perot
interferometer; P,, P,) polarizers; Dl ( D,) diaphragms; L) lens; T) tem-
perature stabilizing apparatus on a goniometer; C) cell holding the liquid
under study.

sorption band does not exceed (2-5) • 10 4 deg/mW.7-9 For
this reason an He-Ne laser with a wavelength of A = 6328 A
is most often employed.

The sizes of the cells holding the substance under study
vary from fractions of a millimeter10 up to several centi-
meters,7'8" depending on its scattering properties. The use
of large cells makes it much easier to align the optical part of
the apparatus, which is especially important for performing
angular measurements. In addition, in this case the contri-
bution of different types of reflections and bright spots at the
interfaces of different media is appreciably smaller. Cells al-
ways contain, together with the incident beam, a beam re-
flected from the output window of a cell of any size, the
scattered light from which must either be taken into account
in the analysis of the experimental data7 or must be substan-
tially attenuated, for example, by gluing a neutral filter to
the outer side of the cell.8

The systems studied are prepared from chemically pure
preparations and foreign inclusions are without fail removed
from them either by vacuum distillation or filtering through
filters with pore sizes of 0.2-0.5 fim.

For each concrete system studied preliminary experi-
ments must be performed in order to determine the position
of the critical point. In the case of solutions the critical con-
centration Cc is determined from an analysis of the data on
the coexistence curve, while the critical temperature Tc is
determined from the moment at which an interface appears
between phases as the temperature is varied from the side of
the single-phase region. For solutions in which the differ-
ence between the refractive indices of the components is very
small the position of Tc is determined from the change in the
intensity of the scattered light as a function of the tempera-
ture. The temperature is varied discretely, and the accuracy
of determination depends on the step size.9

In the last few years, with the appearance of high-quali-
ty electronics, great progress has been achieved in stabilizing
and measuring the temperature. The cell is placed into a
double or triple thermostat, the temperature of whose outer
jackets is somewhat lower than the interior temperature.
The temperature is maintained constant with the help of a
bridge circuit, whose active element is a temperature-sensi-
tive resistance. The internal thermostat is often made of cop-
per, which enables appreciable reduction of the temperature
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gradients in the cell. The temperature of the system under
study is measured with the help of platinum or quartz ther-
mometers. In modern thermostats the precision with which
the temperature is maintained reaches 2-10 ~4 deg.

When measurements are performed in a wide range of
angles the light source and the thermostat with the cylindri-
cal cell are usually immobile, while the collimating and re-
ceiving apparatus is moved with the help of a goniometer.
The collimating apparatus, consisting of a set of diaphragms
that limit the scattered-light aperture, is aligned so as to re-
ceive light from the center of the cell.

In studies of the integrated intensity the scattered light
strikes a photodetector, which serves as an input element for
the recording apparatus. The main requirement imposed on
this apparatus is that it must be linear over the entire range of
measured light intensities and it must operate in a stable
fashion during the experiment. Recording devices now
usually operate in the photon counting mode, so that this
method makes it possible to achieve the required signal-to-
noise ratio by accumulating the useful signal.

Two types of apparatus are employed in the analysis of
the spectral composition of the scattered light: optical het-
erodyning, described in detail in Ref. 12, is employed at fre-
quencies below 106 Hz, while for frequencies of 106—1012 Hz
a Fabry-Perot interferometer is employed as the spectral ap-
paratus. Multipass Fabry-Perot interferometers, whose de-
gree of contrast, for example, reaches 108-109 for a triple-
pass etalon,13 are often employed.

3. DETERMINATION OF THE CORRELATION FUNCTION
FROM THE LIGHT-SCATTERING DATA

The equilibrium properties of systems near the critical
point can be studied by analyzing the temperature depen-
dence of the extinction coefficient or by measuring the inte-
grated intensity of the scattered light at one or several angles.
Each of these experiments has specific features that we shall
discuss in this section.

3.1. Study of extinction coefficients

Experimental investigations in which the intensity of
the transmitted light is studied have many common features.
In practice the measurements are always performed by the
compensation method6'914"16 based on the optical analog of
the Wheatstone bridge, i.e., the intensities of the incident
and transmitted light are compared. The accuracy of the
measurements is quite high, better than 1%. The simplicity
of the optical part of the apparatus, including also the cell
holding the liquid under study, enables increasing apprecia-
bly the accuracy of temperature stabilization and thereby
approach closer to Tc. For example, r ~ 1CT7 was achieved
in Ref. 9.

From these experiments the temperature dependence of
the extinction coefficient is determined. The typical results

er,cm

where B = R^/x2 and x = krc. In this case

FIG. 3. Temperature dependence of the extinction coefficient of a binary
mixture of methanol and cyclohexane.9

of such measurements are presented in Fig. 3. The extinction
coefficient has the following scaling:

a = aox-?f{krc). (3.1)

The experimental data are usually analyzed by using the ex-
plicit expression for a, derived with the help of the Ornstein-
Zernike approximation:

„ =JLB [(2 + *-8+4-*-*) In (l+4s*)-2-ar»]

jf (3.2)

(3.3)

It is obvious from the expression for a that the parameters y,
v, /•„, and a0 (or B) can in principle be determined from the
optical data. As one can see from Fig. 3, however, the depen-
dence a (r) is a smooth curve, and it is therefore possible to
determine only some of these parameters, while the others
are taken from other independent experiments or from the
theory. It is precisely for this reason that the simplest Orn-
stein-Zernike approximation is employed to describe the ex-
tinction experiments.

The temperature dependence of a was first used in Ref.
6 to determine the values of the critical parameters. In this
work all four parameters of sulfur hexafluoride were deter-
mined near the liquid-vapor critical point. The results
showed that since the illuminated volume is much smaller
than the cell, gravity has a much smaller effect than in PVT
measurements. In Ref. 6 the gravitational effect started to
appear only for T-Tc< 0.04 K.

The extinction of a strongly opalescing mixture of
methanol and cyclohexane was studied by Kopelman and
Gammon.9 Only two parameters r0 and a0 were determined,
while y and v were assumed to be constant. Kopelman and
Gammon pointed out that among different types of experi-
ments, such as measurement of the heat capacity and light

TABLE I. Critical parameters for sulfur hexafluoride found from measurements of the extinction
coefficient.6

v

0.67+0.07

V

1.225±0.()02

ro

1.5±0.23 A

1

0.15+0.22
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scattering, the spread in the values of r0 is significant, though
the values of the critical parameters are close. The extinction
data agree best with the measurements of the heat capac-
ity.17 The more complicated form of the correlation func-
tion, obtained from the results of Ref. 7, was employed in
Ref. 14 to study the extinction in the binary systems isobutyl
alcohol—water and aniline—cyclohexane. The values of y
and v were also fixed. The results of these experiments
showed that the small index 77 cannot be determined from
the temperature dependence of the extinction coefficient.

3.2. Single-scattering

As we can see, the entire set of critical parameters can-
not be determined with high accuracy from the extinction
data. For this reason, in performing experiments to deter-
mine the form of the correlation function the intensity of the
scattered light is studied. If the critical isochore is studied for
a liquid-vapor system or a binary mixture with a critical con-
centration, then the correlation function quite close to the
critical temperature can be written in the scaling form as

%{t,k) = Ax~yG (krc), (3.4)

where A is a numerical coefficient. The universal function
G(x) satisfies the limiting conditions19"21

for
(3.5)

The values of the coefficients C,, C2, and C, can be calculat-
ed by the ^-expansion method.22

To analyze the experimental data the form of the corre-
lation function must be known for all values of x, and not
only in the limiting cases. In the early experimental works,
devoted to the study of the form of the correlation function
and finding the small index rj, the data on the light-scatter-
ing intensity were interpreted on the basis of Fisher's ap-
proximation

)-[1-<11/2 )1. (3.6)

Although this formula satisfies the limiting conditions
(3.5), i.e.,

G (x) ~ const as x -»- 0, G (x) 2
"- as x • oo,

for finite values of x it can give only an approximate descrip-
tion of an experiment. For this reason finding the small index
7} from the formula (3.6) can lead to appreciable errors.

The form of the correlation function was studied experi-
mentally in greatest detail by Chang et al.1 The results on the
intensity of light scattering were obtained for a weakly opa-
lescing segregating solution of 3-methyl pentane—nitroeth-
ane with the refractive indices of the components of the mix-
ture differing by An = 0.0129 in the temperature range
10-"<r<2.7-10-3 , Tc =299.545 + 0.002 K, and Cc

= 0.5 mole %. The heating by an He-Ne laser did not exceed
0.22 mK/mW. A double thermostat ensured that the tem-
perature in the cylindrical cell 1 cm in diameter and 6 cm
high was maintained constant with an accuracy of the order
of 0.3 mK. The temperature gradient equalled about 0.2
mK/cm. The measurements were performed at one scatter-
ing angle 9 = 90°. The observed illuminated volume
equalled V= 0.95 mm3.

The intensity of the scattered light was represented in
this experiment in the form
/ = / o (i + 6,4T) [1 - [I -/?<2)) al] r-

l2-n)v G (krc) + A/.

(3.7)

In this expression the first term describes the light scattering
by fluctuations of the order parameter, for which the mole
fraction of one of the components of the mixture or its vol-
ume concentration can be employed. The factor in brackets
takes into account the correction for extinction (al) and
multiple scattering {R 2 ) . The quantity R (2), as a function of
krc, was calculated in the double scattering approxima-
tion.23 This question will be discussed in greater detail be-
low. The relative contribution of a and R l2) varied from 0.4%
at A7=0 .1 K up to 3.8% for AT=0.3 mK. The factor
1 + 6.4 r is responsible for the temperature dependence of
the refractive index. It was calculated using the Clausius-
Mossoti formula and taking into account the corrections for
volume mixing. The term A/ accounts for the noncritical
contribution to the scattering by pressure and temperature
fluctuations. In this work A/was assumed to be constant and
for AT = 1 K equalled 10% of the total intensity of light
scattering.

The experimental data were analyzed with the help of
several types of correlation functions. In particular,

where the function S depends not only on krc, but also on v,
77, C , and C3. In addition, the correlation function obtained
from the analysis of experimental data on the three-dimen-
sional Ising model was used:

TABLE II. Critical parameters found with the use of different forms of the correlation functions.7

Method of de-
termination

From experi-
ment by substi-
tution of (3.8)
into (3.7)
Substitution of
(3.9) into (3.7)
Substitution of
G(x) from Ref.
24 into (3.7)
Approximate
(Orstein-
Zernike)

Critical parameters

ll.017zHl.015

o.i>24'i±:i.o22

0.020+0.017

0

V

0.625+''.006

f>.G25±o.ooO

0.625+0.one

0.633+0.008

Y

1.240+O.017

1.235±o.ol6

1.238+0.018

1.266±0.017

T*0» A

2.29+0.10

2.28+0.12

2.28+0.10

2.22+0.13

Accura-
cy of de-
scrip-
tion, %

0.4

0.4

0.4

0.5
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FIG. 4. The degree of deviation of the experimental data on the
light-scattering intensity7 from the theoretical values calculated by
different methods as a function of krc. a-c) substitution of (3.8)
into (3.7) with the parameters in the first row of Table II (a),
determined by renormalization group methods25-26 (b), from tem-
perature expansions27 (c). d) substitution into (3.7) of the Orn-
stein-Zernike formula with rj = 0, v = 0.633, y = 2v, ra = 2.22 A.
e) substitution of the renormalization group parameters with the
asymptotic corrections in the form (3.10) and (3.11).

