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We have observed a strong aberrational self-interaction of a light beam in a planar azoxy liquid 
crystal. We have found that, depending on the conditions of the experiment, three optical 
nonlinearities are manifested to a varying degree-thermal, and orientational, and photo- 
orientational. We give an explanation for the properties of the thermal nonlinearity in an 
azoxy liquid crystal. Using a simple model we calculate the magnitude of the photo-orientational 
nonlinearity of the nematic phase and estimate the reorientation threshold of the director. 
Good agreement is obtained with experiment. We show that the light wave reflected from the lower 
boundary of the crystal carries information about the reorientation of the director and makes 
it possible to separate the orientational nonlinearity from the photo-orientational. O 1994 
American Institute of Physics. 

1. INTRODUCTION 

The high susceptibility of azo and azoxy molecules to 
the action of causes a number of interesting physical 
phenomena to be observed in substances consisting of such 
molecules or containing them as a dopant. 

Thus, in strongly viscous solutions of azo compounds in 
glycerol a reversible orientational photodichroism was ob- 
served at low temperatures.3 Light-induced anisotropy has 
been observed in polymer films of polyvinyl alcohol doped 
with an azo compound4 and in liquid-crystal comb-shaped 
polymers5,6 containing azofragments. 

In the interaction of light with liquid-crystal (LC) phases 
containing azo and azoxy compounds the following effects 
have been observed: a lowering of the smectic-nematic and 
nematic-isotropic liquid phase transition points,7-9 variation 
of the refractive and variation of the step of the 
cholesteric spira19,12 leading to the formation of periodic 
 structure^.^ 

It is of special interest to observe orientational effects 
due to the collective nature of the response of the LC mol- 
ecules to an external stimulus in liquid crystals containing' 
azo and azoxy compounds. At present, there are a number of 
publications on this theme. Reference 13 reports that the di- 
rector has been observed to undergo reorientation in response 
to the electric field of a light wave. References 14-18 report 
the observation of reorientation of the director associated 
with light-induced variation of the orienting properties of the 
surface. In Ref. 19 the self-diffraction method was used to 
record a purely bulk orientational effect due to photoconver- 
sion of the molecules in an azo-doped nematic liquid crystal. 

In the present paper we report the results of experiments 
and theoretical studies of strong nonlinear optical effects as- 
sociated with thermal and orientational nonlinearities, and 
also with molecular photoexcitation, manifested in a crystal 
made up of conformationally active azoxy molecules. 

2. EXPERIMENTAL CONDITIONS 

A diagram of the experimental setup is shown in Fig. 1. 
An argon laser beam [Karl Zeiss, ILA-120, A=458 nm (P 
=1-10 mW), A=488 nm (P=10-50 mW), A=515 nm (P 
=lo-100 mW)] is focused by a lens (f=180 mm) in a pla- 
nar nematic liquid crystal (NLC) of thickness L =40 pm or 
L =I00 pm. Variations originating with the light beam were 
observed on screens S, and S2 located perpendicular to the 
beam that has passed through the crystal and the beam re- 
flected from it, respectively. The angle of incidence a of the 
light wave on the crystal could be varied by rotating the 
crystal about the vertical axis. The director n was located in 
the horizontal plane (the plane of the figure). The incident 
radiation was polarized either in the plane of the figure (the e 
wave) or in the plane perpendicular to it (the o wave). The 
polarization plane was rotated with the help of a Fresnel 
double rhombus. 

The investigated nematic liquid crystal (mixture A )  con- 
sisted of two azoxy compounds: 213 BMAOB plus 113 
BHAOB.'),~~ Absorption by mixture A in the visible range 
decreases abruptly with increasing wavelength.2039 The ab- 
sorption coefficient of one of the components of the mixture, 
BMAOB, was measured in Ref. 21. It is equal to P=2  cm-' 
at A=515 nm and 0.2 cm-' at A=633 nm. The elastic con- 
stants of mixture A at 25 "C are2' ~ , = 8 . 5 . 1 0 - ~  dyn, 
~ ~ = 7 . 2 . 1 0 - ~  dyn, ~ ~ = 1 0 . 6 . 1 0 - ~  dyn. The temperature in- 
terval over which the nematic phase of mixture A exists is 
0 "C<t<70 "C. The experiments were carried out at room 
temperature. 

The neck radius of the light beam (by the e-2 criterion), 
calculated from the laser cavity parameters and other param- 
eters of the optical scheme was w=35 pm (A=515 nm). 

This value was also obtained experimentally22 from the 
dependence of w on the threshold power Pth of the Fr6eder- 
icksz transition in the homeotropically oriented nematic liq- 
uid crystal OCBP. We obtained the value P,,=75 mW in a 
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crystal of thickness L=120 p m  at t=37 "C, which corre- 
sponds to w =35 pm. 

3. EXPERIMENTAL RESULTS 

3.1. a=O, the e wave 

1. For normal incidence of the e wave, immediately after 
illumination of the crystal has begun, the beam in the liquid 
crystal broadens, and at high enough power P a system of 
distinct circular immobile aberration rings appears almost 
instantaneously on the screen behind the crystal, with the 
outer ring being the most intense. The higher the power P 
and the smaller the wavelength, the larger is the number of 
these rings No (X=515 nm: P = 4 0  mW, No=l ;  P = 6 5  mW, 
N0=3; X=458 nm: P = 7  mW, N,=2). 

