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An investigation was made of the temperature dependence of the intensity of the light scattered 
and transmitted by a BMOAB liquid crystal in the vicinity of its transition from the isotropic 
phase side. Calculations were made of the intensity of double scattering of light and of the extinc- 
tion coefficient for the case when the order parameter is a tensor. Single scattering was separated 
from the total intensity and the temperature dependence of the scattering constant was deter- 
mined. It was found that a deviation of the temperature dependence of the reciprocal susceptibil- 
ity from linearity could not be explained by multiple scattering of light. The temperature depen- 
dences of the susceptibility and of the specific heat were analyzed using the Landau-de Gennes 
model in which terms up to the sixth order were included. It was found that the experimental 
dependences could be described only if the fluctuation corrections were included. 

It is known that the intensity of scattered light increases 
strongly near the isotropic liquid-nematic liquid crystal 
tran~ition."~ In a fairly wide range of temperatures the reci- 
procal of the scattered-light intensity is practically a linear 
function of temperature. This is unusual for second-order 
phase transitions, because it corresponds to the critical index 
of the susceptibility amounting to unity. It may mean that, in 
a certain range of conditions, the Landau theory is applica- 
ble to the system in question. In the direct vicinity of the 
phase transition point the nature of the temperature depen- 
dence changes: the intensity begins to rise more rapidly with 
temperat~re."~ The simplest cause of this behavior is an in- 
crease in the contribution of multiple scattering on approach 
to the transition point. The nonuniversal nature of the be- 
havior may also indicate the onset of the fluctuation region 
where an interaction between fluctuations of the order pa- 
rameter makes an important contribution to the susceptibil- 
 it^.^ Finally, these fluctuations can interact with fluctu- 
ations with any other order parameter, for example, that 
associated with a smectic me~ophase.~.' 

Information on the critical behavior of nematic liquid 
crystals can also be obtained from other experiments, for 
example, from a determination of the temperature depen- 
dences of the specific heat and of the order parameter. How- 
ever, a discontinuity at the first-order phase transition pre- 
vents extracting fairly complete information from each such 
experiment separately. For example, even when the specific 
heat is measured very accurately, the results are difficult to 
interpret because of indeterminancy of the value of the ap- 
parent temperature of the second-order phase transition. 
However, this temperature can be determined quite simply 
from optical data. Therefore, reasonably reliable conclu- 
sions can only be drawn from investigations of several prop- 
erties at the same time. 

We determined the intensity of light of different polari- 
zations scattered singly or multiply by the isotropic phase of 
p-n-butyl-p-methoxyazoxybenzene (BMOAB) in a wide 
range of temperatures and we measured the intensity of the 

transmitted light. The data on the specific heat,6 tempera- 
ture dependence of the order parameter,' and heat of transi- 
tions of this liquid crystal have already been published. We 
selected BMOAB also because it is characterized by a very 
wide ( -  50 "C) range of existence of the nematic phase and 
also because it does not have a smectic mesophase. 

1. LIGHT SCATTERING IN AN ISOTROPIC PHASE OF A 
NEMATIC LIQUID CRYSTAL 

An increase in the intensity of the scattered light in the 
vicinity of the transition point is due to an increase in fluctu- 
ations of tke order parameter, which in this case is a symmet- 
ric tensor S with a t r a ~  equal to zero. For our purpose it is 
convenient to select a s s  the zero-trace part !f the permittivi- 
ty tensor at an optical frequency (A = 6328 A). The intensity 
of light scattered singly by fluctuations of 2 is 

where G: (0) = G Zy (0) = 1 and 

is the scattering constant. The superscript represents the po- 
larization of the incident light and the subscript the polariza- 
tion of the scattered light; I is the intensity of the incident 
light traveling along the x axis; q is the scattering vector; 
q = 2k sin(8 /2); k is the wave number of an electromagnetic 
wave in the investigated medium; 0 is the scattering angle in 
the xy plane; R is the distance from the observation point; V 
is the scattering volume; u is the extinction coefficient; L is 
the path traveled by light in the medium. In the Ornstein- 
Zernike approximation the functions G : and G :, governing 
the angular dependence of the intensity of the scattered light 
are given by the e ~ ~ r e s s i o n s ~ ~ ' ~  
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The correlation radii r,, , r,, , and r,, have the same tempera- 
ture dependences and they are related by 

If the intensity of the scattered light is integrated over 
all the directions, the following expression is obtained for the 
extinction coefficient: 

a=nR,, (cpl+cpz+vcps), (3) 

where 

Throughout the investigated range of temperatures, 
within the limits of the experimental error, we found no an- 
gular dependence of the scattered-light intensity. Therefore, 
we shall use the expressions for the intensity of the scattered 
light and the extinction coefficient in the kr,, = 0 approxi- 
mation. In this case Eq. (3) becomes 

a= (40n/9) R,,. ( 5 )  

