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The characteristics of the conformational optical nonlinearity of nematic liquid crystals near the
nematic—isotropic phase transition is considered. A critical increase of the nonlinearity when the
phase transition is approached is predicted and is observed by dynamic holography. It is shown
that the effect is due to the increase of the correlations between the fluctuations of the
photoconformer concentration and the polarizability of the liquid-crystal molecules near the

phase transition.

One of the cubic optical nonlinearities of nematic liquid
crystals (NLC) is the conformational linearity, which has
gigantic values of the nonlinearity parameter £, = = 2nAn/
E? (Eisthelightwave field intensity and An is the change of
the refractive index n)."? The cause of this nonlinearity is
the change of molecule conformation upon absorption of
light.

Experimental investigations of the conformational non-
linearity, and its use to determine the conformer characteris-
tics, were carried out mainly in the mesophase of nema-
tics.'”” Data on conformational nonlinearity in the isotropic
phase (IP) of NLC are much scantier.’* Yet such investiga-
tions are of considerable interest, since the change of the
intermolecular interaction in the IP compared with the me-
sophase should be reflected in the characteristics of the con-
formers. In addition, whereas far from the phase-transition
(PT) point T, the isotropic-nematic conformational non-
linearity should be the same as for ordinary nonmesogenic
liquids, effects exhibited only by mesogenic liquids can ap-
pear near T, where the fluctuations of the orientational or-
der of the molecules are substantial.

We report here theoretical and experimental investiga-
tions of the conformational optical nonlinearity in IP NLC.
We show that the correlation between the conformer con-
centration fluctuations and the polarizability of NLC mole-
cules, due respectively to anisotropy of the coefficient of
light absorption by the NLC molecules and the anisotropy of
the conformer polarizability in the NLC crystals, makes a
nonzero contribution to the cubic-nonlinearity parameter, a
contribution that is substantial near the IPC-NLC phase
transition. In the vicinity of the PT, owing to the critical
increase of the orientational correlations of the molecules as
T. is approached, this contribution leads to a critical behav-
ior of the nonlinearity parameter. The theoreticaly predicted
increase of £, as the IP-NLC phase transition is approached
was observed by dynamic holography.

THEORETICAL PART

We derive an expression for the cubic conformational
nonlinearity parameter of an IP NLC. Since the phototrans-
formed conformer molecules have a relatively long life (0.1-
1s),"? we regard them as optically induced impurity mole-
cules (OIM). Using the additivity of molecular refraction
for mixtures, we can write for the change of the dielectric
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constant of IP NLC due to addition of a small OIM density
N

Aeaﬂ=LaBN,AYaﬁa A'Yaﬂ='YuB"_'YaB, (N

where y,5 and 7., are the polarizability tensors of the NLC
molecules and of the OIM, and are assumed to be averaged
over a large number of molecules in a physically small vol-
ume and to be macroscopic quantities referred to a single
molecule, L,; =t,,1t5 , Where t,, is the diagonal tensor of
the local field, and the overbar denotes thermal averaging.

The OIM density is determined from the kinetic equa-
tion

ON’[0t=DAN’—N’[t+6,,k1,,(N—N"). (2)

Here D and 7 are respectively the translational-diffusion co-
efficient and the OIM lifetime, o,,, is the molecular absorp-
tion coefficient tensor, k is the effective quantum yield and
can be larger than unity if allowance is made of the reabsorp-
tion of the radiation and for the thermal activation of the
conformers following local heating of the NLC near an excit-
ed molecule that relaxes without radiating,® I,,, = E, E, /2
is the exciting-radiation field-intensity tensor, and N is the
NLC molecule density.

Neglecting small terms of order N' /N €1, we can write
the solution of Eq. (2) with zero initial and boundary condi-
tions in the form

N, )= Nk |[ar a6 v t—t) ol 1), (3)

where G(r —r', t — t ') is the Green’s function for Eq. (2).
The coefficients D, 7, and O in (2) and (3) are, as usual,
averaged over a sufficiently large number of molecules occu-
pying a physically small volume. Owing to the molecular
motions, these coefficients fluctuate and bring about corre-
sponding fluctuations SN of the OIM density. Obviously,
A,z and L, also fluctuate. We are interested in the fluctu-
ations due to orientational motion of the molecules, for it is
these very fluctuations which are large near the point of the
PT from an orientationally disordered liquid to an orienta-
tionally ordered one, i.e., in a nematic.