2. If the power is less than some threshold value Pth 
which depends on the wavelength A, then the number of 
rings increases with time T and after some set-up time Test it 
arrives at its steady-state value Nst . A graph of N, as a func- 
tion of P for various wavelengths X is shown in Fig. 2. Test is 
of the order of ten minutes (e.g., for h=515 nm at P = 4 0  
mW, Test= 13 min). The shape of the rings evolves during the 

FIG. 2. Graph of the number of rings of the aberration pattern as a function 
of beam power for different wavelengths A (the lower scale corresponds to 
A=515 nm and A=488 nm, the upper scale corresponds to A=458 nm). The 
solid curves plot the dependence of N ,  on the beam power P ,  the point A 
corresponds to the threshold powers Pth(A) (the abrupt change in slope of 
these curves). The dashed curves plot the dependence of the number of 
aberration rings observed before the pattern "fuzzes out" at P>P,, . 

FIG. 1. Diagram of the experimental setup. ~ r + - c w  argon laser, 
FR-Fresnel double-rhombus, G l e n s ,  focusing the laser radia- 
tion onto the crystal, NLC-nematic liquid crystal, S, and 
S2-screens for observing the transmitted (S,) and reflected (S,) 
light beams. 

transient period, namely, they stretch in the direction perpen- 
dicular to the electric field vector of the light wave E. 

If the power of the light beam is decreased rapidly (over 
a time -0.1 s) the aberration pattern contracts to the center 
(its divergence and the number of rings decrease with equal 
or greater rapidity, i.e., its relaxation time is TRsO.l s . ~ )  

If, however, the beam power is rapidly brought back up 
to its original value immediately after this relaxation, the 
aberration pattern is equally abruptly regained. This en- 
hanced susceptibility to the action of light is preserved in the 
memory of the crystal for several minutes after the initial 
stimulus. 

3. For values of the power exceeding the threshold 
value, immediately after the start of illumination, as for the 
case P < P t h ,  an aberration pattern is observed with greatest 
intensity in the outer ring (Fig. 3a,b). Afterwards, however, a 
qualitatively new phenomenon arises: after a time Tdel the 
aberration pattern "fuzzes out" (as if it were covered by a 
veil): the rings become indistinct (Fig. 3c). 

The threshold power Pth rapidly decreases with decreas- 
ing wavelength (X=515 nm: Pth=55 mW; X=488 nm: 
Pth=25 mW, X=458 nm: Pth=5.5 mW). 

The time Tde, that elapses between the start of illumina- 
tion and the "fuzzing out" of the pattern depends on P and 
X. 

A graph of Tdel as a function of P for various X is shown 
in Fig. 4. From Fig. 4 it follows that for all the wavelengths 
the time Tdel grows rapidly as the power approaches its 
threshold value Pth(X). 

The washed-out pattern is not stable. After a few seconds 
two new ring patterns form on top of it. The first consists of 
distinct rings whose number and brightness increases with 
time. The second is made up of pale, wide rings, which also 
vary with time and become finer and more distinct, and, 
finally, after several minutes only one system of rings is ob- 
served (Fig. 3d), whose intensity falls off from the center 
toward the outer edge of the pattern. This pattern "jitters" 
somewhat. Its number of rings grows with time and after a 
time T:,, it arrives at its steady-state value N,, which de- 
pends on P (see Fig. 2). 

The behavior of the pattern when the power P (P>Pth) 
is decreased rapidly (-0.1 s) to some value P' < P depends 
on the value decreased to (PI) and differs markedly from 
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FIG. 3. Dynamics of the aberration pattern 0bservp.l nn -- -A. 
a b the screen Sl for the e wave and normal incide~rp nf ,A-- -- 

the light beak on the crystal for P > P l h  (X=488 nm, 
P = 3 0  mW): a) T = 2  s, b) T<Td,,=30 s, c) T-Td, ,  , d) 
T' Tdel . 

that described in Paragraph 2. For Pf>P,h the aberration 
pattern noticeably contracts during a time on the order of a 
few seconds and recovers during roughly the same time after 
the power has been rapidly jacked back up to its original 
value. For Pf<Pth the pattern returns after 10-15 s to the 
system of immobile rings described in Paragraph 2. 

I 11 I 3.2. cu>oO, e wave 

Immediately after illumination of the crystal has com- 
menced, the transmitted light beam (the beam observed on 
screen S1) broadens, like in the case a=OO. 

For X=458 nm or X=488 nm the pattern "fuzzes out" 
after a few seconds, the rings begin to "jitter," and their 
number grows with time and reaches its steady-state value. 
In this case the ratio of intensities of the aberration rings 
varies. To start with, the outer ring is the most intense (Fig. 
5a), then the outer rings become less bright than the central 
rings (Fig. 5b). The higher the power of the light beam, the 
higher the growth rate of the number of rings and their 
steady-state value. The time it takes the pattern to contract if 

FIG. 4. Dependence of the time T,, on the beam power P for different 
the $wer is suddenly decreased is a few seconds. 

wavelengths X (the lower scale corresponds to h=515 nm and X=488 nm, For X=515 nm the transition from one pattern to another 
and the ipper scale, to X=458 nm). takes place more slowly. 

933 JETP 79 (6), December 1994 Zolot'ko et a/. 933 



In the reflected light beam (the beam observed on screen 
S2) a pattern is observed that substantially differs from the 
pattern in the transmitted beam (the beam observed on screen 
S1). (The main experiments with the reflected beam were 
done with A=515 nm.) 

