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A novel type of “‘giant” optical nonlinearity in liquid crystals is observed and investigated. It is manifest near
the intrinsic absorption edge and is characterized by anomalously large cubic nonlinearity constants
£,~(1072-10) cm®/erg for relaxation times 7 ~(10~'-10) sec. The complete set of independent components of
the nonlinear susceptibility tensor y,, is determined for the MBBA liquid crystal. It is shown that the
nonlinearity is due to photostimulated transformations of the molecules, in which the final form possesses a
polarizability that differs from that of the initial form. Some characteristics of the phototransformation of
MBBA molecules are determined by comparing the experimental data with calculations. These characteristics
are the lifetime, relative change of the polarization during the phototransformation, and the diffusion

coefficient.

PACS numbers: 78.20.Dj, 77.30. + d

INTRODUCTION

Nonlinear optical properties of liquid crystals are be-
ing actively investigated of late.! Particular interest
attaches to the investigation of the so-called “giant”
nonlinearity of nematic liquid crystals (NLC). Anomal-
ously high values of the parameters of the cubic nonlin-
earity in these media,!’ £,~(10"2-10) cm®erg™, have
been observed in experiments on the self-focusing of
light,2™* nonlinear optical activity,’ and when methods of
nonlinear active spectroscopy® and dynamic holography’
are used. The strong cubic nonlinearity observed in
Refs. 2=-6 was due to a high-frequency analog of the
Kerr effect (rotation of the NLC director n by the elec-
tromagnetic-wave field), whose large value in the lig- -
uid-crystal phase is due to the hindering of the relaxa-
tion processes compared with the isotropic phase, ow-
ing to the strong orienting interaction between the mole-
cules. This effect was observed in the mesophase at
field intensities E= (102-10%) V/cm, as against 10° V/
cm in the isotropic phase.}

The possibility of recording dynamic holographic
gratings in a nematic mixture of cyanbiphenyls’ (e,=10
cm®erg™!) by light beams with ordinary polarization, at
a field intensity =1 V/cm much lower than the threshold
value of the Fréedericksz transition in these media,®
points to the existence of at least one more mechanism
of the giant nonlinearity of NLC.

We have investigated a new type of “giant” nonlinear-
ity of a nematic liquid crystal [ p-methoxybenzylindene-
p-butylaniline (MBBA)] by determining the character-
istics of diffraction and self-diffraction of radiation by
optically induced dynamic holographic gratings. The
use of this procedure, which makes it easy to register
refractive-index changes of the order of 107, has
made possible to measure the acting radiation at low
densities (I=10"! W/cm?). The data obtained indicate
that near the edge of the intrinsic absorption of MBBA
there appears an extremely strong cubic nonlinearity
due to reversible phototransformations of the liquid-
crystal molecules. From the experimental dependences
we determined certain characteristics of the photo-
transformed form: its lifetime, diffusion coefficient,
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change of polarizability of the phototransformed form
compared with the initial one.

1. DYNAMIC HOLOGRAPHIC GRATINGS BASED ON
PHOTOSTIMULATED TRANSFORMATIONS OF
MOLECULES

It is known that the action of light can cause reversi-
ble structural transformations of molecules.!’ Included
among these photostimulated transformations are the
formation of hydrogen bonds, dimerization of mole-
cules, and their trans-cis isomerization.!! It is also
known that the MBBA molecules have several metas-
table states corresponding to different relative loca-
tions of the benzene rings,!? thus pointing to the possi-
bility of such a photo-isomerization. The polarizability
of the new form in all these transformations can differ
substantially from that of the initial one, and this leads
macroscopically to optically induced changes of the re-
fractive index of the medium.

