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It is shown that the optical “giant” conformation nonlinearity of nematic liquid crystals is due to
the change of the macroscopic order parameter of the crystal and to the high-frequency polariza-
bility of the molecules that enter it during the conformation transition. The change of the order
parameter leads to the experimentally observed shift of the phase-transition temperature of a

nematic MBBA liquid crystal when acted upon by laser radiation of wavelength near the crystal
absorption band. The magnitude and sign of the shift determine the experimentally obtained

values and signs of the nonlinearity parameter, while the temperature dependence of the refrac-
tive index determines the observed growth of these parameters as the clearing point is approached

from the mesophase side.

PACS numbers: 61.30.Eb, 64.70.Ew, 78.20.Dj, 42.65. — k

“Giant” nonlinearity of liquid crystals is being inten-
sively investigated of late.'~> Among the mechanisms that
cause the anomalously large values of ¢, (¢, = 24nn/|E|?,
where An is the optically induced change of the refractive
index of the nematic liquid crystal (NLC),
n? = (1/3)(2n2) + n?) is the average refractive index, n, and
n, are the refractive indices of the ordinary and extraordin-
ary waves, and E is the optical-wave field intensity) follow-
ing action near the absorption edge of such media are opti-
cally induced conformation transformations of the
molecules®® of NLC.

It was shown earlier’ that the change of the refractive
indices of these media is due to the change of the polarizabili-
ty of the liquid-crystal molecules upon phototransforma-
tion. We establish in the present paper that the appearance of
a conformation transition in the optical nonlinearity is due
to specific properties of the liquid-crystal state. An investi-
gation of the temperature characteristics of the conforma-
tion nonlinearity of the NLC methoxybenzylidenebutylani-
line (MBBA) has shown that besides the change of the
high-frequency polarizabilities ¥ of the molecules, photo-
transformations of the molecules lead to a change of the
macroscopic order parameter .S. Each of these mechanisms
contributes to the optical nonlinearity, and the contribution
of the change of the order parameter to the nonlinearity in-
creases as the ‘“‘nematic-isotropic liquid” phase-transition
point T is approached. A change in the value of S shifts the
temperature T ; this is interpreted as a manifestation of the
dependence of the order parameter on the conformation
state of the molecules.’

The model proposed explained the previously ob-
tained® relations between the values of the components of
the linear cubic susceptibility tensor y ), as well as the signs
of these components.

EXPERIMENTAL RESULTS

We investigated the characteristics of the conformation
nonlinearity of the NLC MBBA as a function of tempera-
ture. Nominally pure samples (7. =40 °C) were placed in
glass cuvettes 40-50 um thick with covers that ensured
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planar orientation of the liquid-crystal director. The cuvette
was placed in a thermostat whose temperature was moni-
tored accurate to 0.05 °C.

The nonlinearity characteristics were investigated by a
standard dynamic holography technique.? Sinusoidal thin
phase gratings with period A = 10-20 um were recorded
with polarized radiation of a helium-cadmium laser
(A = 0.44 um) having a power P < 50 mW. The lattice vector
|q| = 27/A was perpendicular to the NLC director. The cu-
vette was perpendicular to the bisector of the light-beam
convergence angle, and the radiation polarization was either
extraordinary or ordinary. This experimental geometry pre-
vented the onset of orientational “giant’ nonlinearity.’

The radiation intensity I, in first-order self-diffraction
is uniquely connected with the optically induced change
Adn,, of the refractive index, viz.,

I, = (nzAn,/\)*L,, (1)
where I, is the intensity of the incident radiation, z is the
sample thickness, and the subscripts o and e label the ordi-
nary and extraordinary light polarizations.