For small values of the light beam power for which 
"fuzzing out7' of the aberrational rings is still not observed, 
two ring systems are observed on screen S2. One is com- 
pletely identical with the one observed on screen S1 while 
the form of the other depends substantially on a. 

For small a (a few degrees) this is the ordinary ring 
pattern, but with significantly greater divergence. For 
a~25"-30" it consists of semicircles, all to one side of the 
pattern, and for still larger values of a, circular segments. 

The semicircles and segments are located to the left or 

FIG. 5 .  Dynamics of the aberration pattern ob- 
sewed on the screen S, for the e wave for ob- 
lique incidence of the light beam on the crystal 
for a=1O0, h=458 nm, P = 8  mW: a) pattern 
before fuzzing out, b) after. 

the right of the vertical to the plane of Fig. 1 (at the point of 
intersection of the reflected beam and the screen), depending 
on whether the light beam is incident on the crystal from the 
left or the right. The divergence of the segment-shaped ring 
system is more than double that of the pattern on screen S,. 

Figure 6 presents photographs of patterns observed on 
screen S2 for two values of a. The pattern seen in Fig. 6 was 
observed at a beam power P<P, . When P becomes greater 
than P I ,  the ring patterns observed on both screens become 
fuzzy and the segment-shaped pattern on screen S2 simply 
disappears. 

The experiments with the reflected beam were carried 
out with a crystal of thickness L =I00 pm. No significant 
differences from the crystal of thickness L =40 pm were 
noted on screen S1. 
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3.3. The o wave 

The interaction of the nematic liquid crystal with the o 
wave is enormously less efficient than with the e wave. For 
example, for the o wave at a=OO, A=488 nm and P=30 
mW the aberration rings do not appear. For the e wave for 
this same power there are 13 of them. 

4. DISCUSSION OF EXPERIMENTAL RESULTS 

It follows from the experimental results presented that a 
light beam undergoes aberrational self-action in a planar- 
oriented azoxy nematic liquid crystal. 

The efficiency of this self-action grows as the wave- 
length decreases. For the e wave it is significantly greater 
than for the o wave. The characteristic relaxation time TR of 
the aberration pattern for fixed wavelength A depends on the 
beam power. It is either very low (TR<O.l s) or a few sec- 
onds or tens of seconds. 

This strong aberrational self-action is indicative of a 
large light-induced change in the refractive index of the liq- 
uid crystal. It can be due to a change in the order parameter 
or reorientation of the director. A change in the order param- 
eter can be due to thermal23 or conformationalZ4 nonlineari- 
ties with different relaxation times. The relaxation time of 
the director for nonlinearities associated with its reorienta- 
tion obviously should not depend on the specific kind of 
nonlinearity. Let us calculate order-of-magnitude estimate all 
these times and compare them with the experimental values. 

a) The thermal nonlinearity. The thermal nonlinearity is 
due to variation in the refractive index as a result of heating 
of the crystal brought about by absorption of light. Therefore 
the relaxation time of the thermal nonlinearity is determined 
by the cooling time of the crystal. 

We will assume that a Gaussian light beam creates a 
steady Gaussian temperature profile: 

where At, is the temperature variation of the crystal along 
the beam axis, p is the transverse wordinate, u is the half- 
width of the temperature profile. The solution of the heat 
conduction equation with initial condition (I), which de- 
scribes the temporal variation of the temperature on the beam 
axis after the heat source is turned off, has the form 

Here ~,=u'/2a'  is the characteristic temperature relaxation 
time, a'= ~ M l c p , ,  x is the thermal conductivity coefficient, 
c, is the molar specific heat, po is the density of the crystal, 
and M is the molecular weight. The parameters x and c,  for 
mixture A ,  so far as we know, do not appear in the literature. 
Therefore, to estimate the time T, we used the parameters for 
the nematic liquid crystal MBBA at room temperature: 
cp=500 JImolK (Ref. 25), ,y=4. cal.cm.slK, po= 1.1 
g'cm3 (Ref. 26), M =267 g,~mol.~) Setting u equal to the neck 
radius w=35 pm of the light beam we find the relaxation 
time ~,-10-' s. 

6) The conformational nonlinearity. The conformational 
nonlinearity is due to the variation of the refractive index as 

a result of the appearance in the crystal subject to the action 
of light, of a "dopant" of excited molecules differing in their 
shape (conformation) from the unexcited molecules. 

The relaxation time Tc of the conformational nonlinear- 
ity is determined by the smaller of two times-the lifetime 
T* of the molecules in the excited state and the diffusion 
time of the molecules from the region illuminated by the 
laser beam.27 The lifetime T* in the excited state for mol- 
ecules of mixture A,  as follows from the results of Refs. 10 
and 28, is not less than a few minutes. The diffusion time Td 
of the molecules can be estimated in analogy with the esti- 
mate of the temperature relaxation time. It is equal to u 2 / 2 ~ ,  
where D is the diffusion coefficient. For a crystal of MBBA 
the latter is D =2. cm2.s-' (Ref. 27) and, setting u = w 
= 35 pm, we have Td=30 s. Thus, the relaxation time of the 
photo-conformational nonlinearity is Tc-1 rnin. 

c) Nonlinearities associated with reorientation of the di- 
rector. The relaxation time of these nonlinearities (i.e., the 
recovery time of the unperturbed orientation of the director) 
TOR is determined by the elastic and viscous properties of the 
nematic liquid crystal. For a planar oriented samplez6 

where K, is the Frank elastic constant and yl is the rotational 
viscosity. For mixture A at room temperature ~ ~ = 9 . 1 0 - ~  
dyn. The rotational viscosity yl for mixture A is equal to 1 
poise.26 From formula (3) we have TOR-2 s. 