(3.9)

A more complicated correlation function, taken from Ref.
24, was also used. In all cases the five parameters /„, A/, v, r/,
and r0 were found. The results of the analysis with the help of
these functions are presented in Table II. One can see that
these three correlation functions describe the experiment
with equal accuracy. It is interesting to note that the descrip-
tion on the basis of the Ornstein-Zernike model also agrees
well with the experimental data (see Table II). The discrep-
ancy between the computed and measured intensities

- A
•Mhe

ig . 4.

Thus the validity of some particular model of the corre-
lation function cannot be determined based purely on exper-
iment without theoretical justification.

The use of the theoretical values of the indices calculat-
ed, based on the three-dimensional Landau-Ginzburg-
Wilson model,25 by the renormalization group method
77 = 0.0315+0.0025, v = 0.630 ± 0.001, y=\.24O

± 0.001, permits describing experiment with the same accu-
racy of 0.4%, but in this case, as one can see from the differ-
ences between the theoretically computed and experimental
values of the intensity (Figs.4(b) and 4(c)), there appears a
systematic error. With the use of high-temperature expan-
sions for the three-dimensional Ising model the following
values of the indices are obtained27:

•n = 0.041 ± 0.006, v = 0.638 ± 0.002,

y = 1.250 ± 0.001.

In this case r0 = 2.00 + 0.03 A, while the accuracy of the
description of the experiment drops to 1%, and a significant
systematic error appears.

The experimental data were also analyzed using corre-
lation functions that include asymptotic corrections to scal-
ing in the form

'Gl(x), (3.10)

where A, is a coefficient that depends on the properties of the
system of interest and A, is a universal index, equal to 1/2.2K
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The function Gt(x) is known exactly only for large and
small x, and for the interpolation formula

Gi (x) » (1 + aj»)-[2-i-<A./v)]/2 ( 3 j j }

is employed. In this method of analysis a sixth, additional
parameter A, appears. The use of a correlation function of
the form (3.8) for Go gave results that were practically iden-
tical to the data given in the first row of Table II. This con-
vincingly indicates that within the limits of accuracy of this
experiment the asymptotic corrections are not significant.

In the analysis with the help of the formula (3.10) and
with the use of the indices calculated from the three-dimen-
sional Landau-Ginzburg-Wilson model,25 the experiment
was described with the same accuracy (0.5%), but the sys-
tematic error in the differences (7exp — /thcor )//,heor de-
creased slightly (compare Figs. 4(b) and 4(e)).

An analogous calculation using the values of rj and v
calculated from the high-temperature expansions does not
reduce the systematic error, if it is not assumed that the con-
tribution of density fluctuations A/ to the scattering is anom-
alously large.

The foregoing analysis thus shows that the values of the
critical indices obtained by the renormalization group meth-
od best describe the experimental data.

To determine the form of the correlation function the
intensity of light scattering not at one, but rather at several
scattering angles is also measured. An experiment of this
type was performed for scattering angles of 22° 44' and 132°
in a nitrobenzene-n-hexane solution10 in the temperature
range 3-10~3 K < \T — TK | < 10 K. The temperature was
maintained constant to within 0.1 mK. A very small cell was
employed in order to reduce the role of extinction and multi-
ple scattering. Corrections for extinction and double scatter-
ing of light were introduced, for which purpose the formula
derived for scattering at 90° was employed.29 In the analysis
of the experimental data the approximation (3.6) and the
model function based on the asymptotic expansion (3.5)
were employed for the correlation function.14 The value of
the small index was assumed to be known and equal to
0.0315.25 Both correlation functions describe the experi-
ment with an accuracy of ~ 2 % .

In the more complete experiment the light-scattering
functions are measured over a wide range of angles with a
small step of 3°-5°. In this formulation of the experiment
information about the dependence of the correlation func-
tion on the wave number can be obtained at each tempera-
ture. From the methodological viewpoint, angular measure-
ments are convenient in that the scattering function is very
sensitive to different types of distorting factors and, there-
fore, the results obtained can be monitored more easily. The

small index 77 in a weakly opalescing solution of nitroethane-
«-hexane (Tc = 30.95° C, Cc = 53 vol. % hexane, An
= 0.017) was determined in this manner by Anisimov et

a/.26-3" A cylindrical cell 4 cm in diameter was employed to
increase the reliability of alignment of the optical parts. The
measurements were performed in the temperature range
10~5 < r < 1 0 " \ In the analysis the correlation function
was represented in the form

T
G{k, T) - const--f--

* C
(3.12)

The parameters r/, r0, and c were found. The value of y was
found to equal 0.045 + 0.010 and ra = 2.4 + 0.1 A. As re-
gards the coefficient c, the experiment was described with
equal accuracy for all values of c in the range 0.1 <c< 1.

Thus a static, critical opalescence experiment makes it
possible to find reliably and with high accuracy the values of
v and p0. The problem of determining more accurately the
small index 77 remains unsolved, since the entire complex of
optical measurements with the use of data from theoretical
calculations indicates the existence of a positive small index,
whose values lies in the range from 0.02 to 0.04. This conclu-
sion is also supported by recent neutron scattering measure-
ments,31 which gave 77 = 0.039 + 0.009 in the system isobu-
tyl acid (COOD)/D2O. The analysis was performed using
the formula (3.5) for the case x^> 1. The values of /•„ and v
were taken from the light-scattering data.

4. MULTIPLE SCATTERING OF LIGHT

4.1. Double scattering

In the preceding section results referring to purely sin-
gle scattering of light were presented. In reality, close to the
critical point higher order scattering makes an appreciable
contribution even in weakly opalescing systems,2 so that sev-
eral effective methods for taking multiple scattering into ac-
count have now been developed.

One method3' consists of measuring the intensity of the
scattered light in the geometry shown in Fig. 5(a). Here the
detector is focused on a point offset from the incident beam
by a distance h, rather than on the illuminated volume. Thus
light can strike the detector only after a minimum of two
scattering processes, and in the process single scattering is
completely excluded.

The second method is shown schematically in Fig.
5(b).23 Here the scattered light is collected from a slit of
height H, significantly exceeding the diameter of the inci-
dent beam, and the contribution of multiple scattering is
thereby increased artificially.

Finally, the third method consists of measuring the de-
polarization component. This method is applicable only in

FIG. 5. Geometry of experiment on separating multi-
ple scattering, a) geometry with crossed thin cylin-
ders.32 b) geometry with a narrow slit of width an.

2i
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those cases when the order parameter is a scalar quantity,
and depolarization is wholly associated with multiple scat-
tering.33'34

In all these cases a theoretical calculation for a concrete
geometry of the experiment must be performed. Thus far
accurate calculations, taken up to the point at which they
can be directly compared with experiment, have been per-
formed only for double scattering.

The intensity of the double scattering of light (1.14)
taking into account extinction can be written in the form

/«*> = A Rtc exp [ - a (L, + L2)]

/ v ( 2 ) = J d r [ dr2 | r ^ ° | 2 ( l -
V V

/'2I, relative units
r-

J
Vi V

V(2)== f d r i [ dr2

vi v,

^

(4.1)

where /y<2> is the polarized component and J^a) 'S the de-
polarized component, the illuminated volume V, is, as a rule,
assumed to be a thin cylinder with radius r, and length 2L,.
The volume V2 is taken to be either a thin cylinder with
radius r, and length 2/_ 2\ or a right-angled parallelepiped of
height H and with length 2L " , depending on the formula-
tion of the experiment; and, /,, is the difference between the
lengths of the paths traversed by the singly and doubly scat-
tered light.

The six-fold intergrals, appearing in (4.1), can be sub-
stantially simplified in the case when V, and V2 are thin
cylinders, and if in so doing the inequalities

or; < 1, r,- < L sin 6 (i = 1, 2),

where L is the characteristic size of the cell, hold. In real
experiments these inequalities are practically always satis-
fied.

For the geometry of Fig. 5 (a) it follows from (4.1) that
for weak extinction aL 41 and far from the transition point
krc 41 the polarized component is given by' "'29

2£ sin6 „ _ * (•—* 2\

(4.2)

For h = 0 in this formula h is replaced by the largest of the
radii r,. For the geometry of Fig. 5(b) this problem was
solved in Ref. 23, where the parameter Ri2), representing the
ratio of the intensity of double-scattering light to the losses
of light owing to extinction, was introduced (see the formula
(3.7)). The calculation was performed only in the case of
weak extinction. In the limit krc ->0, for 6 = 90°.

(4.3)= !f (in ^+0.485).

This formula was used to determine the relative fraction of
double scattering in Ref. 7, described in detail in Sec. 3.

The depolarized component 7H<2> does not have a loga-
rithmic singularity and. is virtually constant for small h /L.
In lowest order in h /L it has the form

7 H < 2 ) ( / l ) ~ c o n s t ~ " ( T
In the case of finite krc and appreciable extinction the
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FIG. 6. Components of light scattered at an angle of 90° for the system
PP '-dichloroethyl ester-isooctane as a function of height." krc =0.85.
1)/J ( 2 > (A) 0.1; 2) 7^(2) (A). The dots are the experimental data, the solid
lines show the calculation, and + isthevalueof 7v<2)calculatedat/i = 0.

dependence of/^(2) on h becomes more complicated, and it
can be obtained only by numerical integration. For scatter-
ing by 90° this problem was solved in Refs. 23,29, and 33; the
angular dependence of/^(2) was studied in Refs. 11 and 36.
The dependence of both components of double scattering of
light on h is shown in Fig. 6. One can see from the figure that
the magnitudes of the double scattering / vl2) (h = 0) can be
determined experimentally by at least two methods. One
method consists of extrapolating the experimental data on
the height dependence Iyi2)(h) to h = 0. The quantity
I v<2) (0) represents the contribution of double scattering to
the total measured intensity. Simple extrapolation is impos-
sible here because of the sharp dependence of /y( 2 ) (h) on h
for small values of h. The correct procedure is to find the
entire curve /y ' 2 ' (h) by numerical integration, and then to
compare it with the experimental data by means of a scale
transformation. Curve 1 in Fig. 6 demonstrates the good
agreement between the computed and measured values.

The quantity /y<2) (0) can also be found by measuring
the depolarized component I^2)(h), which, as one can see
from Fig. 6 (curve 2), is virtually independent of h in a wide
range of values of A. To do so, the numerical relationship
between 7v

<2)(0) and/H<2)(0) must be known. In this pro-
cedure the depolarized component /H < 2 ) must be measured
with high accuracy, since for the aperture ratios employed

In the case of measurements with a slit23 the degree of
depolarization Ad depends virtually linearly on the height of
the slit H, and according to Refs. 23 and 33 Ad = (TT/4)

R^H. This relation is a consequence of the weak dependence

150 e, deg

FIG. 7. The computed ratios of the intensities of the components
/ V < 2 ) ( 0 ) / / H ' 2 ) ( 0 ) as the function of the scattering angle for different
values of krc."
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of/H( 2 ) on h and for this reason is well satisfied in experi-
ments.

4.2. Higher order scattering

Light scattering of order greater than second IiPl) can
appear in weakly opalescing systems. For example, the com-
ponent / v<3) has the form

/V(3 == A*3c [ dri j dfK j d r 2 _ ^ E i ^ L _
V, V,, V,

XG
( rK-r^ (r,-rM)«
|rH-ri|" |r,-rK|s

K — r t ) ( r ,— rK)

|rK-ril»|r,-rH|»

(4.4)
where Vc is the volume of the cell and q,, q2, and q3 are the
wave vectors after successive reemissions. The calculation of
the intensity /y ( 3 ) is quite a complicated problem even in the
simplest approximations. But it should be noted that such a
calculation is not desirable, since if 7(3) is appreciable, then
the parameter in the expansion in terms of the orders of scat-
tering (1.12) is therefore not small. In this case the higher
orders 7(4), 7(5),. . . also start to make a significant contribu-
tion to the measured light-scattering intensity. Since it is
unrealistic to calculate the sum

the only method is to determine it experimentally. As fol-
lows from the foregoing, the quantity

can be measured experimentally, for example, from the be-
havior as a function of the height in the geometry of Fig.
5(a) or from the depolarized scattering. In this case the
quantity 7(2) found by numerical integration can be subtract-
ed from 7<s) and the contribution of scattering of higher or-
ders can thereby be determined. References 15, 16, and 37
are based on these ideas.