Multiple scattering of light was allowed by us in the 
same way as in Refs. 11 and 12, i.e., measurements were 
made of the intensity when the illuminated volume V ,  and 
the volume V2 from which light was received by the record- 
ing device were separated from one another by a distance h. 
In the case when the volumes V ,  and V2 were thin cylinders 
of length 2L0 and cross sectionss, and s,, the intensity of the 
doubly scattered light for a tensor order parameter and a cell 
of cylindrical shape could be described by 

&/h 
I,.(.).= ' 

RZ R.:slsz 7 dl,  J dl,= '" , h+O, (6 )  

where 

- L I Z 2  sin 0 sin 20 1 , ' ~  sin' 0 1 , 
12+ I .+ ( l z + l ) 2  

12=112+12"21,1, cos 0 .  

In the derivation of Eq. (6) we have allowed for the fact that 
the difference between the paths traversed by singly and 
doubly scattered light is small compared with the attenu- 

ation length a-'. In the case of h = 0 we find that, to within a 
logarithmic accuracy in respect of the small parameter r,/ 
Lo9 

where r ,  is the radius of the larger of the two cylinders. 

2. EXPERIMENTAL RESULTS 

Measurements were made using apparatus described in 
Ref. 11. An He-Ne laser was used as the source of light. The 
precision of the measurements was improved by determining 
the intensities of the scattered and transmitted light in units 
of the incident-light intensity. A cylindrical cell containing 
the investigated liquid crystal had a diameter of 2L0 = 3 cm 

1;' rel. units 

,,a 1 

FIG. 1. Temperature dependences of the scattered-light intensity ob- 
tained for 0 = r / 2 ;  (0) 1: component; (0) 1: component; the results of 
subtraction of the contribution of the double scattering is shown on an 
enlarged scale (by the dashed curves) on the right. 
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FIG. 2.  Spectral composition of the scattered-light com- 
ponent I :  at t = 86 "C for 0 = r / 2 .  

and it was enclosed in a massive copper jacket, which was 
thermostated to within -0.005 "C. The temperature depen- 
dences of the intensities I :  and I :, of the scattered light are 
plotted in Fig. 1 for the scattering angle B = ~ / 2 .  

The intensity I t  of the scattered light includes contri- 
butions not only from fluctuations of the order parameter, 
but also from fluctuations of the density. An estimate of the 
contribution of these fluctuations was obtained by investi- 
gating the scattered-light spectrum (Fig. 2) obtained using a 
three-pass Fabry-Perot interferometer stabilized by a DAS- 
1 system. It is clear from Fig. 1 that the integrated contribu- 
tion of the scattering by fluctuations of the density did not 
exceed 2%. 

I, rel. units 

We measured the I :  and I :  components of the multiply 
scattered light for 8 = a/2. The results of a comparison of 
the experimental and calculated [from Eq. (6)]  values of the 
intensity is made in Fig. 3. The good agreement between the 
theory and experiment shows that only single and double 
scattering need be allowed for. It should be pointed out that, 
in contrast to the case of a scalar order parameter,11713 the 
polarized and depolarized components of the scattered light 
increase strongly in the limit h 4  and the depolarization 
coefficient of doubly scattered light is close to 1, instead of 
3/4 for singly scattered light. 

The doubly scattered light was subtracted from the to- 
tal intensity corresponding to h = 0 with a logarithmic accu- 
racy by the application of Eq. (7). Its contribution did not 
exceed 3%. The intensity of the singly scattered light alone is 
plotted in Fig. 1. We can see that the deviation from the 
universal temperature dependence of the scattered-light in- 
tensity cannot be explained by multiple scattering. Through- 
out the investigated range of temperatures the depolariza- 
tion coefficient is 3/4. 

The optical properties of a scattering system are gov- 
erned by the absolute value of the scattering constant R ,, . 
Usually the value ofR,, is found by comparing the scattered- 
light intensity with the intensity of light scattered by a stan- 
dard system kept under the same experimental conditions. 
In our case this task is greatly simplified by the strong tem- 
perature dependences of the intensities of the scattered and 
transmitted light and the absence of the scattering asymme- 
try. The intensities of the transmitted I,, and the scattered 
I,, light after subtraction of the contribution of the double 
scattering can be written in the form 

(8) 

FIG. 3. Dependence of the intensity of the doubly scattered light I,,/i, =A%s, , 
on the distance h  between the illuminated and investigated re- 
gions. The theoretical curves are calculated using Eq. (6 ) :  1 )  which gives 
component; 2 )  The experimental values of these components 
are denoted by and 0, respectively; here, the symbol x denotes 80nL, I,, 

lnI,, =1nItr0- -- 
I y l ( h  = 0) at t = 75.2 "C. 9 I t r h o  
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TABLE I. Temperature dependence of light-scattering constant of BMOAB in isotropic phase 
(1 = 6328 A) 

at any temperature. Equation (10) was fitted as closely as 
possible to the experimental results and this gave the param- 
eters I:, and A O, which were then used to find the tempera- 
ture dependence of the scattering constant R,, ( T ) .  The val- 
ues of this constant are listed in Table I. 