Let us now consider what nonlinearities are manifested 
in the above experiments. 

4.1. Normal incidence (lu=OO) 

a) P<Pth. In this case the experimentally observed re- 
laxation time was very small (TR<O.l s), and consequently 
the main contribution to the variation of the refractive index 
should come from the thermal nonlinearity. 

Growth of the nonlinearity of the crystal during illumi- 
nation can be explained in this case by light-induced confor- 
mational transitions of the molecules of mixture A from the 
trans to the cis state. Since the light absorption coefficient for 
the cis-isomers can be larger than for the trans-isomers,' the 
trans-cis transition leads to an increase of the thermal non- 
linearity. The conformational transition can also explain the 
experimentally observed large relaxation time of the crystal's 
memory. Indeed, the relaxation time of the crystal's memory 
is determined by transitions of the molecules from the ex- 
cited to the ground state and by diffusion of the excited mol- 
ecules out of the illuminated region. The corresponding char- 
acteristic times have already been estimated. They are on the 
order of minutes, like the experimentally determined relax- 
ation time of the memory of the crystal. 

It is natural to connect the increase in the efficiency of 
the thermal self-action of the light beam that accompanies 
decrease of the wavelength with an increase in the absorption 
coefficient of the crystal. 

The significantly larger efficiency of the self-action for 
the e wave in comparison with the o wave is due, on the one 
hand, to the larger absorption coefficient and, on the other, to 
the larger value of the temperature derivative of the refrac- 
tive index. 
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From the number of rings in the aberration pattern it is 
possible to determine the light-induced change in the refrac- 
tive index. According to Ref. 29 

where S is the nonlinear phase shift along the beam axis. 
Obviously, 

where An is the light-induced change in the refractive index 
averaged over the thickness of the crystal. From Eqs. (4) and 
(5) we obtain the simple relation 

From Eq. (6) it follows that for the e wave (cr=OO, 
A=488 nm) for PcP , ,=24  mW the light-induced change in 
the refractive index is An,S0.05. This value is significantly 
smaller than the difference between the refractive indices of 
the e and o waves, n,-no=0.34 (Ref. 20). Since no varies 
more slowly with temperature than n,, we can conclude that 
for P- Pth the temperature of the crystal, heated by the light 
beam, remains significantly lower than the transition point to 
the isotropic phase. 

b) P>P,. In this case the characteristic relaxation time 
of the optical nonlinearity is on the order of a few seconds. 
Such a time is characteristic of the relaxation of the director. 
However, for normal incidence of the e wave onto a planar- 
oriented nematic liquid crystal the usual light-induced Fried- 
ericksz transition (reorientation of the director by the electric 
field of the light wave) is impossible.30 One can assume that 
the reason for reorientation of the director is orientationally 
selective excitation of the molecules of mixture A and the 
appearance, as a consequence, of a torque rotating the direc- 
tor toward the direction perpendicular to the direction of the 
electric field of the light wave. The possibility of such a 
mechanism for interaction between the light and the nematic 
liquid crystal was pointed out in Ref. 31 and this mechanism 
was used in Ref. 32 to explain the reorientation of the direc- 
tor of a planar-oriented dyed nematic liquid crystal. 

In the present paper the validity of this new mechanism 
of reorientation of the director of the nematic liquid crystal is 
confirmed by calculations of the magnitude of the torque 
associated with orientationally selective molecular excita- 
tion, to which we will return below.4) 

First of all, we will determine the angular distribution 
function of the excited molecules. We characterize the orien- 
tation of an individual molecule by the unit vector m, paral- 
lel to its long axis. In the Cartesian coordinate system xyz, 
whose y axis is parallel to the director n, and whose xy plane 
contains the electric field vector E of the light wave, the 
vector m can be characterized by the polar angle 6 and the 
azimuthal angle rp: 

m,= sin 6 cos rp, my =cos 6 ,  m,= sin 6 sin cp. 
(7) 

We assume that the absorption oscillator of the molecule is 
aligned with the axis of the molecule and the polarization 
vector of the light field e=E/IEI forms the angle R with the 
director n (e,=sin S1, ey=cos R ,  e,=O). Then, obviously, 
the dependence of the light absorption coefficient P on the 
angle S1 is described by the expression 

P=B102Tdrl:dd sin ~ ( 6 , c p ) ( m e ) ~ ,  (8) 

where B is a coefficient independent of 0 ,  f(6,cp) is the 
angular distribution function of the molecules, normalized to 
unity, for which we will use the approximation 

Here P2(x)  is the second-order Legendre polynomial and S 
is the order parameter of the nematic liquid crystal, equal 
to34 

s = 102Tdcl)d sin 19f( 6,rp)P2(cos 6 ) .  (10) 

We will express p in terms of the absorption coefficients 
P, =P(R=90°) and qI=P(R=OO) of the ordinary (nl E) and 
extraordinary (nllE) i aves .  From Eqs. (9) and (10) we obtain 

The distribution function of the excited molecules has 
the form 

f*(d,rp)=3[1+2SP2(cosR)]-1f(6,cp)(me)2. (12) 

However, this angular distribution is valid only for molecules 
whose life time in the excited state T* is shorter than the 
Debye relaxation time T D  .26 If T* > T D  , then at any given 
time To only those molecules that were excited by the light 
during the time interval To- TD<T<To will have distribu- 
tion (12). But it is just these molecules that create the torque 
acting on the director. Therefore in what follows we will use 
relation (12) for the angular distribution function also in the 
case T* > T D  . 