In Ref. 37 additional measurements of the depolarized
component in a methanol-cyclohexane solution were per-
formed for different distances Ay from the exciting laser
beam up to the output window of the cell in order to evaluate
the quantity 7 lp). The intensity 7^<2> was calculated neglect-
ing extinction. For small values of r a systematic deviation of
the experimental data from the calculations was observed;
this deviation was interpreted as a loss of light due to scatter-
ing of higher order, primarily triple scattering. The study
showed that for AT> 0.1 K the quantity 7<p) can be neglect-
ed, while for a closer temperature AT = 0.003 K 7<p) was of
the order of 15%.

The procedure implemented in Ref. 15 is based on the
fact that the formulas for the multiple-scattering intensities
of the type (4.4) contain an additional integration over the
volume of the cell Vc, which eliminates the logarithmic
growth of the component 7y<3> as A->0 in the geometry of
Fig. 5 (a). This result is also valid for higher order scattering.
For this reason, the components of scattering of order higher
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FIG. 8. Angular dependence of the scattered light intensity at different
temperatures, a) nitrobenzene-hexane"; 1) A7"= 0.014 K, 2)
A T = 0.024 Kl; 3) A T = 0.039 K, b) BMOAB-isooctane16; 1)
A r = 0 . 1 4 5 K , 2 ) A T = 0.405 K, 3) A T = 1.5 K,4) experiment, 5) single
scattering separated.

than second are smooth functions of h for small values of h.
The theoretically computed double scattering component

' , exp(/z) was subtracted from the measured height data
(h). The magnitude of the multiple scattering 7y<p>

was obtained by extrapolating the difference IVnp(h)
— Iy{1)(h) ioh = 0. The experimental data on the intensity
of scattered light in the nitrobenzene-hexane system were
analyzed by this method. Angular measurements were per-
formed in a cylindrical cell 3 cm in diameter for different
values of T — TQ. It should be noted that in this experiment
7v<p) plays an appreciable role starting with A7"~0.05 K
and reaches 40% for AT~0.015 K, which is two times
greater than the contribution of double scattering. This
method enabled the determination of the critical indices and
the scattering constant with adequate accuracy for this
strongly opalescing system: v = 0.62+ 0.02, y=\.2\
+ 0.02, ro = 2.7 + 0.2 A, 5 = 0.29 + 0.02, cm- ' . The

analysis was performed by the iteration method; the param-
eters found from measurements of the scattering function far
from the critical point, of the type of the curve 3 in Fig. 8,
were employed as the zeroth-order approximation.

There exist systems for which the scattering constant is
so large that the contribution of multiple scattering is not
small even far from the critical point. In this case it is impos-
sible to describe the critical parameters in the zeroth-order
approximation from the light-scattering intensity. The fun-
damental possibility of studying such systems by optical
methods was demonstrated in Ref. 16, where a segregating
solution of isooctane-BMOAB with the refractive indices of
the components of the mixture differing by An = 0.25,
where BMOAB is a nematic liquid crystal, was studied. The
experimental scattering functions for the system are shown
in Fig. 8 (b). One can see that the light-scattering intensity is
anomalously high at large angles 0; this is explained by the
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TABLE III. Critical parameters found from different types of experiments.l5

Type of experiment

Measurements of transmitted light intensity
Measurement of the angular dependence of the scat-
tered light intensity
Combined analysis of 4ata on attenuation and scatter-
ing of light

V

O.6O±n.O3
0;60±0,04

O.63±O.O1

3.4±n.4
3.9±i,n
3.2±0.2

B, cm"1

1.15±0.30

0.95+0.04

presence of multiple scattering, for which the scattering
function is much more nearly circular than for single scatter-
ing.215

In the analysis of the experimental data the critical pa-
rameters o! tained from measurements of the temperature
dependence of the extinction coefficient were employed as
the zeroth-order approximation. With their help the single
scattering was separated and the values of B, r0, and v were
found (Table III). Even after several iteration steps the
spread in these parameters is still quite high. This is most
likely attributable to the limited temperature range studied,
since the relative fraction of multiple scattering equals about
50% of the total intensity already for AT = 0.15 K.

The accuracy can be substantially increased by taking
into account the fact that the data on extinction and on the
scattering functions contain mutually complementary infor-
mation on the values of the parameters.

Figure 9 shows the regions of admissible values of the
parameters for each experiment. One can see that these re-
gions are strongly elongated intersecting troughs. The re-
gion of intersection of the troughs corresponds to the values
of the parameters that best describe both experiments simul-
taneously. Since this region is much smaller than for each
experiment separately, combined analysis substantially re-
duces the variances of the critical parameters determined.
The results are given in Table III.

Thus the methods developed for taking into account
multiple scattering enable significant expansion of the
classes of systems admissible for precision measurements.
This analysis, as we can see, always requires additional ex-
periments and numerical calculations. The Ornstein-Zer-
nike approximation is fully adequate for calculating multi-
ple scattering with the present accuracy of experiments.

5. STUDY OF THE KINETIC PROPERTIES IN THE CRITICAL
REGION

The measurement of the spectral composition of scat-
tered light and of the time correlation function near the criti-
cal points enables the study of the kinetics of the order pa-
rameter, the spectra of hydrodynamic motions, and

3.4

2.8
0.5 B 0.60 0.64- »

FIG. 9. Confidence regions of values of the parameters /•<> and v for
the system BMOAB-isooctane.16 1) extinction experiment; 2)
light scattering experiment.

relaxation processes. The characteristic rates of these pro-
cesses cover a very wide range of frequencies from 10' up to
10" Hz, and the most diverse methods are now employed to
record them.

5.1. Kinetics of fluctuations of the order parameter

We shall study first the dynamic properties of the order
parameter. The spectrum of the scattered light is determined
by the time correlation function

<C,(0C-q(0)> = <|Cq|*>e-r«, (5.1)

where T = D(q)q2 is the decay constant and D(q) is the
temperature- and wave-vector-dependent thermal diffusiv-
ity near the critical point of the liquid-vapor and the coeffi-
cient of diffusion near the segregation point. The coefficient
D vanishes in the limit q-*0 at the critical point. This phe-
nomenon is known as the critical suppression of fluctu-
ations. The characteristic frequencies of the fluctuations of
the order parameter usually fall into the band from tens of
hertz to several kilohertz, and are studied by the methods of
correlation spectroscopy.

Measurements of the time correlation function at dif-
ferent scattering angles and temperatures enable the study of
the dependence of the coefficient D on the temperature and
wave number since q = 2k sin (0/2) . The typical depen-
dence of D on krc is shown in Fig. 10.

In the theory of critical phenomena the coefficient D is
related with the coefficient of shear viscosity r]s and satisfies
the asymptotic equation39

where D is the regular part of D. The coefficient rj% can be
represented in an analogous form39:

*\s=\ + rx<?E (qrc). (5.3)

The regular part 77, in (5.3) is described by the empirical law

where Ay and Bv are adjustable parameters, and xv is the
dynamic index. It was proposed in Ref. 39 that rjs be repre-
sented in the form

where Qo is a system-dependent amplitude, for analysis of
experimental data on the viscosity at q = 0.

The dynamic scaling function Cl(qrc) is known exactly
in two limiting cases

Q (qrc) = R for

= (arr)i+x* for
(5.5)

here R is a universal constant.
The complete form of the function il(.qrc) was calcu-

lated by Kawasaki40'41 by the method of interacting modes.
With the use of the Ornstein-Zernike approximation
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FIG. 10. Temperature dependence of the coefficient of diffusion D(q) in
the mixture 3-methyl pentane-nitroethane for three scattering angles.3*

Q(y) = - (5.6)

In this approximation fl(O) = 1 and il = (3ir/$)yfory^ I.
An analogous calculation for the shear viscosity gives

(5.7)

These results are also obtained by the method of separation
of the contributions of collective variables.42

It follows from the formulas (5.1), (5.2), and (5.5)
that the decay constant has the form

T=qzg(qrC), (5.8)

where z = 3 + xv and

~ const as qrc—>-oo. (5.9)
The value of the dynamic index xy — 0.054 was ob-

tained from the exact solution of Kawasaki's equation in
Refs. 43 and 44 with the small index r\ = 0. It follows from
the renormalization group in the approximation45 quadratic
in e that xy = 0.065. The universal constant R also does not
have a unique value: the method of interacting modes gives
R = 1.03,46 the renormalization group method gives
R = 1.2,45 while subsequent refinement gave the value
R = 1.07.47

Experimental studies confirm the theoretically predict-
ed character of the behavior of the coefficients D and 77 s in
the critical region. In the last few years the main attention in
the analysis of experimental data has been devoted to two
limiting temperature regions—far from and adjacent to the
critical point, since the exact solution for D, as follows from
(5.2) and (5.5), is known only for these cases.

To determine the index xy over a wide temperature
range, measurements of the decay constant F for different
scattering angles, i.e., different values of q, are being per-
formed. Since at a finite distance from Tc the function
g(krc ) in (5.9) is unknown, it is assumed that F depends on
q in a power-law fashion Y ~q'" where the exponent zeff

depends on ( T — Tc). To obtain the value of z = 3 + xy, z
must be extrapolated to the critical point itself. Two meth-
ods of extrapolation in r and rc, giving somewhat different
values of z, are possible. For the system consisting of 3-meth-
yl pentane-isooctane for temperature extrapolation (r-»0)
z = 3.063 + 0.024 and z = 3.054 ± 0.024 for extrapolation
with respect to the correlation radius (/•<-"2 -»0).3Xl4ii With-
out extrapolation the maximum value for z for this system is
z = 2.99 + 0.05,41' which is close to the value z = 2.992
+ 0.014 in Ref. 50. Similar results are also obtained in the

system polydimethyl siloxane—diethyl carbonate:
z = 3.04 + 0.03."

The index x,p according to (5.3), can also be deter-
mined from the temperature dependence of the shear viscos-
ity. For the solution 3-methyl pentane-nitroethane the val-
ues xv = 0.063 + 0.002 and £>„ = 1.4 + 0.9 nm" ' were
obtained in Refs. 52-54. A more detailed analysis of the data
from these studies™ gave the more accurate value xy

= 0.062 + 0.005. Investigations of water solutions of isobu-
tyl acidS5 gave the value xy = 0.063 + 0.004 for the critical
isochore and xy = 0.057 + 0.006 along the coexistence
curve.

As we can see, the accuracy with which xy is deter-
mined here is higher than in optical measurements, though
in this case data on light scattering are also necessary, since
the correlation radius appears in the expression for rjs.

The experimental data on the decay constant far from
the critical point are employed to find the universal param-
eter R, as follows from (5.2) and (5.5). In so doing the
contribution of the regular part D varies from 0.1 to 2%
depending on the value of r.38 In all experiments the values
of/? were greater than 1, and clustered around R = 1.01—
1.02 with an error of the order of 4-6%.1O38-55""57 The value
R = 1.06 + 0.04, obtained in the recent paper of Ref. 55 for a
water solution of isobutyl acid, is special.