In the entire investigated temperature region below
T — T. =~ — 1°C the measured basic nonlinearity character-
istics at fixed temperature did not differ qualitatively from
those previously investigated for conformation nonlinear-
ity.>8

The experimental dependence of the self-diffraction in-
tensity of the extraordinary polarized radiation on the nor-
malized temperature 7 = (T’ — T,)/T, is shown in Fig. 1.
The same figure shows the temperature dependence of the
characteristic hologram-erasure time 7, which is equal to
the writing time as well as to half the characteristic relaxa-
tion time of the nonlinearity.? The value of I4,, which is
proportional to (4n,,)? increases as the phase-transition
point is approached, even though in this case the hologram-
erasure time, which determines the stationary value of 4n,,,
(Ref. 2), decreases. The dependence of the refraction intensi-
ty of the ordinary polarized radiation is similar in form..

In the phase transition region, which amounted to
about 0.5°C, as well as at temperatures close to it
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FIG. 1. Dependences of the self-diffraction intensity /4, and of the effec-

tive time ¢,; of erasure of the holographic grating on the normalized tem-
perature.

(—0.003 = 750.003), nonlinear effects with various charac-
teristics appeared. Strong self-action effects with prolonged
buildup and relaxation times (¢, R 10 sec) were observed
near the transition into the nematic state. At higher tem-
peratures there appeared sometimes directly in the phase-
transition region additional self-diffraction orders corre-
sponding to writing holographic gratings with vector q,
prendicular to the basic vector q, and equal to it in absolute
value. We did not succeed in establihsing the conditions nec-
essary for the onset of such gratings, which indicate the ap-
pearance of two-dimensional spatial structures in the NLC.
Above the clearing temperature T, the self-diffraction in-
tensity decreased to zero, while near 7T, (7 < 0.003) (see Fig.
1.) an unusually strong nonlinearity was observed (the non-
linearity parameter was comparable with the parameter ¢, in
the mesophase). The nonlinearity lifetimes were longer than
the characteristic times of the conformation nonlinearity."

DISCUSSION

1. We have shown earlier by the self-action procedure
that extraordinary polarized radiation induces a diverging
lens in an MBBA liquid crystal, on account of conformation
nonlinearity, while ordinary polarized light induces a con-
verging lens. This means that the charge of the MBBA re-
fractive index is negative for the e-wave and positive for the
o-wave.® In this case the increase of the nonlinearity on ap-
proaching the clearing point can be explained by assuming
that the phase-transition temperature is lowered when pho-
toconverted molecules appear in the NLC (see Fig. 2).

The shift of the clearing point can be qualitatively un-
derstood by recognizing that the photoconverted molecules
act as impurities in the NLC volume. It is known that impur-
ities can alter substantially the temperature 7, and the char-
acter of the phase transition, bringing the latter closer to a
second-order transition.'®'* The change of the character of
the phase transition leads to a change of the form of the
temperature dependence of the NLC refractive index, while
the change of T, shifts the n(7) curve as a whole along the 7
axis by an amount A7. If the density of the photoconverted
molecules is small or if the molecules themselves are meso-
genic, the decisive factor in the change of the refractive index
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FIG. 2. Shift of temperature dependence of the refractive index of an
NLC with changing temperature of the phase transition temperature 7.
The induced refractive index at a given temperature is determined by the

shape of the n(7) curve and the value of the shift of T, while the sign of
An,, is determined by the sign of the change of T,.

will be the shift of its temperature dependence as a result of
the change of T,. Let us obtain in this approximation an
expression for the increment 4n, of the refractive index, due
to the lowering of T, . The refractive indices of an NLC, for
the o- and e-waves, can be written in the form'?

n:,e—i _ 4m Nap
2 3 M

where N , is the Avogadro number, p is the density, M is the
molecular weight, y,, the polarizabilities of the mesogenic
molecule, 7 = 1/3y, + 2/3y,,7> = 1/3n2 +2/3n2, =2/
3 for the o-polarization, and 8 = 1/3 for the e-polarization.