The concentration of excited molecules n * participating 
in the creation of the torque acting on the director is obvi- 
ously equal to 

where 

is the magnitude of the Poynting vector, c is the speed of 
light, n, is the crystal refractive index, E is the complex 
amplitude of the light field (in accordance with what has 
been said above, for T* < T D  we must replace T D  by T* in 
this formula). 

The interaction energy of a chosen molecule with all of 
its neighboring molecules (this interaction energy is respon- 
sible for the nematic ordering), according to the Maier- 
Saupe theory,35,26 has the form 
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W= -4.5kBtNIS(1- 1.5 sin2 a ) ,  (15) 9 
Ase f i=?  7n,(Pl1+2PI)cTD 

where t,, is the absolute temperature of the nematic-isotropic 
(23) 

liquid phase transition, and kB is the Boltzmann constant. which, if expressed in terms of the wavelength of the light 
This molecule creates the torque M acting on the remaining wave and the ~~b~~ frequency ca=2? r~~D,  has the form 
molecules of the liquid crystal: 

where h=-i sin cpfk cos cp, and i and k are the unit basis 
vectors of the x and z axes. Substituting relation (15) into 
Eq. (16), we find 

M= - 13 .5kBtNIs sin 6 cos 6h.  (17) 

In the transition of the molecule to the excited state its inter- 
action energy with its environment (15) and the torque (17) 
vary, and this variation can be very significant (e.g., it weak- 
ens substantially during the transition from the trans- to the 
cis-state, in which the molecules change their shape and gen- 
erally cease to be n e m a t ~ ~ e n i c ~ ~ ) .  For an excited molecule 
the energy W and the torque M vary: 

Here r] is a factor which determines the change in the inter- 
action energy (the interaction is enhanced if r)>O and weak- 
ened if 6 0 ) .  

To determine the torque M we need to average the quan- 
tity M*-M over the angular distribution function (12) and 
multiply it by the concentration of the excited molecules 
(13). We then have 

M= 
(PI/ + 2 P l  )SPT, 

fio lo2>cpl)4 sin 6 ( ~ *  

Substituting Eqs. (7) and (9) into Eqs. (19) and (20), we find 

SSP sin R cos R. (21) 

Comparison of the torque 332 associated with the orientation- 
ally selective molecular excitation and the ordinary orienting 
torque E acting on the director of the nematic liquid crystal 
due to the electric field of the light wave 

A ssp 
Ex=O, $=O, Ez=-- sin fl cos a,  (22) 

cnr 

shows that the dependence of M and E on the magnitude of 
the electric field of the light wave and on the angle is 
identi~al.~) Therefore we can assume that the director of the 
nematic liquid crystal is reoriented under the action of the 
torque t)32 in a way analogous to ordinary reorientation in an 
electric field, but the nematic liquid crystal in this case is 
characterized not by the ordinary anisotropy of the dielectric 
constant As, but, as follows from comparison of Eqs. (21) 
and (22), by some effective quantity Aseff: 

In contrast to the ordinary anisotropy of the dielectric 
constant As, which is always positive at optical frequencies, 
the quantity Aseff can have either sign. It is positive if exci- 
tation causes the energy of its interaction between the mol- 
ecule and its environment to grow, and negative if this en- 
ergy decreases. In the latter case for normal incidence of the 
light wave threshold reorientation of the director should take 
place. This is just what has been experimentally observed. 

We will call the optical nonlinearity associated with ori- 
entationally selective excitation of the molecules "photo- 
orientational" in contrast with the ordinary orientational non- 
linearity. 

Let us estimate the magnitude of As,, for the nematic 
liquid crystal under study, mixture A .  According to Ref. 20, 
tNI=348 "K. The absorption coefficients PII and P, for mix- 
ture A are unknown to us. Therefore, in order to estimate 
As,, we will use the value P=(PlI+2P,)/3 (P=2 cm-' (X 
=515 nm) for the compound BMAOB). The Debye relax- 
ation time TD for mixture A is also unknown. We will take it 
to be equal to lop8 s, which is a typical value for the nematic 
phase.26 We will set the order parameter S equal to 0.4, 
which is somewhat smaller than actual values for the nematic 
phase far from the transition point to the isotropic liquid, but 
is the largest possible value for the model function (9) of the 
angular distribution which we have adopted. If we set the 
refractive index n, equal to the refractive index for the ex- 
traordinary wave n,=1.8 (A=589 nm),20 then to order of 
magnitude we have Aseff-407. Hence it follows that even 
for very insignificant changes in the energy W of the inter- 
action between an excited molecule and its environment 
(e.g., for 7=0.03) we have Aseff=l, i.e., it is comparable in 
absolute value with the ordinary anisotropy As=1 of the 
dielectric constant. For very large variation of the energy 
(W* =0, TJ= 1, i.e., when the orienting influence of the envi- 
ronment on the excited molecule generally disappears) we 
have Aseff--40, which already exceeds As in absolute 
value by one order of magnitude. Therefore the reorientation 
of the director associated with orientationally selective exci- 
tation of the molecules can be significantly more efficient 
than reorientation by the light field (correspondingly, the 
photo-orientational nonlinearity is greater than the orienta- 
tional nonlinearity). 