For the orientational fluctuations of the tensors o,,, and
Ay,z we can write the expressions:

Go'u\':BSuV(rv t)v G(A'Ya-ﬂ):MSaﬁ(rv t)w (4)
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where B is of the order of the anisotropy of the molecular
absorption coefficient, M is of the order of the anisotropy v,
of the NLC molecule polarizability, and S,; (r,?) is the ten-
sor order parameter.’

If fluctuations of the local-field factor are neglected, Eq.
(1) takes the form

Aeap=L[N'Ay8a5+8N"8(Ayas) ] (5)

The first term describes here the conformational nonlinear-
ity of an ordinary nonmesogenic liquid, while the second
takes into account the contribution made to the nonlinearity
of the orientational fluctuations that are substantial in IP
NLC at temperatures close to T.,.

We carry out the calculation for a specific experimental
situation encountered when the method of dynamic hologra-
phy is used.' In this case two coherent light beams of like
polarization and having intensities I, and I, intersect in the
cell with the NLC, and the intensity distribution produced in
the plane of the cell is

I(z)=I,[1+mcos(qz)], m=2(LL)"/I,, I,=I+I,. (6)

If the NLC cell thickness is much less than the diameter
of the light beam and the cell is regarded as thin, the OIM
density depends only on the coordinate x. Recognizing next
that o, 1,, = §6,,0,,1(x) in Eq. (3) and substituting the
value of the Green’s function,'® we obtain for N' Ay in the
stationary case the expression

N'Ay=I,LNGkAy[mcos(gz)[(Dg*+z~*)+2%],  (7)

where o is the average molecular absorption of light with a
given polarization v.

To calculate SN '6(Ay,z) we confine ourselves to the
case when the fluctuations N’ are due mainly to orienta-
tional fluctuations of the molecular absorption coefficient
0, It follows then from (3) and (4) that 6N '6(Ay,p) is
expressed in terms of an integral of the correlation function
Kopiw = Sap(r, )S,,(r',t"). Since N'<N, we can ap-
proximately replace K., by the correlation function
K s, corresponding to an IP NLC containing no OIM.
Using the explicit form of K%,  obtained in Ref. 11, we

afuv
have the following expressions for the second term of (5):

GNIS(A'YaB)=IO[A1+AZm c0s(gx) }8as(8va—"/s),

A,—4k Nky TM Bt 2o/qr, (8)
where
exp(—tp'r*/4t—t/7’)
= |)drd t .
P .‘05 rdt S t/) " f(r, )cos(qrcr)v 9

The function f(r, t) is expressed here in terms of the error
probability integral and is given in Ref. 11, 7}, = r2/Dt,,
7' =7/t.,t. and r, are the correlation time and radius of the
orientational fluctuations, and % is a constant having the
meaning of a viscosity coefficient.'' The constant 4, is deter-
mined in the same manner as 4,, except that cos(gr.7) under
the integral sign in (9) is replaced by unity.

Substituting (7) and (8) in (5), we obtain for A¢,; an
expression in which the term describing the phase diffrac-
tion grating in the stationary case takes the form
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Aeoy'=gs0plsm cos(gqz),

where the cubic-nonlinearity parameter is

_[ Nks A
Gza»=L[# Az(aav——%)]ﬁap- (10)
To estimate the contribution of the second term in (10),
we use the fact that 7>1 (Ref. 11) and that 7}, does not
depend on temperature and is usually of order unity. In this
case the region of substantial values of the integrand of (9) is
defined by ¢ < 1and 7 & 4¢, and the function f(7, t) can be
approximated by expanding it in powers of 7 and retaining
the first terms of the expansion. Evaluation of the integral
(9) yields ¢ ~( — 6477;,) "' and after substituting 4, in
(10) we have for the case of self-diffusion the estimate
NLks Ay NLkoy,kzTD t2
Dg*+z—t o7

(11)

Bzva E;vv+ Egvv =~
24y re

where ¢}, and &), are the regular and fluctuating parts of
the nonlinearity parameter, t}/r) =a/(T — T*)"'?, T*is
the IP stability-loss temperature, and the coefficient a is in-
dependent of temperature. We have put in (11) B~ and
Mz=y,.