Assume that two coherent light beams with intensities
I, and I, intersect in the volume of an NLC at an angle
26 and produce a spatial intensity variation

I°* (z)=I,"" [1+m cos (2nz/A) ], (1)

where
m=2(1,1,)"/(I,+1,),
I=I,+I,, A=MA/2sin0,

€6 _ 99

The indices “0” and “e” designate the polarization of the
writing waves. The number of phototransformations of
the molecules per unit time is #**a®*I**/hv, where a®*
is the absorption coefficient and 2** is the quantum
yield of the process. The molecules of the new type can
go over spontaneously into ordinary molecules in a
characteristic time T; they can also diffuse with a diffu-
sion coefficient D that can depend on the direction. Both
processes should lead to erasure of the refractive-in-
dex-variation grating.

Assuming that the period A of the diffraction grating
is large compared with the cell thickness d, which in
turn is much less than the transverse dimensions of the
writing beams, and assuming also that the NLC sample
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is optically thin (d<« a"!), we can find the spatial dis-

tribution of the molecules of the photostimulated form

N (x,t) by solving the one-dimensional diffusion equation
aN Ioe N a*N

= —peeare ——— — 4D, 2
dz*

at hv T @)

Confining ourselves to the spatial harmonic that coin-
cides with the exciting interference field, we find that
the induced change in the refractive index is described
in the stationary case by the expression

o,e

0,6 2" o,e].0,e,.0¢€ '].
An ——(—';-Aﬂ k a»TTV-(1+ cosq:c)‘,‘ (3)

m
1+D.¢°T
where AB™° is the difference between the polarizabili-
ties of the MBBA molecule in the phototransformed and
initial forms and |q| =27/A is the modulus of the vec-
tor of the holographic grating (the spatial frequency).

The optically induced change An is proportional in
this model to the light power absorbed by the NLC. The
cubic-nonlinearity constant

1,1 -t
s:=k"-'a"v'Aﬂ°-‘h<n>—h—(7+D,q’) (4)

is a function of the light polarization and depends on the
spatial frequency. Its dispersion is determined by the
product AB”®a*®, i.e., it depends on the absorption
spectra of the initial and phototransformed forms.

In the case of small phase advances, the efficiency of
the holographic grating, or the ratio of the intensity of
the radiation diffracted in the first order I; to the inten-
sity of the reading beam I,, is determined by the square
of the phase advance over the thickness d of the grat-
ing'3:

n=I,/I = (nAn>d/2))". (5)

It follows from (3) and (5) that the diffraction efficien-
cy of a dynamic hologram should increase in proportion
to the square of the intensity of the writing radiation,
while the intensity of the diffracted radiation in self-
diffraction is proportional to the cube of this intensity.
The constant €, of the cubic nonlinearity should be ex-
pressed here in terms of measurable quantities:

'
e 20> (L‘L) ) 6)

nd \ I,

It is seen from (3) and (5) that the efficiency of holo-

graphic recording is determined by the absorption coef-.

ficient, and since in the case of NLC the coefficients for
waves with different polarization can differ substantial-
ly, the writing efficiency should depend on the polariza-
tion of the writing beams. Most single-component liquid
crystals [MBBA, p-azoxyanisole (PAA), 4, 4'-di-n-
heptyloxyazoxybenzene (HOAB) and others] have posi-
tive absorption dichroism, and the largest nonlinearity
should be observed in them when the writing radiation
has extraordinary polarization.

The stationary value of the diffraction efficiency, as
seen from relations (3) and (5), is a function of the per-
iod of the holographic grating. The efficiency does not
depend on the convergence angle of the writing beams at
small 6 (A> VDT, and decreases at large 6 (A <VDT):

2

2~ () ()

A*+4n2DT
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The writing and erasure of the grating, as follows
from the solution of Eq. (2), are purely exponential pro-
cesses and are described respectively by the equations

Li=Lg(1=e"7),  Ly=lg(e™"), (8)

where I, is the stationary value of the intensity of the
diffracted radiation, defined by expression (5). The
erasure time 7=2(1/T +Dg?)"! does not depend in the
approximation considered on the light intensity. Ex-
pression (8) points to different mechanisms of grating
erasure at high and low spatial frequencies. In the case
of small periods (A< VDT) the grating should vanish
because of the decrease, with time, of the modulation
coefficient of the refractive index, owing to diffusion of
the phototransformed molecules. The total number of
phototransformed molecules can remain unchanged in
this case. In the case of long periods (A > VDT) the
erasure time is determined by the lifetime of the photo-
transformed molecules and should not depend on the
period A.