An analysis of the temperature dependence of the ratio 
T / R , ,  showed that in the interval of temperatures defined by 
t  = T-273.16 "C extending from 95 to 76 "C it can be de- 
scribed by the relationship 

T/R,,=A ( T - T * )  ( 1 1 )  

(where A = 1 . 6 1 x 1 0 4  cm, T * = t * + 2 7 3 . 1 6 " C ,  
t  * = 73.20 "C) with an error not exceeding 1 %, which corre- 
sponds to the apriori expected precision of the intensity mea- 
surements. The temperature of the discontinuity at the first- 
order phase transition t, is 74.80-74.85 "C. The precision of 
the approximation deteriorated when points corresponding 
to t  < 76 "C were included in the analysis. 

3. ANALYSIS OF EXPERIMENTAL RESULTS 

The isotropic phase-nematic liquid crystal (I-N) phase 
transition is usually described by the effective Hamiltonian 
H using the Landau-de Gennes m ~ d e l . ' ~ . ' ~ . ' ~ :  

S 1 / , L 2  S p  ( V 8 )  2 - 1 / 3 B  S p  S3+'11C ( S p  s Z )  
+ l / s E  S p  8' S p  ( S p  8 ' )  

+ 1 / 6 D 2  ( s p  8 3 ,  ' 1 ,  ( I 2 )  

Here, 

Equation (14) is obtained in the approximation of one corre- 
lation length r, = ro T - " ~ ( L ,  = 0) .  It allows for two-loop 
diagrams determined with a logarithmic precision with re- 
spect to 7.  Within the framework of this approximation the 
fifth- and sixth-order terms contribute only to the two-loop 
diagrams. The range of validity of the expansion (14) is gov- 
erned by the conditions 

yca-'"<1, y ' l  y , < l ,  

ZJBET-' In ,-'<I, 

which in this case act as the Ginzburg criterion. 
An initial analysis of the experimental results was car- 

ried out ignoring the fifth- and sixth-order terms (Y, = 0 ,  
y,, = 0) .  Formulas (13) and (14) then described-with the a 
priori expected experimental precision-the temperature de- 
pendence R,, ( T )  throughout the investigated range. The pa- 
rameters a, T  *, y, ,  and y,  could also be determined. The 
value of a could be found more reliably than that of the oth- 
ers and this parameter governed mainly the slope of the tem- 
perature dependence of R  & ' in Eq. ( 1  1): a = 39 + 2  J/cm3. 
The value of y, was subject to the greatest error and it was 
found to lie within the range - 0 . 0 8 ~ , <  - 0.02. The 
range of permissible values of the parameters y,  and T  * for a 

where 7 = ( T  - T  * ) / T  *. The presence of a large rectilinear 
section in the temperature dependence of the reciprocal of 
the scattered-light intensity suggests that in this case the role y;loV 
of nonlinear terms is relatively small so that we can use per- 
turbation theory, which is in contrast to the usual situation. 
The correction terms may be responsible for the deviation 

570 

from linearity near the transition point.3 It follows from Eqs. 
(2) and (12) that R,, can be described by 

2J5 
n2 kBT 

R*,= ,- 
A ~ ( T I  ' 

(13) 

where 2,n T,-T* 

g ( T )  =at y B t -  ' f y n -  [ l/ ,YCZ-YBE] ,-1 ln ,-I FIG. 4. Ranges ofpermissiblevalues of T * andy, : 1 )  light-scatter- 
ing experiments; 2) measurements of the specific heat. The shaded 

- 2 5 / 6 3 ~ B 2 ~ - 3 +  i / l c y C ~ B ~ - 2 ) .  (14) region is shared by both cases. 
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fixed value y ,  = - 0.03 is plotted in Fig. 4. 
The experimental data on the specific heat of the iso- 

tropic phase of BMOAB were analyzed in a similar manner.6 
The calculation of C, in the model of Eq. (12) with the same 
relative precision as that in the derivation of Eq. (14) (includ- 
ing diagrams with up to three loops) gave 

where X and Y describe the regular part of the specific heat. 
The coefficient in front of y i  is subject to an error not ex- 
ceeding 10% and this error is due to the difficulties encoun- 
tered in estimating of one of the integrals which occur in the 
expression for this parameter. 