The main contribution to the 4n,,(r) dependence is
made by the temperature dependences of the order param-
eter and of the polarizability of the individual molecules.
The refractive-index growth increment is therefore

21 Nap );2_—‘r2ﬁ [S 9 (Ye—"o)
3 M n,, ot

The change of the temperature T, can be treated as the
result of an interaction of the macroscopic order parameter .S
with the microscopic order parameters Q that characterize
the NLC intramolecular degrees of freedom.”'" Such a de-
gree of freedom can be, in particular, the angle between the
planes of the benzene rings in the liquid-crystal molecule’ or
the time-averaged deviation of end fragment of the meso-
genic molecule.'® A change of the parameter Q alters the
local electric fields, while the macroscopic order parameter
S, meaning also 7, also changes because of the short-range
character of the forces that bind the NLC molecules. The
interaction of Q and S makes the quantities Sandy, — 7, in
expression (3) for the induced refractive index functions of
the intramolecular paramter Q.

If it is assumed that the phase-transition temperature
shift is proportional to the density of the photoconverted
molecules, then

[V +B(Ye—10) 81, (2)

An, .=

]
+ ('Ya""{o);r—] AT. (3)

N ot

At= N, TQ

AQ,

where (97*/9Q )AQ is the shift of the phase-transition tem-
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perature when all the liquid-crystal molecules are converted
into the new conformation state A7*.

Recognizing that in the stationary case N = I a,, . t /hv,
where a,, is the absorption coefficient and Ny =N , /pM,
we find ultimately that the induced change of the refractive
index is proportional to the light intensity, i.e., is described
by the cubic nonlinearity

20 Lot [, 9 (Ye—1o) s
A o = T . + a~ Yo ‘_—] (4
"o 3 nochv [S ot (1e="e) a1 Av.(4)

This coincides with the experimental results obtained for the
conformational nonlinearity.” The dependence of the ab-
sorption coefficient @, , on the order parameter also leads to
achange of the NLC refractive index. This change, however,
is described by a sixth-order nonlinearity, and can be ne-
glected at the intensities employed.

The temperature dependence of the square of the refrac-
tive index (4, )? that determines the self-diffraction intensi-
ty in our experiments [see (1)] can be calculated by using for
the employed wavelength (4 = 0.44 um) a relation approxi-
mated from the experimental data:

n.e=2.3+0.38|7|°5+0.33] t|. (5)

If it is assumed that the shift A7 of the phase transition
is small compared with the values of 7, the stationary value
of the self-diffraction intensity will be proportional to the
square of the first term of the expansion (5) in 7:

Iy [ (0.49]7|*+033) At]?, (6)

where, in accord with (4), the shift of the phase-transition
temperature is A7 = 247*t,, while ¢ (7) is the experimen-
tally obtained erasure time of the holographic gratings.

The calculation corresponding to (6) is represented by
the solid line in Fig. 1. The dark points are the experimental
ty (7) and their variation was approximated by a straight line
sloped to yield best agreement between calculation and ex-
periment. It can be seen that the calculated curve fits the
experimental data within the error limit.

We can thus state that the refractive-index change due
to the conformational nonlinearity is described, within the
experimental accuracy, by a shift of the n(r) dependence
along the 7 axis, without changing the form of the function
n(7) itself; this can be treated as a lowering of the phase-
transition temperature 7.

2. We have performed an independent experiment to
observe the phase-transition temperature shift following il-
lumination of an NLC by a helium-cadmium laser. The
change of the temperature 7, was recorded in terms of the
charge of the birefringence of the liquid crystal by the action
of this radiation.

The measurements were made with a nonlinear polar-
ization interferometer (see Fig. 3). A thermostat with the
liquid crystal was placed between two crossed polarizers p,
and p,. The beam from a helium-neon laser (1 = 0.638 um),
whose ¢, is vanishingly small, was broadened by a telescope
T and passed through polarizers into a cell with the NLC.
Polarized and intensity-modulated emission from a helium-
cadmium laser was also guided into the cell with the crystal
whose birefringence it altered on account of conformation
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FIG. 3. Diagram of nonlinear polarization interferometer: M—mirrors,
T—telescope, P—polarizers, F—filter absorbing the A = 0.44 um radi-
ation, D—diaphragm, PD—photodiode.

nonlinearity. The He—Cd laser emission was modulated in
such a way that the induced birefringence reached alternate-
ly either its stationary value or a zero value. The shutter
operating time was in this case substantially shorter than the
characteristic nonlinearity-establishment times.