Let us now determine the value of As,, on the basis of 
the measured value of the reorientation threshold Pth. TO this 
end, in the expression for the threshold of the Friedericksz 
transition in a quasi-steady state electric fieldz6 

we replace the quantity As by the sum As+Aseff. In addi- 
tion, we multiply expression (25) by a factor which allows 
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FIG. 7. Diagram of the light beams inside the nematic liq- 
uid crystal. 

for the spatial boundedness of the light beam and the tempo- 
ral oscillations of the light field.29 Then for the threshold 
field along the axis of a Gaussian beam E = E o  exp(-p2/w2) 
we find 

and for the threshold power of the light beam P th ,  taking 
account of Eqs. (14) and (26), we obtain the relation 

For X=515 nm experiment gives Pth=55 mW. In this case, 
from formula (27), taking account of the fact that A&-1 
(Ref. 20), we obtain As,,--3, i.e., it is entirely possible to 
explain the measured reorientation threshold quantitatively 
in terms of the photo-orientational mechanism. It is interest- 
ing to note that the value Aseff--3 is already reached for a 
comparatively small (v=-0.08) decrease in the energy of 
the interaction between an excited molecule and its environ- 
ment. 

We can estimate the concentration n * of the excited mol- 
ecules participating in the formation of the torque 332. With 
the help of Eqs. (13) and (14) we find 

Setting P=2 cm-' (Ref. 20), P-55 mW, w=35 pm, 
TD=lO-'s, X=515 nm (0=3.7.1015 s-I), from Eq. (28) we 
find n*=1.5-1014 cmP3. We can compare this quantity with 
the total concentration n = N g o / M  of the molecules (NA is 
Avogadro's number, M is the molecular weight). For "mix- 
ture A " the molecular weight is M =288 glmol and we find 
n =2. lo2' cmW3. Thus, the density satisfies n*/n-10-~, i.e., 
an extremely insignificant fraction of the molecules of the 
liquid crystal participate in the formation of the torque rotat- 
ing the director. 

Now let us discuss possible reasons for variation in the 
energy W of the interaction between the molecules and their 
environment. In our view, it can vary as a result of confor- 
mational trans-cis transitions, and also as a result of com- 
paratively long-lived electronic excitations of the cis- 
molecules. 

As a result of the conformational transition, as was al- 
ready pointed out above, the energy W decreases. However, 
in order for the director-rotating torque to arise it is also 
necessary that the lifetime of the molecules in the cis state be 
greater than the Debye relaxation time TD, and that the tran- 
sition time from the trans to the cis state after absorption of 
a photon be less than TD. The lifetime in the cis state for 
molecules of mixture A, as was noted above, is on the order 
of minutes. The conformational transition time after absorp- 
tion of a photon for molecules of mixture A is unknown. 
However, based on measurements of the conformational 
cis-trans transition time for l-phenyl-azo-2- 
hydroxynaphthalene, in which it is -10-'~-10-~' s (Ref. 
37), it is natural to assume that for molecules of mixture A it 
is less than or comparable with the Debye relaxation time 
~ , = 1 0 - ~  s. Thus, it is entirely possible that the conforma- 
tional trans-cis transition is the reason for reorientation of 
the director. 

A second possible reason for variation of the energy W is 
the long-lived electronic excitations of the cis-molecules (an 
accumulation of such molecules, as was noted earlier, is in- 
dicated by the slow increase of the divergence of the light 
beam, preceding reorientation of the director). 

4.2. Oblique incidence of the light beam (a+O0) 

First of all, let us consider the reasons for the appearance 
of the pattern in the reflected beam at X=515 nm (Fig. 6). 
Obviously, it is created by the interference of light beams 2' 
and 2" (Fig. 7). Light beam 2' is reflected from the glass-air 
boundary, after which it passes through a region of the crys- 
tal free of the influence of the transmitted beam. Therefore 

938 JETP 79 (6), December 1994 Zolot'ko el a/. 938 



the pattern formed by light beam 2' on screen S2 is similar to 
the pattern created by the transmitted beam on screen S , .  
Light beam 2", reflected from the nematic-glass boundary 
intercepts the region subjected to the influence of the direct 
beam (the hatched region in Fig. 7). This reflected beam 
forms the segment-shaped pattern. Let us dwell on this in 
more detail. 

The electric field of the light beam in the case of oblique 
incidence can cause reorientation of the director. In this case 
the refractive index n, of the extraordinary wave, which de- 
pends on the angle y between the director n and the electric 
field of the light wave E according to the formula 

will be different. Let us estimate the change in n, for the 
transmitted beam 1 and the reflected beam 2", assuming that 
the director tends to align itself with the electric field of the 
light wave. For undistorted planar orientation of the director 
we have y=2a0 for both beams (ao is the refraction angle 
inside the crystal, see Fig. 7). If the director is oriented pre- 
cisely parallel to the electric field of the light wave of the 
incident beam, then for it y=OO holds and for the reflected 
beam (2") y=2q,. Using formula (29), we find the change in 
the refractive index for the incident beam 

and for the reflected beam 

It follows from Eqs. (30) and (31) that the change in the 
refractive index for the reflected beam is greater than the 
change for the incident beam. This is why the divergence of 
beam 2", which has passed through the crystal twice, is more 
than twice that of beam I. If photo-orientation takes place 
(tilting of the director away from the field), then the diver- 
gence of beam 2' cannot be double that of beam I. From the 
above considerations it thus follows that examination of the 
reflected light makes it possible to determine the direction of 
reorientation of the director. 