2. EXPERIMENT

The experimental layout for the writing of the holo-
grams is shown in Fig. 1. A helium-cadmium (A =0.44
Lm) or argon (A =0.456, 0.46, 0.488 pum) laser, oper-
ating in the lowest transverse mode, was used for the
writing. The holograms were written in accordance
with the standard two-beam scheme; after passing
through a beam splitter, two beams of equal intensity
were guided by a long-focus lens (F =1 m) to the plane
of the liquid crystal. The grating vector q was perpen-
dicular to the director of the liquid crystal. Since dif-
fraction of the Raman-Nath type!® was realized in all the
experiments, the writing of the holograms could be
judged both by the diffraction of the testing beam, which
was incoherent with respect to the writing beam, and
by the appearance of non-Bragg self-diffraction orders.
The polarizers P, and P, were used to measure the in-
tensity and polarization of the writing radiation. The
polarizers Py and P, made it possible, in the case of an
unpolarized radiation source, to establish independently
the polarization of the writing and testing radiations.
The polarizer P; was used to investigate the polariza-~
tion state of the diffracted radiation. The medium for
writing the holograms was a plane-oriented nematic
MBBA liquid crystal placed in a 65~pm cell with orient-
ing covers and kept at a temperature 22 °C.

The diffraction efficiency of the holograms reached its
stationary value within several tenths of a second, and
the grating was most effectively written by radiation
with extraordinary polarization. The dependence of the

FIG. 1. Layout of experiment.
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FIG. 2. Dependence of the diffraction efficiency 7 on the in-
tensity [ of the writing beams.

stationary diffraction efficiency on the intensity of writ-
ing radiation with extraordinary polarization (the expo-
sure characteristic) is shown in Fig. 2. In the intensity
range up to 2 W/ cm? the MBBA crystal, as expected,
behaves as a medium with cubic nonlinearity. When
radiation with A =0.456 um and high power I,> 4 W/cm?
is recorded, saturation of the diffraction efficiency is
observed, and at I,>20 W/ cm? the efficiency even de-
creases with increasing intensity.

The spectral dependence of the parameter of the cubic
nonlinearity is shown in Fig. 3a. In accordance with (3)
and (4), the spectral variation of &,(A) correlates with
the absorption spectrum of the MBBA nematic phase.

The dependence of the stationary diffraction efficiency
on the grating period (the frequency-contrast charac-
teristic) is shown in Fig. 4. The diffraction efficiency
increases nonlinearly for small periods and has a tend-
ency to saturate with increasing A in accord with ex-
pression (7). The oscillations on the general monotonic
curve exceed the measurement error. When the exper-
iment is repeated multiply at various points of the sam-
ple, the oscillations are preserved, although their per-
iod and arrangement may change.

An investigation of the kinetics of the grating decay
has shown that the initial erasure section, all the way
to intensity values I, =0.25 I, is well described by an
exponential function with a characteristic time of the
order of several tenths of a second and dependent on the
period of the holographic grating (Fig. 5). At small
periods, the time constant increases with increasing
period, and at large it approaches a constant value,
which equals, within the framework of the one-dimen-
sional treatment, half the lifetime of the phototrans-
formed form [see (8)]. The subsequent erasure stage
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FIG. 3. Spectral dependences for the liquid crystal MBBA:
a) of the cubic-nonlinearity parameter €, (A); b) of the ab-
sorption coefficients @ (A); c) of the birefringence (n° —n°)

).
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FIG. 4. Dependence of the diffraction efficiency 71 on the
period of the holographic grating (solid line—calculation based
on the values D =1.3x10~7 cm?. sec™ and T=1.6 sec).

is characterized by a much longer relaxation time (7
> 10 sec), but owing to the low level of the signal rela-
tive to the scattered light its detailed analysis is diffi-
cult.