Expression (11) shows that the fluctuations of the aver-
age molecule orientation in IP NLC lead to the appearance
of an additional, compared with an ordinary nonmesogenic
liquid, term £7,,, that increases critically near T*. It is diffi-
cult to predict the exact temperature dependence of the non-
linearity parameter ¢,,, of an IP NLC, since the parameters
D, 7, L, 7, and N are also temperature dependent, and Ay
and y, are known only in order of magnitude. Furthermore,
no account was taken in the derivation of (11) of the contri-
bution made to SN by the possible fluctuations of 7 and D,
and also of the fluctuations of the local-field tensor. None-
theless, if we use the MBBA parameters D = 10~ °cm?+s ',
7=0.1P (Ref. 9), ¢g=10"cm™', 7=1s (from Ref. 1),
a=10"?s*>-cm~>-deg'/? (Ref. 9), | Ay/y,|=~10* (Ref.
5), and it is assumed that a contribution of the same order as
(7) is made to &,,, by the fluctuations of L, D, and 7, the
second term of (11) becomes comparable with the first at
T — T*==0,1°. This gives grounds for assuming that the
entire fluctuation-induced contribution to the nonlinerity
can be determined in experiment.

It should be noted that the estimate above was obtained
assuming a relatively large anisotropy of the NLC molecules
and of the conformers (8~ &, |v,|=~10°| Ay|). This as-
sumption is apparently justified for conformers in MBBA
(see Ref. 5). For weaker anisotropy, however, the contribu-
tion of the term £/, to the nonlinearity parameter may turn
out to be less significant.

EXPERIMENTAL RESULTS AND THEIR DISCUSSION

The investigations were carried out by the dynamic-ho-
lography method (Fig. 1). The beam of an He—Cd laser (di-
vergence 1 mrad, power 20 mW, A = 0.44 um) operating in
the lowest transverse mode was split into two parallel coher-
ent beams of equal intensity. The beams crossed in the focal
plane of a large-aperture objective O, where a cell with the
liquid crystal MBBA was placed. The period A = 27/q of
the interference pattern in the NLC plane was determined by
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FIG. 1. Setup for recording dynamic holograms: S—laser, M ,—-M,—mir-
rors, P—prism, C—cell with NLC in a thermostat, R, and R,—photore-
ceivers, O—objective.

the distance between the beams ahead of the objective and
could be varied in the range 5-70 um by parallel displace-
ment of the prism P. Both flat-polished and unfinished glass
substrates were used in the cell. The experimental results
were independent of the substrate finish within the limits of
error. The NLC thickness was 50 um, its absorption coeffi-
cienta =11 cm™' (4 = 0.44 um), and the bleaching tem-
perature T, = 43.3 °C. The cell was placed in a thermostat
whose temperature was set accurate to 0.025° and main-
tained accurate to 0.01°.

A thin sinusoidal holographic phase grating was re-
corded in the region of the light beam intersection and was
manifested by the appearance of the first orders of self-dif-
fraction. The self-diffraction intensity was recorded by pho-
todiode PR, with a digital voltmeter. The power was moni-

tored with a PR, photodiode.
We measured the temperature dependences of the first-

order self-diffraction intensity 7, (Fig. 2a) at different per-
iods A. Since the Raman-Nath self-diffraction regime set in
under the experimental conditions, the self-diffraction in-
tensity was determined from the expression'

I~ (2nz/))%,21,2, (12)
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FIG. 2. a) Plots of 1I,(T) for different values of
A1 —1,(A, =25 um, T)-200, 2—1,(A,=16 um, T)-5,
3—1,(A;=9 um, T); b) plots of I,(A, T)/I,(A;, T) for
Ai=25um: 1 —A; =16 um, 2— A, =9 um.
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where I, is the intensity of the writing beams.