The diameter of the helium-cadmium laser beam was
substantially less than the diameter of the helium-neon laser
beam. The interferometer output was the interference pat-
tern of the polarized beams of the helium-neon laser, against
the background of which was observed a periodically time-
varying intensity region corresponding to the action of the
helium-cadmium laser.

With the shutter open, the emission intensity in the He—
Cd laser illumination region varies as

Iioo oost{ 32 [An (3) 4 (A, + Ang) () (1 — ™oy |,

(7)
where 4n° is the MBBA intrinsic birefringence, An, + 4n,
is the stationary induced birefringence, and  is the time reck-
oned from the instant of shutter operation. At r>2¢,, this
expression yields the stationary value of the birefringence of
the mixture of the ground state and of the modified tempera-
ture-dependent conformational state of the liquid crystal.

When the shutter is closed, the intensity change is given
by the expression

Iy - cos? {’;_z [An® (1) 4 (An, -+ Any) (r)e‘WH]}. (8)

which determines in the stationary case the birefringence of
the basic MBBA crystal at a given temperature.

The temperature dependences of /, and 7, correspond-
ing to the stationary values of (7) and (8) are shown in Fig. 4.
The relative shift of these curves points to a change of the
phase-transition temperature under the action of the heli-
um-cadmium laser radiation. This change can be deter-
mined, starting from the equality of 7, and I, from the con-
dition

nz

- [Ar’(t—AT)—AR° (1) ]=A(An). 9)

Here A (An)is the birefringence change determined from the
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FIG. 4. Temperature dependence of the intensity of the light passing

through the polarization interferometer: J,—illumination at 4 = 0.44
pm, I,—with illumination.

shift of the experimental curves and leading to a phase ad-
vance equal to that in the absence of external illumination,
while An°(7) is described, on the basis of an approximation of
the published data,'”'® by the expression

An®=0.11+0.43] v|**+0.1} 7. (10)

Solution of (9), assuming conservation of the function (10)
under phototransformation, yields A7~3-104A47, ~10~!
K). Such a shift of the phase-transition temperature leads,
according to (6), to a refractive-index change A4n,
~5-10%T, = 22°C). This value of An, corresponds to a
nonlinearity parameter £,~0.1 cm®/erg, of the same order
as that previously obtained.”®

We note that the obtained considerable changes of the
birefringence under saturation conditions cannot be due to
heating of the sample by light absorption. Inded, even in the
absence of heat exchange, at a power density J,~1 W/cm?,
at an absorption coefficient & ~25 cm ™', and at a cell thick-
ness 50 um the sample heating during the time of action of
the laser pulse did not exceed 0.02 K, lower by approximate-
ly an order of magnitude than the AT, obtained by us. That
the thermal contribution is small is indicated also by the fact
that the nonlinearity parameter ] for the thermal mecha-
nism is several orders lower than that measured in experi-
ment.” The possible heating of the sample by the continuous
emission of the testing helium-neon laser influences only the
rate of sample cooling and introduces no measurement er-
ror.

Starting from the linear dependence, we can estimate
the shift AT * of the phase-transition temperature of photo-
converted molecules relative to the temperature 7. of the
unperturbed sample. The experimentally recorded shift
AT, =0.1°C corresponds to a relative density N /N,~0.1,
therefore AT * =1 °C.

Measurement of the temperature dependences of the
birefringence, as well as holography experiments, points
thus to a shift of the temperature 7, upon phototransforma-
tion, and the value of shift leads to observable values of the
nonlinearity parameter.

3. Expression (4) shows that the change of the refractive
index is connected with the change of the NLC-molecule
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FIG. 5. Temperature dependence of the relative contribution of the

change of the order parameter S and of the molecular polarizability ¥ to
the conformational nonlinearity.

polarizability as well as with the change of the order param-
eter S. Using the temperature dependences of the refractive
indices and the known S (1) dependence'® we can estimate the
contribution of the change of the order parameter and of the
molecular polarizabilities to the nonlinearity. The tempera-
ture dependence of the anisotropy of the molecular polariza-
bility can be calculated starting from the Vuks formula'’

3 M nt—nt?
e o =5t (ae_ao) y Qe OQo=—————
(=) ¢ 4t Nip  n*+2

which contains the difference of the NLC polarizabilities.
Figure 5 shows d In S /d In(y, — v,,) vs temperature. It can
be seen that the contributions of both mechanisms are com-
parable in size, and when the phase transition temperature is
approached the contribution to the nonlinearity of the
change of the order parameter increases.