Figure 6a shows the dependence of the intensity of the
diffraction of the testing radiation with extraordinary
(curve 1) and ordinary (curve 2) polarizations on the
angle ¢ between the direction of the NLC director and
the intensity vector of the writing field. At a fixed value
of the angle ¢, unequal changes take place in the extra-
ordinary and ordinary refractive indices. The grating
is written most effectively, as follows from (3), by the
radiation with extraordinary polarization. Within the
framework of the proposed model, the dependence ob-
tained is due to the dependence of the absorption coeffi-
cient on the angle ¢. The ratio of the values of curves
1 and 2 at a given angle ¢ should then be constant at
(AB°°/AB°a°) [see (3)]. Figure 6b shows the depend-
ence of this ratio on the angle ¢. It is seen that it re-
mains constant within the limits of error.

To complete the description of the experimental re-
sults, it must be pointed out that despite the good re-
producibility of the results for each given NLC, the val-
ues obtained for two different samples could differ by
approximately 30%.

3. DISCUSSION OF RESULTS

As follows from the preceding section, the experi-
mental data agree well with the predictions of the model
of photostimulated transformations of NLC, and at the
same time both quantitative and qualitative deviations
are observed from the model of self-induced rotation
of the molecules. First, the writing is observed at pow-

40 a0

A, um

FIG. 5. Dependence of the characteristic erasure time 7 of
a holographic grating on the period A of the interference pat-
tern (solid line—calculation based on the values D, = 1.3 %1077
cm? - sec™! and T = 1.6 sec).
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FIG. 6. a) Dependence of the intensity of the diffraction of the
testing extraordinary radiation I§ (curve 1) and ordinary I
radiation (curve 2) on the angle ¢ between the NLC director
and the polarization of the writing radiation; b) dependence of
the ratio 13/13 on the angle ¢.

er densities that are patently insufficient to reorient
the molecules (the energy of the optical action A |E |2/
41~107 erg/cm?® is considerably lower than the energy
of the elastic interaction of the NLC molecules m°K;,/d?
=10 erg/cm3, where K;; is the Frank elastic modu-
lus).!* Second, the effect is a maximum when the crys-
tal is acted upon by beams with extraordinary polariza-
tion (E Iln), when the twist is identically equal to zero.
Third, the sign of the nonlinear refractive index does
not depend on the polarization of the exciting light, a
fact established in experiments on which polarization
holograms were written in MBBA. Fourth, the orienta-
tional model presupposes for the nonlinearity param-
eter a spectral dependence? Ae()) (see Fig. 3a) that dif-
fers substantially from that obtained in experiment.

It should be noted that in the thermal writing mechan-
ism, the characteristics of the diffraction should be
qualitatively similar to those observed in our experi-
ment. In the stationary regime, the cubic nonlinearity
constant is in this case

o> (.0ny
=g 7)), ° , ®)
where K is the thermal conductivity coefficient, (an/
dT)%® is the thermo-optical constant, and c¢ is the speed
of light. The characteristic grating erasure time is de-
termined by the rate of thermal diffusion

tr=2/Drg". (10)

The quantities calculated on the basis.of (39) and (10) at
¢ =6x10° cm™ and at the values typical of MBBA,
namely K =2.1x10* (ergrcm™'-sec™!-deg™!, Dy =1.5%107}
cm?sec! (Ref. 15), (3n/3T)2*~2x10" deg™! (Ref. 16),
and @ =25 cm™ (A=0.44 pm), namely £,5x107° cm?/
erg and T=5%107 sec, turn out to be lower by respec-
tively three and five orders than those obtained in our
experiment. So large a quantitative discrepancy allows
us to exclude the thermal nonlinearity mechanism from
consideration.”> We arrive thus at the conclusion that
the optical nonlinearity is indeed due to photostimulated
transformation of the NLC molecules.