Thus quantitative agreement between the theoretical
calculations and the experimental results is obtained for the
dynamic index xv, though the experimental data do not per-
mit determining which method for calculating the critical
index is most reliable.

Similar agreement is not obtained for the universal con-
stant R, and the large error with which it is determined is
apparently associated with the uncertainty in the value of rc.

The foregoing analysis was based on the assumption
that the time correlation function

/<»(*) = <Cq(i)C_q(0)>

is purely exponential and the decay constant F is described
by the system of equations (5.2) and (5.3). It was shown in
Ref. 58 that taking into account the temporal dispersion of
the coefficient of shear viscosity causes/'' ' (t) to deviate from
an exponential law. This behavior was observed experimen-
tally in Refs. 59 and 60 in the system 3-methyl pentane-ni-
troethane. The logarithm of the function/u)(?) was repre-
sented in the form

In /<» (t) = const— *•,* + - ! K2t\ (5.10)

and in addition the ratio of the coefficients K2/K \ increases
as T^TC, and for AT =0.0018° K equals 0.033 + 0.008,
which agrees with the theoretical predictions.58

Just as in the case of the investigations of the integrated
characteristics of the scattered light, the main distorting fac-
tor in the determination of the dynamic critical parameters
is the multiple scattering of light.

The experimental determination of the spectra or time
correlation function is quite a complicated and lengthy pro-
cedure. For this reason, up to now the multiple-scattering
spectra have not been studied as fully as the integrated inten-
sity. It is precisely for this reason, as one can see from the
foregoing analysis, that the main, reliable results on the dy-
namic critical parameters z, xy, and R were actually ob-
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tained only for the binary mixture 3-methyl pentane-ni-
troethane. For this solution, it follows from measurements
of the integrated intensity7 that the corrections for multiple
scattering do not exceed several percent (see Sec. 3), even
very close to Tc, and therefore the effect of this distorting
factor on the spectra and time correlation function is very
small.

In the analysis of the multiple-scattering spectrum it is
of greatest interest to determine how its form differs from
that of the single-scattering spectrum. These features can be
easily illustrated for the example of the normalized correla-
tion function of double scattering/(2 )(?) in the geometry of
the experiment shown in Fig. 5 (a) with A = 0. For the polar-
ized component of the scattered light, using the Ornstein-
Zernike approximation,61 we obtain

»-W- (5.11)

t=$0"

where
6(0)

L sin

, exp {ar2 p[tg (9/2) sin <p' + cos <p' — 1]} ,
P [1 — a cos {<('— 8)] (1 — a cos 9')

i(r(q,) + r(q2))J; (5.12)
here <p' is the angle of one of the reemissions, and
(a = 2(krc)

2 [1 + 2(krc)
2] " ' . As the critical point is ap-

proached (a — 1) three regions of angles <p ' making the main
contribution to the integral (5.12) can be distinguished:
<p' ~6,<p' =0,q>' = 9/2. Since near Tc the scattering func-
tion is extremely strongly elongated in the forward direc-
tion, the probability of double scattering in which one of the
scattering events occurs at zero angle (q, or q2 equals 0)
while the other occurs at the single-scattering angle in-
creases rapidly. The spectrum of such double scattering is
similar to the single-scattering spectrum, and its contribu-
tion to (5.12) is quite large, since it corresponds to the re-
gions <p ' ~ 0, cp ' ~ 0. This case was discussed in detail in Ref.
62 under the assumption that there is no extinction, a = 0.
Taking extinction into account leads to the appearance of a
third region of angles near q>' ~ 6 /2, which corresponds to
the contribution of rays traversing the shortest path in the
medium. The spectrum of this contribution is different from
the single-scattering spectrum.

In the general case the form of the time correlation
function or the spectrum of the central component can be
calculated only numerically. Calculations using formulas of
the type (5.12) show that the time correlation function is not

r - \ 10-4sec

-s - 5

FIG. 11. Computed temperature dependence of the half-width of the light
scattering contour.61 1) If", 0=90°, X—experiment63; 2) IV",
6 = 90°, 3) IV1', 0 = 150°, 4) If, 6 = 150°.

FIG. 12. Ratio of the correlation times of double scattering of light r,2 ) ' to
the single-scattering time r(7, ' in the "spherical" geometry as a function
of krc in the system methanol-cyclohexane.59 1) polarized component
/v<21, 2) depolarized component /^<2).

exponential and decays somewhat more slowly than in the
case of single scattering. The half-width of the computed
spectra is presented in Fig. 11, which also shows the results
of experimental studies63 of the spectrum of the central com-
ponent of double scattering in the nitrobenzene-hexane sys-
tem. The experimental data on the half-width were obtained
in the geometry of Fig. 6(a) for small values of h.

It is interesting to note that the ratio of the half-widths
of single F(" and double F(2) scattering depends on the geom-
etry of the experiment. Thus, in Ref. 49, for measurements in
wide beams r, = 5 mm using very small detecting dia-
phragms (so-called spherical geometry) the reverse in-
equality F(2)> F(1) holds (Fig. 12).

A correct analysis of the spectra, as done for the inte-
grated intensity, has not yet been performed, and spectra of
order higher than second have not been studied.

5.2. Spectrum of the Mandel shtam-Brillouin doublet

One method for studying the kinetics of critical fluctu-
ations is ultrasonic spectroscopy.64 Such measurements are
usually performed up to frequencies of the order of several
hundreds of megahertz. At higher frequencies Mandel'
shtam-Brillouin spectroscopy, which in principle gives in-
formation about the high-frequency behavior of sound, is
employed. We shall examine the spectral intensity of the
components of the Mandel'shtam-Brillouin doublet in seg-
regating solutions:
rV(i), x IpVRsc (P)
/v («) =

- « " I " - • + • -] , (5.13)
vq)'+T2

MBq*

where Rx (p) is a constant characterizing the scattering by
adiabatic fluctuations of the density, F M B =Re[ (4 /3 )
Xys + fjv ]/2p> Vi> is t n e coefficient of bulk viscosity, and v
is the velocity of sound. The values of the velocity of sound
and the coefficients of viscosity appearing in the formula
(5.13) are the high-frequency values, since in the entire
range of scattering angles 6 the frequency of the components
of the doublet flMB = vq is much higher than coc—the char-
acteristic frequency of concentration fluctuations. At the
same time, the critical contribution to the complex coeffi-
cient of bulk viscosity has the form6566

Ar,v(nMB) = ^ ± i ^ , (5.14)

where b, and b2 are constants determining the high-frequen-
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cy behavior of sound. The analogous contribution of the co-
efficient of shear viscosity is small58'64 and is usually ignored.
In this case the velocity of sound at the frequency fIMB and
the half-widths of the components of the doublet <5flMB

equal

y 2 ( " M B ) = ^ /reg ( n M B ) + %-,

snMB = rMB?* = .£- Re i ) +-

(5.15)

-, (5.16)

where V^{flMB)(4/3)r}leHO,MB) + v?s
 (OMB). and

r}"e(ilMB ) and?7seg(flMB ) are the regular parts of the coeffi-
cients of bulk and shear viscosity.

It follows from the formulas (5.15) and (5.16) that
neither the velocity of sound nor the half-width of the com-
ponents of the doublet depend on the closeness to Tc; this is
confirmed experimentally.6768 The parameters bx and b2 can
in principle be found from the dependence of v and AfIMB on
the scattering angle, i.e., on q. In this case the formula (5.15)
permits determining, from the known v and flMB, the disper-
sion r}res(flMB) and the sum v2, + (b2/p). To analyze SilMB

it is convenient to separate its dependence on the scattering
angle in an explicit form:

— Re?/ e sinz-5--j sin -^-.
P Z p w <2

(5.17)

For a system of the nitroethane-isooctane type67'69 (kbx/
/?v~3.107sec~', {2k 2/^o)2XRe[ (4/3)?7sCe + rf'e~ 1 • 2• 109

see"') at angles of the order of 90° the critical contribution
to the half-width equals about 3%, but for small angles it
grows rapidly and, for example, at an angle (9—5° it equals
about 35%.

Thus in studying the components of the doublet the
measurements at small angles should give the most impor-
tant information about the critical behavior of the system.70

In such measurements the contribution of double scat-
tering / {2>

C) (w), where one component is due to scattering
by concentration fluctuations and the other is due to scatter-
ing by adiabatic fluctuations of the density, could be a dis-
torting factor. A general analysis of the spectral composition
of doubly scattered light was performed in Ref. 2, while a
concrete calculation for the geometry of Fig. 5 (a) was per-
formed in Ref. 70 for two solutions: weakly opalescent ni-
troethane-isooctane and strongly opalescing nitrobenzene-
hexane. It turned out that the integrated scattering intensity
/v'p.c) is small for the weakly opalescing system because of
the smallness of the scattering constant of this system, and
even for krc ~40 it equals only 1.5% of the integrated inten-
sity / v'p) • Its position is virtually identical to the frequency
flMB, since for such values of krc there is a high probability
that one of the reemission events occurs at zero angle.

In a strongly opalescing system the situation changes
somewhat because of the existence of significant extinction
and, therefore, the weight of the rays traversing the shortest
path in the medium is relatively high, analogously to the
situation with the central component. As a result, the con-
tour of/vip.'o has a maximum at frequencies fi < flMB. For
this reason the experimentally obtained contour of the Man-
del'shtam-Brillouin component / y Mu ^v'p! +^v(2,.c) h'es
somewhat closer to the undisplaced line, and neglecting
/v( .̂c-) the experiment can be interpreted as a drop in the
velocity of sound as Tc is approached and therefore as the
presence of a negative dispersion. In addition, when / J ? C )

is neglected the value obtained for the absorption coefficient
is too high, since the half-width of the contour /v(2)

C) is
greater than the half-width of Iy{p) for both strongly and
weakly opalescing systems.

Multiple scattering of light is also observed in the low-
frequency part of the wing of the Rayleigh line (WRL),
which arises owing to scattering by fluctuations of the tensor
anisotropy parameter f. Since the characteristic frequencies
of fluctuations of f are several orders of magnitude higher
than the characteristic frequencies of concentration fluctu-
ations, a narrow, strong line /H < 2 ) + -̂ HC/>)> which is super-
posed on the WRL and thereby distorts its shape, appears in
the spectrum of the I\\ component.5'32

The ratio of the integrated intensities of multiple con-
centration scattering / „ " ' + /H< P ) and of the wing /„'!;>
depends strongly on the closeness to the critical point and
the geometry of the experiment. Thus for the nitrobenzene-
hexane mixture in the geometry of Ref. 15 the ratio ( /H< 2 )

+ IHW)/IH\\\ varies from 0.1 for krc ~0.2 up to 30 for
krc ~ 1. For spectral measurements this ratio is one to two
orders of magnitude higher because of the fact that large
apertures must be used for the scattered light, i.e., multiple
scattering must be taken into account in the entire critical
region when determining the parameters of the WRL.

In Ref. 71 in a study of the spectrum of the WRL in the
same mixture the intensity of the component /H<£) was ob-
served to grow as Tc was approached. One reason for the
anomalous growth in the intensity could be multiple scatter-
ing, in which one scattering component is due to scattering
by fluctuations of t, while the others are due to scattering by
concentration fluctuations, analogously to / j 2 )

C ) . In the
rV(2)double-scattering approximation the component 7 H ( C { )

the geometry of Fig. 5 (a) for h = 0 has the form72
in

In
In

(5.18)

where A = /O#SCJ?SC (f )/X2, and Rx{£) is the scattering
constant characterizing the scattering by fluctuations of f.
The formula (5.18) was obtained with logarithmic accuracy
with respect to the small parameter r2/L.