The I, (t) dependence was obtained in the course of the
measurements starting with the larger values of 7. Once a
certain temperature set in, the readings were made after a
time sufficient for the results to be reproducible. This was
about five minutes at 7' — 7. = 10° and reached several hours
near 7.

The obtained experimental dependences agree qualita-
tively with expression (12) with &, estimated from (11), if
the polarization change during the phototransformation is

‘Ay <0. The condition Ay <0 is met in the mesophase,™'?
but in the IP the characteristics of the conformers can be
different. We have therefore performed additional experi-
ments to determine the sign of Ay in the IP MBBA.

If T>T., the sign of Ay is the same as that of the
change A, of the refractive index [see (11) ], which can be
determined by the method of induced nonlinear lens. The
experimental setup is shown in Fig. 3. The beam from an He-
Cd laser was focused into a cell with MBBA (7 = 60 °C)
and the light intensity I(/, d,) at the center of the beam
passing through the cell was recorded as a function of the
distance / between the converging lens and the cell. Since the
light intensity at the beam center is uniquely related to the
half-width of a Gaussian distribution (the diameter of the
recording region was much smaller than the beam width),
the variation of the intensity I(d,) with / attests to the for-
mation of a Gaussian nonlinear lens in the MBBA. The in-
tensity I(/) is then qualitatively different for converging
(An>0) and diverging (An <0) lenses (Fig. 4).'” The ex-
perimental results in this figure show that the sign of An,
meaning also Ay, is negative in our case, just as in the meso-
phase.

Let us analyze the contribution made to the I, (7') tem-
perature dependence near the PT point 7, by the first term in
(11), which is not connected with fluctuations. Since the
refractive index 7 = LyN of the IP NLC reveals no critical
behavior near 7. and depends little on the temperature,'? it
is reasonable to assume that the products LAyYN and
Ly,N in (11) depend little on 7. In addition, our measure-
ments have shown that the absorption coefficient @ = LGN
of the IP NLC is independent of temperature practically in
the entire range of 7. Contributions to I, (T') in the first term
of (11) are therefore made only by the D(T) and 7(T) de-
pendences, which can be quite strong.*®

The dependences of the lifetime 7, = (Dg* + 7 ')~
of the holographic gratings on their period A (Refs. 1 and
6), obtained by us far from and close to 7, have shown that
at the values employed g7, ' is proportional to ¢°, i.e., the

==

| —

FIG. 3. Experimental setup for the determination of the sign of An: S—
laser, L—lens (f= 10 cm), C—cell with NLC in a thermostat, D—dia-
phragm, PR—photoreceiver.
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FIG. 4. Calculated (/) curves for n >0 (dashed) and »n <0 (solid line),
and the experimental points.

contribution of the conformer lifetimes to the values of 7,
and I, can be neglected.

To determine the temperature dependence of the diffu-
sion coefficient we use the fact that the temperature depen-
dence of the regular term &5, in expression (11) for &,,, is
determined only by the D(T) dependence, and the contribu-
tion of the fluctuating term &5, to the value of I, becomes
negligibly small at sufficiently large periods A, as can be seen
from (11). The physical reason is that the regular term of
£,,, 1s determined by the amplitude of the sinusoidal distri-
bution of the average density of the conformers, and the dif-
fuse smearing of this distribution decreases this density
when the period A is decreased (as A* for Dg>> 1/7). The
fluctuating term, on the other hand, depends on the degree of
correlation of the light-absorption-coefficient fluctuations
with the polarizability of the NLC molecules, and is inde-
pendent of the lattice period. The D(T) dependence can
therefore be determined from experimental data obtained
for 1, (T) under conditions when the fluctuation term in 7,
is small. An experimental criterion of satisfaction of this
condition can be absence of a temperature dependence of the
ratio of the self-diffraction intensities measured at different
periods A. In fact, it follows from (11) and (12) that this
ratio is

210 ¥ cm2/s
N

05~

R

1 | Il 1 L
2 46 48 50 52T°C

~
S

FIG. 5. D(T) dependence. The data for the mesophase are taken from
Ref. 6.
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FIG. 6. Plots of €5 (T) (1) and &, (T) (2) for A =9 um.