It is phenomenologically customary to describe a
medium with cubic nonlinearity by a fourth-rank non-
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linear-susceptibility tensor: P;=x;;E;E;E,. Since
the change of the refractive index is due to absorption
of light, it follows that introduction of such a tensor is
strictly speaking incorrect. However, if we express
the material polarization, responsible for the diffrac-
tion effects connected with the phototransformations, in
the form

Pi~ayE EAPuE., (11)

where a,, is the NLC absorption tensor and AB,, is the
tensor of the difference of the susceptibilities of the
phototransformed and initial forms, we can introduce
formally a nonlinear susceptibility tensor x; s; = ;AR
the rules for whose use are contained in expression (11)
and differ from those traditionally applied to nonlinear-
susceptibility tensors.!”

Since nematic crystals have a symmetry characteriz-
ed by the D., group, the tensor a,;, can be diagonalized,
with a,, =a,, and ay3# a,,. If after the phototransfor-
mation the crystal remains nematic with the same axis
and symmetry group, then the tensor AB,; has a struc-
ture similar to the tensor a;,;, and the tensor x;,4; has
only four independent components:

1) x“u=d'uA Bu=auABn=auABn:a::ABn,
X.n.n='GuA 33y

3) Xnu=auA 5:;’=a1:AB:s.
x;au“anA Bi=cssA

In a coordinate system in which the z axis coincides
with the NLC director n, the first two components de-
termine the diffraction of a testing beam having the
same polarization as the writing waves, whereas the
last two describe diffraction with differing polariza-
tions. Therefore, the experimental data (see Fig. 6)
can be used to determine the ratios of all four independ-
ent components of the nonlinear-susceptibility tensor

|Xnnlz0-19|'x:assl, |Xms|=]X;m|z0-44|‘x;sas|

and, knowing €,, to determine their absolute values (
=0.44 pm, A=13 pm:
| Xsss3 }=0.63 cm“-erg“,{l}(.m [~042cm® erg™", | xruss |=] Ksses =0.28 cm®-erg™".

The diffraction intensity is proportional to the square
of X; 1, therefore the signs of the tensor components
cannot be determined from measurements of the dif-
fraction efficiency. However, when the gratings are
written by radiation whose polarization has ordinary
and extraordinary components, the diffraction intensity
is proportional to the square of a linear combination of
the corresponding components, so that it is possible to
ascertain whether they are of equal sign. An analysis
of the curves shown in Fig. 6 has shown that the com-
ponents X,q;; and Xs3;; are of the same sign. The same
holds also for the pair x;33 and Xs333. It must be stated
here that the signs of both pairs can differ. This re-
sult agrees with the conclusions that follow from the
characteristics of the polarization writing in MBBA and
with the predictions of the considered nonlinearity
model.

A comparison of the experimental results with calcu-
lation makes it also possible to determine certain other
characteristics of the phototransformed form.

As indicated above, at low spatial frequencies the
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grating erasure time is independent of the grating per-
iod and is determined by the lifetime of the phototrans-
formed form. Therefore, starting from the experi-
mental results shown in Fig. 5, this time can be esti-
mated at T =(1.6+0.3) sec.

It should be indicated, however, that this estimate is
valid if it is assumed that the cell walls do not influ-
ence the relaxation of the phototransformed form. The
measured lifetime can also be connected with the de-
activation of the phototransformed form on the cell
walls, since the diffusion length becomes comparable
with the cell thickness at the spatial frequencies cor-
responding to saturation of the contrast vs time char-
acteristic.