Because of the lack of information on the geometry of
the experiment it is impossible to make a quantitative analy-
sis of the data of Ref. 72 under the assumption that the inten-
sity of WRL can be represented in the form / J^ ' + / ^{C.D •
To evaluate the contribution of /^(c.f) we shall employ the
geometry of Ref. 15. It follows from the formula (5.18) that
the intensities I^p and/H(c,f) are comparable for krc ~ 1,
i.e., the observed intensity of WRL is doubled and therefore
this form of scattering is not small in the critical region.

6. LIGHT SCATTERING IN NEMATIC LIQUID CRYSTALS

Thus far we have been studying systems in which criti-
cal opalescence arises owing to scattering of light by fluctu-
ations of a scalar order parameter. There exists a large class
of liquids consisting of strongly elongated molecules, which
are capable of forming a liquid-crystalline state. To describe
critical phenomena in such systems a tensor order parameter
must be introduced. In the liquid-crystalline state a large
number of different mesophases,73 transitions between
which are diverse in nature and can be both first- and sec-
ond-order phase transitions, is observed. The transition
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from the isotropic phase to the liquid-crystalline phase,
which has been studied in greatest detail both theoretically
and experimentally, is especially strongly manifested in ex-
periments on light scattering.

6.1. Isotropic-phase—nematic phase transition

Here we shall study the simplest phase transition from
the isotropic liquid into a nematic liquid crystal (I-N),
which is a first-order phase transition close to a second-order
transition, since the heat of fusion in it is very small (~ 1 J/
cm3). This transition is usually described by an effective
Hamiltonian H within the framework of the Landau-de
Gennes model74"76

H = f dr [ar Sp S2 — y Li Sp (SAS)

-j C (Sp S2)2 + -i- E Sp S2 Sp S3

(6.1)

where r = (T — T*)/T*andSa0 is the tensor order param-
eter, which is an asymmetric tensor with zero trace. This
parameter can be determined in terms of any physical quan-
tity with the same tensorial dimension, for example, the
magnetic susceptibility, the dielectric permittivity, etc. In
light scattering experiments it is convenient to interpret Sa/3

as the traceless part of the dielectric permittivity tensor ea/3

at an optical frequency. The intensity of single scattering of
light by fluctuations of ea0 in the isotropic phase has the
form

rv ^ IpVRsc
V— 3 ~

I«VRSC= _i-:i°. £ (g)

(6.2)

(6.3)

where

In the Gaussian approximation, using (6.1), we obtain76-77

1— cos9 , 1 + cose
(6.5)

The correlation radii rcl, rC2, and rCi have the same tem-
perature dependence and are interrelated by the expression

In this approximation

R3C = ^ i kBT% (T), (6.6)

where the susceptibility i s^ ( r ) = (ar) ~'.
Thus it follows from the formulas (6.2)-(6.6) that as

the temperature is lowered and T * is approached the intensi-
ty of the scattered light of both polarizations must increase
and at the same time the form of the scattering function must
change. In reality, the temperature T * is not attainable, since
before this temperature is reached a first-order phase transi-
tion occurs at To.

The increase in the intensity of light scattering has been

/-
8,0

4,0

\ relative units

•2

o •

75" BS t,'tf

FIG. 13. Temperature dependence of the inverse light-scattering intensity
in the isotropic phase of BMOAB at an angle of 90°.80 1) the component
/ v; 2) the component / „.

observed experimentally in MBBA liquid crystals.78'80 Neg-
lecting the immediate neighborhood of Tc, in a wide range of
temperatures A T = T — Tc ~ 20 K the inverse intensity is a
linear function of the temperature (Fig. 13). Approximation
of the experimental dependence by a straight line gives
Tc - T*~ 1.6 K. The quite large difference Tc - T* limits
the radii Rcl, i = 1,2, and 3. For this reason the asymmetry
of the angular dependence of light scattering must be small.
The correlation radius was determined in Ref. 80, where the
intensity of the scattered light was measured to within 0.1 %
at two fixed scattering angles. The maximum angular asym-
metry in the immediate neighborhood of Tc equalled 1%,
which corresponded to a correlation radius rc ~ 100 A with
r0 = 5.5 + 0.3 A. Such a small asymmetry makes it impossi-
ble to distinguish the correlation radii rCi experimentally
and therefore the description is given in the approximation
of one correlation radius, which corresponds to L2 = 0 in
(6.1).

In the immediate vicinity of Tc the character of the tem-
perature dependence of the light-scattering intensity
changes, and it starts to grow more rapidly with the tempera-

/g 4) ture.79 This phenomenon was analyzed in detail in Ref. 81
for BMOAB liquid crystals, in which the region of existence
of the nematic phase is very wide and the smectic phase is
absent.

The intensities of both components of the scattered
light were measured at an angle of 90°, as was the intensity of
the liqht passing through the cell / l r . The accuracy of the
measurements equalled 0.7%. Since the scattering function
is practically circular (krc <̂  1), these data make it possible
to determine the absolute scattering constant. Indeed, in this

case

•"scale — 10 X! '

Arans = Aruns(O) ^ >

(6.7)

where a= (40TT/9)/?SC.81 The quantity Rsc(r) was deter-
mined in absolute units with adequate accuracy from the
system (6.7) by the method of least squares. It varies in the
temperature range 0<T- Tc < 20 K from 10 ~3 cm ~' up to
2-10~2 cm""1. With such a large value of Rsc the contribu-
tion of higher order scattering can be appreciable.

The intensity of light double-scattered by fluctuations
of the tensor order parameter was calculated as a function of
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h for the geometry of Fig. 5 (a). The experimental measure-
ments and analysis with the help of the formulas derived
enabled estimation of the magnitude of the double scatter-
ing. Even for T~ Tc it did not exceed 3%. This means that
the deviation from linearity in Fig. 13, which reaches a maxi-
mum value of about 30%, cannot be explained by higher
order scattering.

Therefore the nonuniversality of the behavior of the
light scattering intensity must have a physical nature. It is
natural to conjecture that far from Tc the system is described
by Landau's classical theory, while near Tc a transition oc-
curs into the fluctuation region, where the contribution to
the susceptibility owing to the interaction of fluctuations of
the order parameter becomes important.82

The experimental data were interpreted with the help of
calculations performed on the basis of perturbation theory.
The justification for this was the small deviation of the tem-
perature dependence of the inverse susceptibility \~' fr°m a

linear dependence. In the calculation of the fluctuation cor-
rections the integrals over the wave numbers were cut offat a
limiting wave number qm in order to avoid divergences in the
diagrams of the perturbation series. In Refs. 82 and 83 qm

appeared as a parameter in the final expression for the sus-
ceptibility. In Ref. 81, in the calculation of the corrections to
X and the heat capacity Cp the diagrams diverging as qm — oo
were included in the coefficients of the model. With the help
of such renormalized coefficients in the diagrams one can
pass to the limit qm-> <x> and as a result the parameters ap-
pearing in the expressions for x ar>d Cp become the coeffi-
cients of the Landau-de Gennes model and T*, but not qm,
as in Refs. 82 and 83.

The value Tc — T* s; 1 K was obtained from the analy-
sis of the experimental data on the temperature dependence
of the scattered light in 8CB liquid crystals
(CgH1/2— — — CN) w i t h / ~ ' ( r ) approximated by a
straight line. The use of qm as an adjustable parameter83

showed that the agreement between theory and experiment
is very sensitive to the choice of the value of qm. lfqm is taken
to be the usual Debye value qm ~ 2v/l0, where l0 is a dimen-
sion of the order of the intermolecular separation (qm

~ 5 - 1 0 7 c m ~ ' ) , r c - Twas found to equal 0.03 °C, which is
inconsistent with the experimental data, for example, on the
correlation radius. To obtain TQ — T*~\ K values qm

— 2.5-106 cm"1, corresponding to a minimum size of the
order of 100 A, are necessary. In the opinion of Gramsber-
gen et a/.83 this size is somewhat too large.

In Ref. 81 the following expression, accurate up to
terms of order r~2, was derived fo r^ ( r ) :

r i (T) = ax [ 1 4- yD- I/CT-»/2 - (-y- yh - yBE)

— yB
3'2

—j|y3,T-3] , (6.8)

(6.9)

The region of applicability of these formulas, as an asympto-
tic expansion, is determined by the decrease of the corre-
sponding terms. In particular, this condition obviously
holds for

1, 1, yBErl InT-» < 1, yD<i.

These inequalities play the role of the Ginzburg criterion for
the given model. It is obvious from the expression for the
susceptibility that the existence of fluctuation corrections
owing to the cubic invariant (1/3) BSpP largely deter-
mines the behavior of the liquid crystal close to Tc.

The temperature dependence of Rsc can be described
with the help of the formula (6.8) with an accuracy of the
order of 1 % in the entire measured range of temperatures.
An analogous expression for the heat capacity also describes
well the experiment84 in the isotropic phase with the excep-
tion of the region of temperatures T — Tc < 1 K. These ex-
periments and data on the temperature dependence of the
average value of the order parameter ea = e^ — EV in the
nematic phase85 were employed to determine the parameters
of the Landau-de Gennes model. In particular, it was found
that a = 39 + 2 J/cm3 and r0 = 5.5-6.5 A. It is important to
note that the coefficient C in the fourth-order term is nega-
tive. This indicates that terms right up to sixth order must be
taken into account in (6.1) in order to ensure the stability of
the system. In addition, it turned out that the model (6.1)
with the parameters found describes well the behavior of ea

as a function of temperature (with an accuracy of not less
than 0.2%).

The analysis performed in Ref. 81 shows that the limit-
ing critical behavior corresponding to the fluctuation region
is not reached here, though the fluctuation corrections at
T~~ Tc are quite large. Thus for nematics existing in a wide
region the employed approach enables describing experi-
ments at all temperatures.
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where FIG. 14. Deviation of the temperature dependence of the inverse light
scattering intensity in the isotropic phase of the NLC from the linear
dependence / ~' — I„ 'AT in the homological series nO4.86
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FIG. 15. Phase diagram and concentration dependence of the parameter
A in the mixture of liquid crystals 60110 and 606 NO2.8990 INA—triple
point; S—smectic phase.

A more complicated picture is observed in the study of
liquid crystals in which the nematic phase exists in a narrow
temperature range. In this case the smectic A phase existing
at lower temperatures may affect the intensity of light scat-
tering. This question was discussed in a series of theoreti-
cal86"8" and experimental83,86,89 papers.

The temperature dependence of the intensity of the
scattered light was measured in the homologous series of
liquid crystals «04 (4-«-oxybenzylidene-4'-n'-butylana-
lines), in which the width of the nematic phase varies from
tens of degrees for n ~ 3-4 up to several degrees for n ~ 6-7
right up to complete vanishing of the nematic phase. The
measurements are shown in Fig. 14, which shows the devi-
ation of / ~' (r) from a linear dependence. One can see from
the figure that there is a correlation between the magnitude
of the deviation and the width of the nematic phase.

In the study of scattering in a series of liquid crystals
nCB (alkylcyanbiphenyls),83 where the width of the nema-
tic phase varies from 11 K for n = 5 to 1.7 K for n = 7, no
such strong correlation, as in the case of the series of «04,
was observed, in spite of the strong deviation of the inverse
susceptibility from linearity.

A somewhat different approach to this problem was
employed in Refs. 89 and 90, where the scattering of light
was studied in a mixture of the liquid crystals/>-«-hexyloxy-
phenyl-/?'-n-hexyloxynitrobenzoate (606 NO2) and p-n-
hexyloxyphenyl-p'-n-decanobenzoate (6010) in a wide
range of concentrations. In this solution the width of the
nematic phase can be smoothly varied from ~ 7 K with
100% of the nematic 6010 to zero for a concentration of the
NLC 6010 of about 60 mole %. At lower concentrations of
this nematic only the smectic A phase exists. The corre-
sponding phase diagram is shown in Fig. 15.