L(A) _ (Ac)‘[1+4n5’(T)bT/A;’(T—T')"’

I,(A) A/ Y A+ 4D (T) bT/AX (T—T")"
and is equal to (A;/A; )* if the fluctuation contribution is
small.

Such a situation is realized in experiment for lattice per-
iods A2 16 um (see curve 1 of Fig. 2b). It can therefore be
assumed that for these periods we have ¢,,, = €3,, and

z NLko Ay \®
1, = (2—;—— NLEZZ Y) I (14)

The temperature dependence D(T) obtained from the
experimental data for 7, (A =25 um, T) using Eq. (14) is
shown in Fig. 5. The numerical values of D were obtained by
mesuring the 7, (A) dependenceat T — T, = 10° by the pro-
cedure described in Refs. 1 and 6.

For periods A $9 um, the fluctuating term £, is al-
ready appreciable near the PT, since the ratio
I,(A=25 pm)/I,(A=9 um) decreases as T, is ap-
proached (curve 2 of Fig. 2b). The data obtained on the
temperature  dependences of I,(A=9 um) and
1,(A =25 pm) make it possible to separate the tempera-
ture dependence of the fluctuation term &5,, (A =9 um)
from the ¢,,,, (A =9 um, T) dependence. In fact, the total
value €,,, (A =9 um, T) can be obtained directly from the
experimental temperature dependence I,(A =9 um, T)
[see Eq. (12)]. Theregular term for this period is calculated
from the values &3 (A=25 pm, T)=¢j,,
(A =25 um, T) withallowance for the decrease of the lat-
tice period:

€5, (Ai/E50 (A)) = (A A\))*.

We next obtain the fluctuation term &5,, (A =9 pum, T) by
subtracting &5, (A=9 um) from the total value
£5,, (A =9 um). The dependence &,,, (A =9 um, T) ob-
tained in this manner is shown in Fig. 6. It can be seen that
&, (A, T) increases critically as the PT is approached.
Since estimates that follow from Ref. 9 give T, — T*=0,7°,
the experimental points closest to the temperature 7, corre-
spond toavalue 7'— T * =0.8°. Estimates made for this tem-
perature at the parameter values indicated at the end of the
preceding section yield for the &, /&5 ratio a value 10~', in
good enough agreement with the experimental £} /¢} ~0.25.

CONCLUSION

The experimental data offer thus evidence that near the
PT point of an IP NLC a substantial contribution to the

]2 (13)
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conformational optical nonlinearity and to its temperature
dependence is made by orientational correlations between
the OIM concentration and the polarizability of the NLC
molecules.

It must be noted, however, that the experimental condi-
tions chosen by us turned out to be not optimal for the study
of the influence of fluctuations on optical nonlinearity, since
the regular part £ of the nonlinearity parameter turned out
to be predominant. To determine the contribution of the
fluctuations it is more convenient to use the smallest possible
holographic-grating periods, i.e., operate with counter-
propagating beams (in this case A =A /2). Itisalsodesirable
to work with NLC having a weak D(7') dependencenear 7,
since this dependence distorts the fluctuation-induced tem-
perature dependence of €,. It seems to us that if these condi-
tions are met an investigation of the characteristics of the
conformational nonlinearity near 7T, can serve as a basis for a
new effective method of studying critical phenomena in
NLC by dynamic holography. Among its undisputed advan-
tages over the light-scattering method are high sensitivity
and the possibility of using thin NLC layers, i.e., of investi-
gating the influence of the surface on the critical phenome-
na, and also the fact that multiple scattering need not be
taken into account.

We note in conclusion that the fluctuation contribu-
tion, investigated by us, to the conformational nonlinearity
is apparently the first observed effect in which are manifest-
ed heretofore unknown correlations of fluctuations of the
polarizability of molecules with the photoconformer- den-
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sity. One can also expect the correlation of the indicated
quantities can lead, near the IP-NLC PT, to singularities of
the temperature dependences of the intensity of Raman and
Rayleigh scattering on the OIM.
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