Knowing the lifetime of the phototransformed form
and using relation (18), we can determine the diffusion
coefficient of the excited MBBA molecule D, =(1.3
+0.3)x10°" cm®sec” !. The solid line in Fig. 5 shows
the calculated dependence of the grating lifetime on its
period under the assumption that T =1.6 sec and D,
=1.3x10"" cm?-sec™!. The obtained values of T and D,
were used also to calculate the frequency-contrast
characteristic of the hologram (solid line in Fig. 4),
which likewise agrees with experiment.

Change of the molecule polarizability by the photo-
transformation. The physical cause of the change of the
refractive index under phototransformation is the
change of the polarizability of the new form compared
with the polarizability of the initial NLC molecule. If
it is assumed that the concentration of the excited mole-
cules is so low that it does not change the local field in
the liquid crystal then, assuming this field in the form
proposed by Vuks,'® we obtain the following expression
for the relative increment AB™¢ of the polarizability of
an individual MBBA molecule following phototransfor-
mation

Abo" 27!“" N,
rp:,. = (no,t)!_i N

An°e,

where B3¢ is the polarizability of the unexcited MBBA
molecule, N, is the concentration of the main MBBA
molecules, and N =al/(1/T +D, ¢?) is the stationary
concentration of the phototransformed MBBA mole-
cules. Substitution of the numerical values for A =0.44
pm yields AB/By=9x102.

We note that to explain certain experimental data it is
necessary to make additional assumptions concerning
the character of the phototransformations of the MBBA
molecules. Thus, we have not observed self-diffrac-
tion above the phase-transition point. One can expect
either a decrease of the probability of the phototrans-
formation in an isotropic liquid, or else a substantial
shortening of the lifetime of the new form.

An explanation is needed also for the variation of the
frequency vs contrast characteristic of the holograms.
The probable cause of the oscillations may be a pure
interference effect, but the quality of the interferomet-
er made up of the planes of the cell is insufficient to ob-
tain oscillations of the observed magnitude. It is possi-
ble that the form of curve is connected with various
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boundary conditions at different points of the sample,
owing to the varying profile of the orienting surface.

CONCLUSION

The aggregate of the experimental data allows us to
state that the observed nonlinearity mechanism is con-
nected with the photostimulated transformation of the
NLC molecules.

The MBBA crystal is characterized by anomalously
large values of the cubic-nonlinearity parameter (ezz 5
x10"2 cm3erg ' for A=0.44 pm and A=13 pm) and by a
sensitivity to the polarization of the writing radiation.
This makes its use promising as'a dynamic medium for
writing ordinary and polarization holograms by continu-
ous radiation from low-power lasers.

The considered nonlinearity mechanism is not an ex-
clusive feature of either MBBA or of the class of nem-
atics. Dynamic gratings with similar properties were
observed also in a mixture of cyanobiphenyls7 and MBBA
colored with methylene red.! The photoinduced cis-
trans transition of the liquid-crystal molecule in the
smectic phase leads to a local phase transition into a
nematic phase,!® and this also manifests itself in a large
change of the optical constants.

The description of the nature of the phototransformed
form in each concrete case calls for a special re-
search. It is quite possible that for different liquid
crystals they turn out to be different. It is clear even
now, however, that by applying light it is possible to
produce molecules of new form and to regulate their
concentration. Extremely promising in this connection,
is, e.g., the possibility of controlling the structure of
liquid-crystal polymers during the stage of their poly-
merization.

The authors thank I. P. II’chishin and E. P. Sukhenko
for useful discussions and for help with the work.

Deg,=20nw/|EI%, where £n is the optically induced change
of the refractive index and (1) = (1/3)(2n° +n®) is the aver-
age refractive index, and n° and n° are the refractive in-
dices of the ordinary and extraordinary waves. E is the
light-wave field strength.

) The thermo-optical constants of MBBA are increased by
several orders of magnitude near the phase-transition
point.}® This gives ground for hoping to be able to write ef-
fectively thermal gratings in the pre-transition region.
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