The experimental data on the intensity of light scatter-
ing were analyzed on the basis of the model studied in Refs.
86-88. According to this model the Hamiltonian of the sys-
tem in the isotropic phase of the liquid crystal near the tran-
sition point contains terms describing the nematic and smec-
tic fluctuations as well as cross terms, responsible for their
interaction. An expression was obtained for the inverse in-
tensity of the scattered light in the single-loop approxima-
tion:

where T J*N and Tfs are the temperatures of the divergence of
the nematic and smectic fluctuations, respectively, in the
absence of any interaction between them, A = T *N — T fs,
and i?NS is the interaction constant.

In analyzing the experiment the values of the param-
eters a, 2?NS, A, and T*N, which enable describing the experi-
mental data in the entire temperature interval, were ob-
tained.

The parameter A, which determines the slope of the
susceptibility as a function of the temperature, is of greatest
interest. Its values are presented in Fig. 14. One can see that
near the triple point A is close to zero, and becomes negative
as the nematic phase vanishes. This result corresponds to the
fact that Tfs > T%,, i.e., translational order strives to be-
come established before the orientational order.

In the last few years studies of one other interesting
class of liquid crystals—lyotropic nematic liquid crystals—
have begun. These crystals arise owing to the interaction of
nonspherical micelles (micellar solutions are discussed in
detail in Sec. 7). The phase transition isotropic-liquid—ne-
matic in lyotropic liquid crystals was studied in Refs. 91 and
92. In Ref. 91 the intensity of the scattered light and the
birefringence An in a magnetic field H (Cotton-Mouton ef-
fect) in the liquid crystal decylammonia chloride (DAC),
on the side of the isotropic phase, was measured. The inverse
light scattering intensity and the ratio H 2/A« vary linearly
with the temperature, and in addition Tc — T* = 0.8 K. No
deviation from linearity was observed. The coefficient a and
r0 were determined. It is interesting that a ~ 1 J/cm3, i.e., it is
30 to 40 times smaller than in the usual NLC, while r0 is
somewhat larger, ro= 16 A.

A recently synthesized lyotropic nematic is the com-
pound cesium perfluoro-octanoate,92 in a water solution of
which the difference Tc - T*-0.035 ± 0.007 K is very
small. This value of Tc — T * was found from measurements
of the Cotton-Mouton effect.91 It is interesting to note that
starting with T - Tc ~ 2 K the ratio An/H2 depends on the
intensity of the magnetic field, i.e., the next term H4 must be
taken into account in the dependence An (H). The measured
critical index y turned out to equal 0.01 + 0.04.

6.2. Kinetics of fluctuations of the order parameter in the
isotropic phase of NLC

The kinetics of the tensor order parameter in the critical
region has up to now been studied in less detail than the
scalar order parameter. This is attributable to the fact that it
is much more difficult to perform spectral measurements
here, since the characteristic frequencies of the fluctuations
of the order parameter are too high (of the order of several
megahertz) for correlation spectroscopy, while on the other
hand they are at the limit of resolution of modern Fabry-
Perot etalons.

As in systems with a scalar order parameter, critical
suppression of fluctuations is observed near the I-N transi-
tion point.93 It was studied experimentally with the help of a
Fabry-Perot confocal interferometer with the distance d
between the mirrors of the order of several tens of centi-
meters. The use of the standard single-pass interferometer
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with d < 10 cm does not make it possible to approach closer
than 20-30 K to the transition point in liquid crystals such as
MBBA.94'95 The use of standard multipass interferometers
appreciably extends the temperature range accessible to
measurements. This is attributable to the fact that in such
etalons the contrast, characterizing the ratio between the
maximum and minimum intensity in the interference pat-
tern, grows appreciably and reaches values, for example, of
~ 107 for the triple-pass etalons. The instrumental function
of the multipass etalons drops off much more rapidly as a
function of the frequency than the instrumental function of
the standard interferometer, whose form is close to that of a
Lorentzian contour.13

The idea of the method, enabling expansion of the fre-
quency range accessible to measurements with multiple-pass
etalons with a short base line d, is based on the difference in
the shape of the physical signal (usually a Lorentzian con-
tour or a contour close to it) and the instrumental function.
The analysis is performed by the method of least squares
using the entire block of data for the instrumental function
and the spectral line under study.96"98

The typical temperature dependence of the relaxation
time for MBBA is shown in Fig. 16. Unfortunately, the accu-
racy of the results obtained is not high enough to discuss the
fine details of the nature of the kinetics of the I-N phase
transition, as it is possible to do in the analysis of the inte-
grated intensity.

The kinetics of the tensor order parameters described
by the phenomenological equations proposed by de
Gennes73:

[tt2+ts°oT)so(g4/P2)]cosi!(e/2)

) = 2u.0uaB + voeaP,
(6.10)

where iia0 is the strain rate tensor, aa0 is the stress tensor,
7]s0 is the coefficient of shear viscosity at zero frequency, and
/j.o and va are phenomenological coefficients with the dimen-
sion of viscosity. The equations (6.10) represent the exten-
sion of the theory of Leontovich99 to the case of liquid crys-
tals.

These equations permit calculating the spectrum of the
scattered light. In so doing the depolarized component
7n(<y), entirely determined by scattering by the fluctu-
ations Sea0, has the form

sin2(6/2)

(6.11)
where rf = vo/ar is the oriented-relaxation time and 77^
= T/S0 — {2fj.l/v0) is the nonrelaxing part of the shear vis-

cosity.
Study of the spectrum makes it possible, in principle, to

determine all parameters appearing in the system of equa-
tions (6.10), if additional data on the static shear viscosity
are employed, while the coefficient a is determined from the
measurements of the integrated light scattering intensity as
described above. In practice, however, this program is diffi-
cult to implement, since near 7",. the form of the contour
/ „ (<«) does not differ much from a Lorentzian contour, and
two parameters rb and 77sO, and then /i0 and v(l, must be
found from it. There are two approaches to the solution of
this problem. The parameters can be found by studying the
spectrum / „ (co) in the temperature range where the fine
structure is observed,95 after which the values found for //„
and v0 can be extrapolated into the critical region. Unfortu-
nately the fine structure appears in MBBA at temperatures
of the order of 150°C, which is approximately 100 K higher
than Tc.

The other approach consists of performing additional
experiments in the critical region. Such an experiment is the
study of birefringence in a flow. As follows from Eq. (6.10),
with our choice of 8eaP for the order parameter, the optical
anisotropy Sn is related with the velocity gradient dvx /dz by
the expression

on= t-Zr-T*-, (o . i z ;
an dz

from which the coefficient fi{) can be determined. In Ref. 100
the temperature dependence for rr and Maxwell's constant
MQ = — fio/arn, were obtained for MBBA and BMOAB;
they are described well by the relation exp(7,-/7)/
(/•_ T*), where exp( T,/T) describes the noncritical tem-
perature dependence, and in addition 7,- are different for rr

and Mn. The temperature dependence of /u() and v() is shown
in Fig. 17. The figure also shovs the relaxing part of the
shear viscosity:

A / x 2un
2

A I L (to) = - £ £ - (6.13)

r-108, /W-108, sec

5

FIG. 16. Temperature dependence of Maxwell's constant (1) and the
orientational relaxation time (2) in the isotropic phase of MBBA.100

v0.

10

), CP

20

FIG. 17. Temperature dependence of the shear viscosity ?7s0, the relaxing
part AJ7S(0) and the parameters of de Gennes' model p0 and v0 in
MBBA.100
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at zero frequency. One can see that A^s is a weak function of
the temperature, while the characteristic frequency cof = 1/
rr decreases in a critical manner. The orientational contribu-
tion to the viscosity Ars is not large and, for example, in
MBBA equals about 25%.

6.3. Light scattering in the nematic phase

The chief characteristic of the nematic phase is the exis-
tence of a predominant orientation of the molecules, charac-
terized by the director vector n. Unlike systems with a scalar
order parameter, in which fluctuations are associated with a
local change in the number density of particles or the compo-
sition, fluctuations in the nematic phase arise owing to the
local change in the orientational ordering. In this case the
rotation of large groups of molecules, requiring small
amounts of energy, occurs and for this reason such fluctu-
ations are very large. As a result, strong light scattering is
observed in the entire region of existence of the nematic
phase, and /?sc is of the order of several inverse centimeters,
which is 105-106 times greater than the standard noncritical
light scattering.73'101 Strictly speaking, the ordering in NLC
is described by the angular distribution function of the mo-
lecular axes. In light scattering problems, however, to de-
scribe the order it is sufficient to use a symmetric traceless
tensor of rank two Sa0. The equilibrium value of this tensor
S o

ae in a uniaxial NLC has the fonr

6e«p1) W =61

(6.14)

As in the isotropic phase, Sat3 is the dielectric permittivity
tensor and S is the anisotropy of this tensor.

The fluctuations 8eae

tt (

(r) (e

ellp (»)== 6.(r) (n«nB —J-f i rf) ; (6.16)

here £,, £,, |"3, £4, and £5 are scalar variables and e,, e2, and n
is a triplet of unit vectors of an orthogonal coordinate sys-
tem. These fluctuations can be interpreted geometrically as
changes occurring in a dielectric ellipsoid shown in Fig.
18.In Fig. 18(a) the ellipsoid is in an equilibrium state; in
Fig. 18(b) Se'J^ the ellipsoid rotates as a whole and these
fluctuations are termed transverse uniaxial or fluctuations of
the director; in Fig. 18(c) Se^ the ellipsoid of revolution
transforms into a biaxial ellipsoid, corresponding to biaxial
transverse fluctuations; in Fig. 18(d) Se\p the ratio of the
axes of the ellipsoid of revolution changes, i.e., these are lon-
gitudinal fluctuations corresponding to a change in the de-
gree of anisotropy.74'76

It must be emphasized that from the viewpoint of mo-
lecular optics the nematic phase is a unique state of matter.
On the one hand, in this system the optical anisotropy is
significant, as in solids, while on the other hand the fluctu-
ations of three types with completely different amplitudes
and temperature dependence, which are expressed in terms
of the fluctuations of the variables J", , . . . , g5, are strongly
developed. Fluctuations of £, and g2 make the main contri-
bution to scattering. In the Gaussian approximation

(6.17)

can be divided into three types7

where

(6.15)

FIG. 18. Change in the dielectric ellipsoid for different types of fluctu-
ations.

whereKa (/ = 1, 2) and K33 are Frank's moduli, which are
weakly temperature dependent. Fluctuations of this type are
termed Goldstone fluctuations. They grow without bound as
q -»0, and in its entire region of existence the nematic phase is
similar to the critical point itself with regard to fluctuations
of the director.

Measurements in NLC are quite often performed in the
presence of a magnetic field. In this case the fluctuations of
£ 1 and §2 become finite as q -»0, since a term xH 2, where % is
the magnetic susceptibility, is added to the denominator in
(6.17). The biaxial fluctuations of £3 and E,A do not have any
singularities, while the fluctuations of |"5 grow in a critical
manner as the N-I transition point is approach. As in the
isotropic phase, their growth is disrupted by a first-order
phase transition.l02

The scattering of light by fluctuations of the director is
the main type of scattering and is two to three orders of
magnitude stronger than scattering by fluctuations of £3, £,,
and |"5.