4. We obtain now an expression for the components of
the NLC nonlinear-susceptibility tensor due to a shift of the
phase-transition temperature. In our case the third-order
nonlinear polarizability P® can be written in the form

d
P ~a EE, dLT” AzE,. (11)

Starting from this relation we can formally introduce the
cubic nonlinear susceptibility tensor y ® whose components
are given by

Y]
dc Ar.

Kint ~ iy

The symmetry of the tensor y ® for the conformation-
phototransformation mechanism admits of only four non-
zero components of the tensor y ;,.” The relations between
the components y;;, and their signs can be qualitatively un-
derstood on the basis of Fig. 2. Quantitative estimates can be
obtained by using the relations for the refractive indices n,
and n,, as well as the fact that for the wavelength 4 = 0.44
pum we have a,,/a;;~0.4. This yields

Xsau=0-22X33331
X1111=>0,  %as3e<<O0.

‘qu=-0¢075X3sssq
Xusa=_0-5Xssss,

Earlier experimental data®® yield the close values

Odulovetal. 1157



Xfuu= _0~1X239337 X:su=0~44'x,:sm
X(in: —‘0-447(3;33‘ Xiiu>0, Xaesss<0-

The value of y $;,, does not agree with our estimate.
The discrepancy is possibly due to the insufficient accuracy
of the approximation of n,(7) as well as to the fact that the
change of the refractive index for the ordinary wave is con-
nected not only with the shift but also with the change of the
form of the function #, (7) during phototransformation.

CONCLUSION

It can thus be regarded as established that the main
cause of the “‘giant” nonorientational nonlinearity of nema-
tic liquid crystals is the conformation change of the meso-
genic molecule upon phototransformation, which leads to a
change of the intramolecular order parameter. The interac-
tion of this parameter, which characterizes the intramolecu-
lar degrees of freedom of the molecule, with the macroscopic
order parameter of the NLC leads to a lowering of the phase
transition temperature 7,, meaning also to a change of the
refractive index of the liquid crystal. The change of the re-
fractive index is due both to a change of the order parameter
S and to a change of the anisotropy of the polarizability of
the mesogenic molecule. The contributions of both mecha-
nisms to the nonlinearity are comparable far from the phase
transition, and as the latter is approached the contribution of
the change of the order parameter S increases.

From the proposed model it follows naturally that the
change of the refractive index is positive for the ordinary
wave and negative for the wave with the extraordinary polar-
ization. Also agreeing in the main with the experimental
data are the relations between the values of the individual
components of the nonlinear cubic susceptibility.

The observed nonlinearity mechanism can be used
hereafter to investigate the effect of impurities on the charac-
ter of phase transitions in liquid crystals, inasmuch as the
experiments afford a unique possibility of controlling the
impurity density. To realize such investigations it is neces-
sary to explain the form of the photoconformation transfor-
mations of mesogenic molecules. Once the intermolecular
order parameter responsible for the change of the refractive
index is determined, dynamic holography methods can be
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used to study the interaction of this order parameter with the
macroscopic parameter S. This problem is now exceedingly
vital for the understanding of the nature of phase transitions
in liquid crystals.

The authors are grateful to E. M. Aver’yanov for the
possibility of becoming acquainted with Ref. 7 and S. V.
Shiyanovskii for helpful discussions.

YUnfortunately, the insufficient accuracies of the temperature stabiliza-
tion and of the material purity, as well as the uncontrollable presence of
oxygen and moisture in MBBA, which lead to gradual lowering of the
temperature T, (Ref. 9), have made detailed investigation of these effects
impossible so far.
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