The segmented shape of the aberration pattern is an ob- 
vious consequence of the asymmetry of the distortion of the 
director field, created by the incident beam, relative to the 
axis of the reflected beam. 

For large values of the beam power P > P l ,  after the 
pattern has "fuzzed out," the influence of the photo- 
orientational nonlinearity, as in the case of normal incidence, 
begins to manifest itself (the segment-shaped pattern on the 
screen disappears). The existence of the characteristic power 
P ,  (less than PI,) is not associated with the threshold char- 
acter of the reorientation of the director since the director is 
not aligned with the field. It is due, apparently, to the need to 
accumulate enough cis-molecules in the region illuminated 
by the beam whose electronically excited states contribute to 
the formation of the torque. 

For X=458 nm or k=488 nm the observed patterns are 
very similar to the patterns for normal incidence. We can 
therefore conclude that in this case thermal and photo- 
orientational nonlinearities play the main role. 

4.3. Interaction of the crystal with the o wave 

The significantly smaller value of the response of the 
nematic liquid crystal to the action of the o wave can be 
explained by the low efficiency of all of the above- 
considered optical nonlinearities. Indeed, the director cannot 
be reoriented by the electric field of an o wave in a planar 
crystal because the wave propagates adiabati~all~.~' The 
torque associated with the orientationally selective molecular 
excitation tends to orient the director perpendicular to the 
electric field of the light wave, as is always the case for the o 
wave. Thermal and conformational nonlinearities are ineffi- 
cient for the o wave because the absorption coefficient is 
smaller than for the e wave. 

Thus, efficient aberrational self-action of a light beam 
takes place in a planar azoxy liquid crystal. We have found 
that for such liquid crystals, depending on the experimental 
conditions, three different optical nonlinearities are mani- 
fested: 

1) The thermal optical nonlinearity (associated with 
variation of the refractive index due to heating of the crystal 
by the light beam), which is characterized by a very short 
relaxation time (TtGO.l s). 

2) The orientational nonlinearity (due to reorientation of 
the director parallel to the electric field of the light wave (the 
Frdedericksz transition), which is characterized by a slower 
relaxation (TOR, of the order of a few seconds). 

3) The photo-orientational nonlinearity (due to reorien- 
tation of the director perpendicular to the electric field of the 
light wave and associated with orientationally selective exci- 
tation of the azoxy molecules), which is also characterized 
by the relaxation time TOR, of the order of a few seconds. 

For the photo-orientational nonlinearity we have carried 
out a calculation, within the framework of a simple model, of 
the torque acting on the director and have estimated the 
threshold power of reorientation of the director, which is in 
good agreement with the experimentally determined value. 

We have found that the magnitude of the thermal non- 
linearity grows rapidly with increase of power of the illumi- 
nating beam. This growth is explained by variation of the 
absorption of the azoxy molecules as a result of the trans-cis 
transition. 

We have also found that when the crystal interacts with 
an obliquely incident light wave under conditions in which 
the orientational nonlinearity plays the main role, the diver- 
gence of the weak beam reflected from the lower boundary 
of the crystal more than doubles. In this case the aberration 
pattern has a complicated segmented shape. 

Examination of the reflected beam allows one to deter- 
mine the direction of reorientation of the director. 

In conclusion, the authors express their gratitude to M. I. 
Barnik and V. G. Rumyantsev for helpful discussions and 
providing a quantity of the liquid crystal MNPO NIOPIK 
and to M. P. Ermilova for preparing the oriented samples. 
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')BMAOB stands for n-butyl-n'-methoxyazoxybenzene; its chemical for- 
mula is 

C4H9-0-N=N-0-4CH3 

BHAOB stands for n-butyl-nr-heptanoyloxyazoxybenzene; its chemical 
formula is 

C4H9-0-N=N-0--OCOC6H13 
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" ~ o t e  that extended, continuous work with the crystal causes the number of 
rings observed for a fixed power and illumination time, and also the char- 
acteristic times of the light-induced processes, to decrease. The crystal 
recovers, however, after several days. 

3 ) ~ a r  from the phase transitions these parameters are similar for different 
nematic liquid crystals. 

4 )~ f t e r  acceptance of the present paper for publication the authors became 
aware of the publication of Ref. 33, in which a theory of reorientation of 
the director as a result of orientationally selective molecular excitation was 
constructed on the basis of a more complex and rigorous model, allowing 
numerical calculation of the torque. 

5)~xpression (22) was obtained on the basis of the expression given in Ref. 
34 for the orienting torque acting on the director due to a quasisteady-state 
wave. 

'A. N. Terenin, Photonics of Dye Molecules and Related Organic Com- 
pounds [in Russian], Nauka, Leningrad (1967). 

'G. H. Brown, ed., Photochromism, Wiley International, New York (1971). 
3 ~ .  M. Makushenko, B. S. Neporent, and 0 .  V. Stolbova, Opt. Spektrosk. 
31, 557 (1971) [Opt. Spectrosc. (USSR) 31, 295 (1971)l. 

4 ~ .  Todorov, L. Nicolova, N. Tomova, and V. Dragostinova, IEEE J. Quan- 
tum Electron. QE-22, 1262 (1986). 
S. Ivanov, I. Yakovlev, S. Kostromin, and V. Shibaev, Macromol. Chem. 
Rapid Commun. 12, 709 (1991). 