73'74 For this reason, we shall first study this—chief—
scattering mechanism. The light-scattering function here is
more complicated than for the standard isotropic me-
dia. 103-104 The intensity distribution in it depends not only on
the scattering angle and the polarization, but also on the
orientation of the director vector relative to the incident and
scattered light. A detailed numerical analysis of these scat-
tering functions in the presence of a magnetic field is per-
formed in Ref. 104, where it is demonstrated that all three
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Frank moduli can in principle be measured from the light-
scattering data. As at the usual critical points the main dis-
torting factor here is multiple scattering of light. In particu-
lar, the contribution of double scattering can reach 10% of
the measured light-scattering intensity.104

There exist geometries of the experiment in which the
contribution of single scattering by fluctuations of the direc-
tor is zero.4737476105 Taking into account the optical anisot-
ropy of the medium this is realized in the following cases:

1) an = 0n = 0,
2) a [| p || n, k,n
3) n || kn ± kp;

(6.18)

a and P lie in the scattering plane. The vectors a and B are
the allowed directions of polarization of the incident and
scattered light. The conditions 1 and 2 in (6.18) are most
easily realized experimentally, since they correspond to the
scattered components / " and / y with n oriented along the z
axis (see Fig. 1).

The extinction coefficient also behaves in an unusual
manner in the nematic phase. If it is defined as the integral
over all scattering angles, then the presence of the pole l/q2

in (6.17), where q = k< — ks, should lead to a logarithmic
divergence in a as k; ->ks.

101 Because of the uniaxiality two
types of rays can propagate in the NLC—ordinary (o) and
extraordinary (e). The contribution to a of the light wave
polarized oppositely to the incident polarization is finite be-
cause the wave numbers k <o> = 2irnio)/A and k <e)

= 2fl-«<e)//t are unequal. For this reason only the scattered
light with the same polarization as the incident light can
make a diverging contribution to the integral. There may not
be any divergence, however, if for geometric reasons there is
no scattering at zero angle with coincident polarizations,
i.e., the condition (6.18) holds for this angle. From the first
condition in (6.18) it follows that this always holds for the
ordinary ray. From the second condition it follows that for
the extraordinary ray there is no divergence only if the angle
x[i between k|(e) and n equals 90°.

For three such geometries k< ||n; k^ln, a ln and kj
In, a||n the extinction coefficient was measured in oriented
magnetic fields from 103 to 3 • 103 G in MBBA samples 1-2
mm thick.'03 All Frank moduli were determined from the
values obtained for the extinction coefficient and they are in
good agreement with the measurements performed by other
methods.

The angular dependence of the extinction coefficient of
the ordinary ray in the presence of a magnetic field was cal-
culated in Ref. 104 and without a magnetic field in Refs. 105
and 106. For the extraordinary ray for all angles of incidence
4> except ip = 90°, the divergence in the limit of small angles
remains. In the presence of a magnetic field, as already men-
tioned above, this divergence is removed by the term 1/
{xH2), and without a magnetic field the angles are cutoff at
small angles #min ~A /L, where/, is the characteristic size of
the system,101105106 and in this case cr(e>a>ln(L /A). The
angular dependence of u(e> is shown in Fig. 19. An analogous
behavior is also obtained in the presence of a magnetic
field.104 Calculations of aM by summation of the principal
infrared divergences of the diagrams101 show that <r(e) de-
pends on the path length / traversed by the light in the medi-
um cj(e)(/) ~ In (I/A).

20

10 Sff

SO SO 90

FIG. 19. The computed angular dependence of the coefficients of extinc-
tion of the ordinary a<m and extraordinary aM rays.l051,4 BMOAB; 2, 5)
MBBA; 3, 6) N-106.

The extinction coefficient for the extraordinary ray has
not been measured experimentally. This is attributable to the
fact that because of the extremely elongated scattering func-
tion almost all losses of light to scattering in the extraordin-
ary ray occur owing to forward scattering by long-wave-
length fluctuations of the director. As a result the
extraordinary ray transforms, owing to multiple forward
scattering, from a coherent into a diffusive ray with a small
expansion of the light beam. Such a picture was observed by
Val'kov et al.106 experimentally and is shown in Fig. 20. This
figure also shows a light ray with polarization (e), passing
through the sample in the same plane as the oriented NLC
N-106 about 2 mm thick for two angles of incidence ip. The
observed picture can be explained qualitatively by the sharp
dependence of <r<e) on \p (Fig. 19). The size of the central
smeared spot reached 1°. The spot consisted of regions with
different brightness, whose structure varied slowly with
time. The characteristic times of these changes are deter-

FIG. 20. Beam passing through a cell with planar orientation of N-106
liquid crystal 2 mm thick for two angles of incidence ^.106 a) ordinary
beam, b) extraordinary beam.
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mined by the kinetics of the long-wavelength fluctuations of
the director'04 and reach fractions of a second at the center
of the spot.

Thus the study of fluctuations of the tensor order pa-
rameter in NLC by optical methods has turned out to be very
effective. The greatest progress was achieved in understand-
ing the nature of the first-order phase transition I-N, though
the experimental data are less informative than the usual
critical phenomena owing to the fact that this transition is a
first-order transition.

7. OPALESCENCE IN SEGREGATING MICELLAR SOLUTIONS
AND MICROEMULSIONS

Most experimental facts regarding the usual critical
points and phase transitions in liquid crystals have been ex-
plained theoretically in great detail. A somewhat different
situation exists for segregating micellar solutions and mi-
croemulsions, which have been intensively studied experi-
mentally in the last few years by the methods of molecular
optics. Here there are many experimental facts that cannot
yet be explained theoretically.

Micellar solutions are a heterogeneous system, one
component of which are micelles—small colloidal particles
containing from tens to thousands of elongated molecules.
The main feature of these molecules is that the character of
the interaction of their ends with the surrounding medium is
significantly different. In particular, one end exhibits dis-
tinct polar properties. In cases of practical importance the
surrounding medium is water, while the molecules are sur-
factants. In multicomponent systems the surfactants form a
surface layer of micelles.

In the study of micellar solutions by optical methods far
from the critical point the intensity of light scattering is writ-
ten in the form108

(7.1)

where C is the volume fraction of micelles and II is the os-
motic pressure of the micellar component. The virial expan-
sion is used for II:

+ BC+. .), (7.2)

where vm is the volume of a micelle and B is the second virial
coefficient. The angular dependence is ignored, since the size
of the micelles is much smaller than the wavelength of the
light. If Iy is measured in absolute units as a function of the
concentration, then the size of a micelle vm as well as the
second virial coefficient B, characterizing the interaction
between micelles, can be determined. For the four-compo-
nent system water-dodecane-sodium dodecylsulfate DCN-
alcohol21 it turned out that the character of the interaction
between the micelles depends on the length of the alcohol
molecules: as the homological number of alcohol increases
from C5 to C7 the attraction is replaced by repulsion. For a
fixed number of alcohol molecules the force of attraction
increases with the radius of the micelles rm, the value of
which was compared with the measurements of the extinc-
tion coefficient of the time correlation function
r = kBTq2/6irrmrjs.

Before we proceed to the analysis of critical phenomena
in micellar solutions and microemulsions, we shall briefly

study the main types of phase diagrams encountered. Figure
21 shows a typical phase diagram of a binary segregating
micellar solution, where one of the components is a noniono-
genic surfactant with the monomer

CH ., - (OCH2 OH

polyethylene glycol ester, which we shall denote as C,Ej (in
this case / = 12,y = 8), while the second component is wa-
ter. In this diagram the region L, is the micellar solution, L \
+ L " is the region of coexistence of two micellar solutions
with different concentrations, and Pc is the lower critical
point. The sharp asymmetry of the curve of coexistence of
the phases L, and L \ + L " and the low value of Cc are often
encountered in polymer solutions. This type of coexistence
curve was obtained by a numerical method for spherical mi-
celles by specially adjusting the interaction potential.''" The
region H corresponds to a lyotropic liquid crystal. The form
of the diagram does not change much when the pressure is
changed.

For the ternary system the phase diagram is shown
schematically in Fig. 22, '" which shows only the chief phase
states of interest to us. To determine the composition of any
point in the diagram a perpendicular must be dropped to the
three sides of the triangle; the points of intersection deter-
mine the ratios between the three components of the mix-
ture. As in Fig. 21, the phases LX,L\ + L", and H are the
microemulsion, a binary mixture of two microemulsions,
and a liquid-crystalline phase; L2 is an inverted microemul-
sion112; and Pc is the lower critical point of segregation. The
areas referring to each phase vary with the temperature.

More complicated microemulsions are also now under
intensive study. An example is the phase diagram for the
mixture water-dodecane-pentanol in DCN."3 In Fig.
23(a) the regions Lx, L\ + L ", and H are the same as in
Figs. 21 and 22; in addition, in this case His a purely smectic
phase, 98 wt. % of which is pentanol and dodecane. The x
axis determines the ratio of the content of H2O and DCN. A
characteristic feature of this diagram is that at a fixed tem-
perature there exists a line, bounded at two ends, of critical
points P*P*. In addition, near the point P£ there exists a
region where the smectic phase is in equilibrium with the
micellar phases. The diagram in Fig. 23(b) illustrates the
behavior of the solution as the temperature is varied with x
held fixed. The figure clearly shows that the line PfP^is the
line of lower hypercritical points.

10 10 30 40 SO
H * ° mole%H2o Ci2Fa

FIG. 21. Phase diagram of the system C,2E8-H2O. ")9 L,) micellar solu-
tion; L\ + L") segregated micellar solution; H) anisotropic phase; />c is
the lower critical point.
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surfactant

H,0 Decane

FIG. 22. Phase diagram of a ternary mixture at T = 25°C."' L,) micellar
solution; L2) inverted micellar solution; H) anisotropic phase; L \ + L ")
segregated micellar solution; Pc is the lower critical point.

Extensive information on binary segregating micellar
solutions as well as complex solutions consisting of four
components, for which a quite large segment of the line of
hypercritical points P*P* was studied, has now been pub-
lished. As regards ternary systems, the studied range of vari-
ation of their parameters is significantly narrower.

The dependence of the integrated intensity on the close-
ness to the critical point and the scattering angle as well as
the time correlation function was studied by the method of
light scattering. The critical indices in the binary solutions
C,Hy in H2O and D2O with the numbers of the homological
series varying from / = 6 to 14 andy = 3 to 7 were obtained in
Ref. 114. The extinction coefficient was measured in order to
evaluate the magnitude of the multiple scattering. It was
concluded that in the experimental geometry employed mul-
tiple scattering can be neglected only for T— T,. >0.2 K.
The values of the indices obtained for different terms of the
homological series C,E, are given in Table IV. The table
shows that the critical indices v and y decrease systematical-
ly as the sizes of the molecules C,E; increase while r() in-
creases at the same time, and in addition the indices vary
from scaling values to classical values and, what is most sur-
prising, become less than the classical values. The simplest
reason for this behavior could be the narrow temperature
interval in which the measurements were performed. For
this reason Corti et al."4 performed additional studies in the
system C, 2ES — H2O."5 By reducing the size of the cell and
thereby the intensity of multiple scattering of light they were
able to obtain reliable results right up to T - Tc ~ 0.02 K. It
turned out that the values of the critical indices v and p(l

Pentanol

Dodecane Dodecane

FIG. 23. Phase diagram of a quaternary binary mixture. "3 a) diagram for
T = const; x is the ratio of DCN to H2O; /"*/>* is the line of the lower
critical points; I) approach to the critical point by varying x. b) phase
diagram with fixed x; II) approach to the critical point by varying the
temperature; in both diagrams L, is the micellar solution, L [ + L " is the
segregated micellar solution, and H is the smectic phase.

remained practically unchanged: y = 0.88 ± 0.03, v = 0.43
± 0.03, r0 = 23 ± 3 A.