An analysis of the experimental data on the basis of Eq. 
(15) with yBE = 0 and y,  = 0, carried out in the range 
1 "C< T - Tc (20 "C gave stable values of ro within the limits 
5.5-6.5 A. It should be pointed out that the value of ro for 
MBBA is located in the same range of temperatures: this 
value was deduced in Ref. 2 from precision measurements of 
the scattered-light indicatrix. The value of y ,  was deter- 
mined less accurately than from the scattered-light data: 
- 0.1 <yc  < 0. It is worth noting (Fig. 4) that the specific- 

heat data yield a higher value of y, than the optical data. 
This is clearly due to the fact that the higher terms of the 
expansion for the specific heat are of greater relative weight, 
as is clear from Eqs. (14) and (15). For the same reason of a 
greater weight of the terms which are dropped, it is found 
that Eq. (15) does not describe the specific heat with the a 
priori expected experimental accuracy in the temperature 
range 0 "C < T - Tc < 1 "C. 

The negative value of the coefficient C demonstrates the 
need to include in (12) the terms up to the sixth order in order 
to ensure stability of the system. However, we can see from 
Eqs. (14) and (15) that the sixth-order term y, results mainly 
in refinement of the expansion coefficients a, y,, and y, ,  
because y, is independent of temperature. The influence of 
the fifth-order term is clearly not very great, because it oc- 
curs only in the second-order corrections. 

Unfortunately, the precision of the available experi- 
mental data above the transition point is insufficient for the 
determination of y,  and y,, . We estimated these coeffi- 
cients using the experimental temperature dependence of the 
order ~arameter' of the nematic (N ) phase. In the case of a 
uniaxial nematic liquid crystal the equilibrium value of the 
order parameters is 

Sap"=&. (nang--'/3Sa~), (16) 

where E, = E ~ , ,  - E~ ; n is the director vector; and E, are 
the permittivities along and across n. If we allow for Eqs. (12) 
and (l6), we find that the contribution to the thermodynamic 
potential of the Nphase associated with the order parameter 
is given by the following expression if no allowance is made 
for the fluctuation corrections: 

where D = (4/8 1)(6D, + D,). 
The condition for the minimum of the thermodynamic 

potential of Eq. (17) is given by the following equation which 
describes the temperature dependence of E, : 

The experimental data on the temperature dependence of E, 

were deduced from the measured7 values of the differences 
between the refractive indices of the ordinary and extraor- 
dinary rays (A = 6328 A) in the temperature interval 
Tc - T=: 50 "C. The indeterminacy in the value of the coeffi- 
cients was reduced by applying additionally the equality of 
the thermodynamic potentials in isotropic and nematic 
phases at the phase transition point: 

where E, = (Tc - T *)/T * and E, = E, (T, ). 
In the temperature interval 4 "C<TC - T<50 "C Eq. 

(18) describes the experimental results to within 0.2%. Clos- 
er to the transition point we can achieve the same experimen- 
tal accuracy only if we allow for the fluctuation corrections, 
exactly as in the isotropic phase case. For the same reason 
the condition (19) can be regarded only as an estimate. 

The parameter D /a has the value 0.14 + 0.02 and is 
found to be weakly correlated with the other parameters of 
the system. This reflects the important role of the sixth-order 
term in the description of the dependence E, (T) .  For exam- 
ple, an attempt to exclude this term from the description (by 
postulating D = 0) results in a serious deterioration of the 
agreement with the experimental results even if terms of 
higher orders are included in Eq. (18). An analysis also 
shows that the parameters B, C, and E are strongly correlat- 
ed and suffer from large errors. We can simply say that for a 
liquid crystal under investigation the N phase is character- 
ized by C < 0 and E > 0. A more accurate determination of 
the coefficients of the N phase requires in an allowance for 
the results of other experiments, particularly those on the 
temperature dependence of the specific heat, but in this case 
(as for E, ) we have to allow for the fluctuation corrections. 

The value of D /a obtained in this way was used to esti- 
mate the correction to the coefficient a for the I phase. For 
D, = 0, the coefficient a decreased by about 5%. The influ- 
ence of the sixth-order term on the value of ro was also slight. 
An allowance for the cross term y,, reduced somewhat the 
contribution of the logarithmic term in Eqs. (14) and (15), 
which affected mainly the numerical value ofy,, but did not 
alter the conclusion that y ,  < 0. 

It follows that the model corresponding to Eq. (12) al- 
lows us to describe the temperature dependence of the scat- 
tered-light intensity and of the specific heat of the isotropic 
phase of the investigated material. The extreme critical be- 
havior corresponding to the fluctuation region is not ob- 
served although the fluctuation corrections at the transition 
point are very large (particularly in the case of the specific 
heat). The distinguishing features of the model (12) are the 
negative value of the coefficient C, obtained in the experi- 
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ments considered by us, and the need to allow for the sixth- 
order term. 

The authors regard it as their pleasant duty to thank M. 
A. Anisimov for discussing the results. 
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