6K. Anderle, R. Birenheide, M. J. A. Werner, and J. H. Wendorff, Liquid 
Crystals 9, 691 (1991). 

'R. I. Zharenov, L. I. Mineev, I. G. Chisyakov, T. E. Kalinnikova, and L. N. 
Bardukov, Fourth International Conference of Socialist Countries on Liq- 
uid Crystals, Abstracts, Tbilisi, 1981, p. 88. 

8 ~ .  Ikeda, T. Miyamoto, T. Sasaki, S. Kurihara, and S. Tazuki, Mol. Cryst. 
Liq. Cryst. 188, 235 (1990). 

9V. F. Kitaeva and A. S. Zolot'ko, Mol. Cryst. Liq. Cryst. Sci. Technol. - 
Section B: Nonlinear Optics 2, 261 (1992). 

"0. A. Shustin, T. G. Chernevich, A. I. Federova, I. A. Yakovlev, Pis'ma 
Zh. Eksp. Teor. Fiz. 43, 105 (1986) [JETP Lett. 43, 138 (1986)l. 

"I. C. Khoo, Mol. Cryst. Liq. Crystl. 207, 317 (1991). 
"E. Sackmann, J. Am. Chem. Soc. 93, 7088 (1971). 
1 3 ~ .  Ya. Zel'dovich, N. F. Pilipetskii, A. V. Sukhov, and N. V. Tabiryan, 

Pis'ma Zh. Eksp. Teor. Fi. 31, 287 (1980) [JETP Lett. 31, 263 (1980)l. 
1 4 ~ .  Ichimura, Y. Sazaki, T. Seki, A. Hosoki, and K. Aoki, Laygmuir 4, 

1214 (1988). 
"w. M. Gibbons, P. J. Shannon, S. T. Sun, B. J. Swetlin, Nature 351, 49 

(1991). 
16s. T. Sun, W. M. Gibbons, P. J. Shannon, Liq. Cryst. 12, 869 (1992). 
I7A. G.-S. Chen and D. J. Brady, Opt. Lett. 17, 1231 (1992). 
"A. S. Zolot'ko and V. F. Kitaeva, Pis'ma Zh. Eksp. Teor. Fiz. 59, 341 

(1994). 
191. C. Khoo, Hong Li, and Yu. Liang, IEEE J. Quantum Electron. 29, 1444 

(1993). 
'OM. I. Bamik, S. V. Belyaev, M. E. Grebenkin, V. G. Rumantsev, V. A. 

Seliverstov, V. A. Tsvetkov, and N. M. Shtykov, Krystallografiya 23, 805 
(1978) [Sov. Phys. Crystallogr. 23, 451 (1978)l. 

"L. A. Zubkov, V. P. Romanov, and T. Kh. Salikhov, Opt. Spektrosk. 69, 
110 (1990) [Opt. Spectrosc. 69, 63 (1990)l. 

"L. Csillag, I. Jinossy, V. F. Kitaeva, N. Kroo, and N. N. Sobolev, Mol. 
Cryst. Liq. Cryst. 84, 125 (1982). 

U ~ .  Volterra and E. Wiener-Avnear, Opt. Commun. 12, 194 (1974). 
24S. Ordulov, Yu. A. Reznikov, M. S. Soskin, and A. I. Khizhnyak, Zh. Eksp. 

Teor. Fiz. 85, 1988 (1983) [Sov. Phys. JETP 58, 1154 (1983)l. 
"A. P. Kapustin, Experimental Studies of Liquid Crystals [in Russian], 

Nauka, Moscow (1978), Ch. 4. 
26L. M. Blinov, Electro-optical and Magneto-Optical Properties of Liquid 

Crystals, Wiley, New York (1983). 
2 7 ~ .  Urbach, H. Hervet, R. Rondelez, J. Chem. Phys. 83, 1877 (1985). 
"A. S. Zolot'ko, V. F. Kitaeva, M. P. Ermilova, "Photorefractive Nonlin- 

earity of the Nematic Liquid Crystal "Mixture A", Preprint of FIAN No. 
37, Moscow (1990). 

2 9 ~ .  S. Zolot'ko, V. F. Kitaeva, N. N. Sobolev, and A. P. Sukhorukov, Zh. 
Eksp. Teor. Fiz. 81, 933 (1981) [Sov. Phys. JETP 54, 496 (1981)l. 

3 0 ~ .  Czillag, I. Jinossy, V. F. Kitaeva, N. Kroo, N. N. Sobolev, and A. S. 
Zolot'ko, Mol. Cryst. Liq. Cryst. 78, 173 (1981). 

311. Jinossy, L. Csillag, and A. D. lloyd, Phys. Rev. A 44, 8410 (1991). 
3 Z ~ .  Jinossy and T. Kbsa, Opt. Lett. 17, 1183 (1992). 
33 I. Jinossy, Phys. Rev. E 49, 2957 (1994). 
"P. G. de Gennes, The Physics of Liquid Crystals, Clarendon Press, Oxford 

(1974). 
35 W. Maier and A. Saupe, Z. Naturforsch. 14A, 882 (1959). 
36 W. H. de Jeu, Physical Properties ofliquid-Crystalline Materials, Gordon 

& Breach, New York (1980). 
3 7 ~ .  Kobayashi, E. 0. Degenkolb, and P. M. Rentzepis, J. Phys. Chem. 83, 

2431 (1979). 

Translated by Paul F. Schippnick 

940 JETP 79 (6), December 1994 Zolot'ko et a/. 940 