The system C12E6 — H2O was also studied by a differ-
ent group."6 For the temperature interval 5-10~4<r
<2-10~2 the values of the indices obtained from the angu-
lar measurements turned out to equal y = 1.04 + 0.03,
v = 0.51 + 0.01 (r0 = 33 + 2 A), which agrees completely
with the data presented in Table IV. In an adjacent interval
9* 10~5 < r < 5-10~4 it was found that the temperature de-
pendence of the susceptibility and correlation radius be-
comes weaker and is not described by simple power laws.

The experimental facts presented can now be interpret-
ed as follows. For small numbers of the homologs (C6E, and
CSE4) in the vicinity of the critical point of segregation the
intensity of light scattering increases owing to intensifica-
tion of the concentration fluctuations, as in standard binary
systems. Only one of the components here are micelles,
whose shape and size do not change.

The appreciable decrease in y and v for longer mole-
cules could be linked with the fact that, together with the
usual critical phenomena, growth of micelles and a change in
their shape from spherical to cylindrical occur. This picture
is supported by the closeness of the critical point of mixing to
the liquid-crystalline phase for large numbers of the homo-
logs.

It is interesting to note that in micellar solutions the
critical indices turned out to be sensitive to the isotopic com-
position of the solution."5 Thus in the system CnEx — D2O
7=1.20 + 0.03, v = 0.59+ 0.03, r0 = 23 + 3 "A, which
differs appreciably from the values obtained in an analogous
water solution (see Table IV). When a 50% mixture of H2O
and D2O is used as the solvent intermediate values are ob-
tained for the critical indices and/?0; this is attributed to the
change in the degree of interaction of micelles with the sol-
vent.

In addition, the shear viscosity ?/,, also behaves in an
unusual fashion."6 Measurements on a rotational viscosi-
meter for the mixture C,2E5 — H2O showed that the shear
viscosity depends strongly on the velocity gradient:
TjH~(dvz/dx) -'", where « = 0.13 for r>5-10"4 and
&>-*0.23 for temperatures closer to Tc. Such values of co are
very different from the value obtained theoretically
co = 0.013. " 7 As a control Hamanoera/. " 6 measured r/^ on
the same apparatus for a standard segregating mixture and
found that the effect is observed only very close to Tc, and in
addition co = 0.02.

The index of the temperature divergence of the viscosity
xv = 0.17 is also anomalously large compared with the usu-
al value for segregating mixtures xv —0.06.

Appreciable anomalies were also discovered in multi-
component systems. A four-component system was studied
in greatest detail in Ref. 113. The existence of a line of phase-
transition points P ̂ P f in Fig. 22 (a) enables the study of the
critical behavior of microemulsions with smoothly varying
composition and therefore with different solution structure.
The critical point was approached by two methods—by
changing the mutual concentration of H2O and DCN (the
path I in Fig. 23 (a)) and by changing the temperature with
the composition held fixed (path II in Fig. 23(b)). The re-
sults of the measurements are given in Table V.

The values of the critical indices vand y decrease as the
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TABLE IV. Values of the critical parameters for different terms in the homological series.'

V

V.

CgEs

0,63
1.25
3.4

CeEi

0.57
1.15
5.4

0,53
0.97

20

CitBs

0.44
0,92

17,5

C14B7

0.87

concentration x decreases. Roux and Belloc113 propose that
this behavior of the critical parameters is linked, as for a
binary system, with the existence of a smectic phase in the
region of low concentrations; the closeness to this phase
changes the values of v and y as a result of crossover.

For the ternary system the light-scattering intensity
both as a function of the temperature and composition111

was studied in a system whose phase diagram is shown in
Fig. 21. The values of the indices v and y, found as the criti-
cal point is approached by varying the ratio x = H2O/
surfactant, turned out to equal yx = 1.26 + 0.06, vx

= 0.61 + 0.06. Temperature measurements gave the values
yT = 1.30 + 0.05, vT = 0.76 + 0.05. In addition the value
of v turned out to be close to v = 0.72 ± 0.04, found from
scattering of slow neutrons.'18119 Honorat et al.1" explain
the high values of v and y on the basis of the idea of the
isomorphic nature of critical phenomena,64-120121 which
leads to renormalization of the critical indices yT -• y/
(1 — a), vT -> v( 1 — a), where a is the critical index of the
heat capacity.

The usual value v = 0.62 + 0.03 was obtained in tem-
perature measurements by Abillon et al.122 for a ternary
mixture with a composition close to the above.

The kinetics of the critical fluctuations was studied by
the methods of correlation spectroscopy. The approxima-
tion of the Kawasaki function (5.6) was employed for the
decay constant. This approximation gives good agreement
between theory and experiment.109-"1|114'122

Although the results for micellar solutions and micro-
emulsions deviate somewhat from the general picture, the
basis for the interpretation of the experimental data from the

viewpoint of critical phenomena is the existence of power
laws for the susceptibility and correlation radius in a wide
temperature interval. This is also supported by data on the
kinetics of fluctuations, which is of a diffusion character, as
in standard solutions.

8. CHARACTERISTICS OF LIGHT SCATTERING IN SYSTEMS
WITH A CLOSED REGION OF SEGREGATION

Mixtures for which the coexistence curve is a closed
region in the C, T plane and therefore contains two critical
points—an upper critical point (UCP) and a lower critical
point (LCP) —can be put into a separate class of segregating
solutions. In some mixtures the size of the two-phase region
can change appreciably as the pressure is varied or as low
concentrations Cx of a third component are added. In the
last few years a great deal of attention has been devot-
ed123"'25 to the study of phase transitions in the system
quaiacol (l-oxy-2-methoxybenzene C6H4(OH)OCH3)—
glycerine with a small addition of water. The phase diagram
of this system in the coordinates C, T, and Cx is a dome-
shaped surface, as shown in Fig. 24. As one can see from the
figure, for each concentration Cx there exists a closed region
of segregation, whose size depends on Cx. As Cx is decreased
(z axis) the lines of the upper and lower critical points con-
verge at the double critical point To. It should be noted that
near this point at critical concentrations of quaiacol and
glycerine the curve is symmetric in the Cx, T plane.

Theoretical analysis of this phase transition predicts
that as the double critical point is approached all tempera-
ture indices are doubled owing to the change in the form of

TABLE V. Critical parameters in a four-component microemulsion.'l3

a) Approach to the critical point by varying the temperature

xc

VT

VT
r A

1.034
36.35

0.21±0,02
0,40±0.04
331+211

1.207
37.54

0.34±0.03
0.63±0.O6

141±10

0
0

1.372
34,52

.47±0.
:87±0.
65±6

03
06

0
1

1.552
32.25

.53±0.03

.01±0.06
47±5

0
1

3.448
33.43

.59±0.03

.14±0.06
28±3

5.172
35.47

0.64±0.
l:24±0.

31±3

03
06

b) Approach to the critical point by varying the concentration

xc

Vx
yx

1.207
21.84

0.38+0.03
0.78+0.06

1.550
25.4

0..57+.0.03
1.10+0.06

3.424
21.80

0.64±0.03
1,'20±0.06
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FIG. 24. Phase diagram of the system guaiacol-glycerine.'23 C is the con-
centration of the mixture, Cx is the concentration of water; 1,2) line of the
lower and upper critical points; To is the binary critical point.

the first terms in the expansion of the free energy in powers
of the order parameter.

The dependence of the properties of this solution on the
width of the two-phase region AT has been studied experi-
mentally. Jonston et al.'24 measured the intensity of the scat-
tered light and its angular dependence as a function of the
temperature in the single-phase region as the lower critical
point is approached. The results of the measurements for the
susceptibility are presented in Fig. 25. One can see that as the
two-phase region decreases from 65.9° to 1.6° the index y
changes from the usual value 1.24 to practically twice this
value. In the same work analogous results were obtained for
the critical index v from measurements of the scattering
function.

The method of correlation spectroscopy was employed
in Refs. 123 and 126 to determine the correlation radius on
both sides of the region of segregation approaching both the
lower and upper critical points. The critical indices v were
determined from the data shown in Fig. 26. It is interesting
to note that within the limits of error for the given A T the
values of vUPC and vLCP are the same and their maximum
value equals v = 1 at A7"= 1.3°. Analogous growth of the
index v was discovered from experimental data on the tem-
perature dependence of the shear viscosity.127

"1(0 = 0), relative units

to3 -

Inr - -•* In*

FIG. 25. Temperature dependence of the logarithm of the integrated in-
tensity of scattered light at zero angle as a function of the logarithm of the
reduced temperature with different width of the two-phase region AT.'24

1) 65.9°C; 2) 26.3°C; 3) 9.4°C; 4) 1.6'C.

FIG. 26. The correlation radius as a function of the temperature as the
lower (a) and upper (b) critical points are approached for different values
of AT.126 1) 39.7°C; 2) 32.67°C; 3) 7.84°C; 4) 1.32°C.

In the study of a solution with Cx < Cx (see Fig. 24),
where a two-phase region does not exist, as expected, far
from To the susceptibility and correlation radius vary with
the doubled values of the indices, while immediately beneath
the dome their magnitude remains practically unchanged.

CONCLUSIONS

The foregoing review shows that the methods of light
scattering are being increasingly employed to study phase
transitions in the most diverse systems. This is attributable
primarily to the fact that the recently developed technique of
optical measurements of the scattered radiation intensity
and its temporal characteristics has achieved an accuracy
comparable with other thermodynamic and kinetic meth-
ods, and in some cases it has exceeded them. The results of
optical experiments have contributed significantly to the
formulation of modern ideas about the physical nature of
phase transitions and critical phenomena. At the same time
they have shown that there exists a number of problems con-
cerning the fine details of the behavior of matter in the criti-
cal region, which are still being elucidated.

This refers primarily to the determination of the exact
value of the index of anomalous dimensionality of the corre-
lation function and clarification of the form of the correla-
tion function, for which only exact asymptotic expressions
in the region of small and large values of krc have been
found. To determine the form of the correlation function in
the entire range of values of krc experimentally, however,
the accuracy with which the intensity is measured must be
increased to 0.1 %, just as for finding 7].

In liquid crystals only the isotropic phase in the vicinity
of the point of the transition into the nematic phase has been
studied in greatest detail. Analogous measurements on the
nematic phase side have practically not been performed; this
is largely attributable to the smallness of the fluctuations,
varying in a critical manner, compared with the usual fluctu-
ations of the director. The more complicated and interesting
cholesteric liquid crystals, where the phase transition into
the ordered state is accompanied by strong optical effects
(so-called blue phase), has still virtually not been studied by
light-scattering methods.

Very little is as yet known about phase transitions in
micellar solutions and microemulsions, and here further
studies, both theoretical and experimental, must be per-
formed and entirely different approaches to the description
of the behavior of these unusual systems may have to be
developed.
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From the viewpoint of the experimental technique the
study of critical opalescence has contributed greatly to the
development of reliable and accurate methods for taking
multiple scattering into account. This is attributable to the
fact that in the critical region it is very easy to vary the level
and characteristic size of nonuniformities. The application
of these methods to strongly scattering systems of the most
diverse nature appears to be very promising. This refers pri-
marily to the optics of the atmosphere and ocean and the
study of colloidal and biological systems, since here the same
difficulties in acquiring information about the properties of
the scattering nonuniformities appear as in the study of criti-
cal opalescence.

"In what follows, in the case of scattering by fluctuations of the order
parameter the index (C) for /, /?sc, and G will be dropped.

2>Micellar phases in ternary and quaternary systems are usually called
microemulsions.
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