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Light-induced hydrodynamic instabilities in a nematic liquid crystal have been studied
experimentally and theoretically. They were excited by single-mode laser light. The excitation
involves the appearance of convective flows and dynamic orientation structures, which give rise
to self-induced diffraction and scattering of the light. The dynamics of these effects and the
hysteresis seen in them (an optical bistability) result exclusively from internal feedback, which in
turn arises because of an interaction and a competition among various nonlinearity mechanisms:
thermal, hydrodynamic, and orientational. This occurs in a strongly absorbing nematic liquid
crystal (with dichroism), in the absence of any auxiliary quasistatic fields or initial temperature

gradients.

1.INTRODUCTION

The time-varying and stochastic processes and instabi-
lities which arise because of wave propagation in a strongly
nonlinear medium are presently attracting considerable in-
terest. The very first papers on nonlinear optics contained
several discussions of the problem of the instability of non-
linear wave interactions. Those studies, however, were based
on a weak nonlinear response of the medium. In actuality,
strong nonlinear effects arose in these cases because of a
buildup of nonlinear properties transversely across the me-
dium.

Media which exhibit a pronounced intrinsic nonlinear-
ity, e.g., liquid crystals, are now used widely. Because of the
pronounced anisotropy of the molecules and their collective
behavior (orientation) under the influence of an external
field, some qualitatively new effects (not seen in convention-
al Kerr liquids) are induced in a liquid crystal by an external
field. These effects are characterized in particular by the
nonlocal nature of the response of the inhomogeneous medi-
um to an external perturbation.’

The most interesting of these effects involve optical bis-
tability (or multistability) in wave processes with internal
feedback. In particular, a pronounced orientational nonlin-
earity in a liquid crystal, involving a threshold, leads to pho-
toinduced (nonthermal) structural phase transitions with
hysteresis (as the control parameter of the problem is var-
ied). In these transitions, the feedback occurs specifically
because of the nonlocal nonlinear response of the medium to
the laser light.> Fluctuations of molecules play a fundamen-
tal role in liquid-crystal systems. It is because of these fluctu-
ations that orientational effects are possible, and there may
exist singular (critical) points near which intense nonlinear
scattering of light occurs.

On the other hand, effects which result from laser heat-
ing play an important role in the interactions of laser light
with liquid crystals. These effects lead in particular to a de-
pendence of the material parameters of the medium (and
thus the parameters of the photoinduced effects) on the tem-
perature (here we will not take up some “coarser” effects—
local transitions of the liquid crystal to an isotropic phase by
virtue of the laser heating—which can easily be identified
experimentally; Ref. 3, for example).
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A mixture of a nematic liquid crystal with a resonantly
absorbing (dichroic) dye, which we are examining in the
present study, is a convenient experimental model in which
effects stemming from the nonuniformity of heating and
convective motion may compete with orientational nonlin-
ear effects. In this case we are actually dealing with a dynam-
ic nonlinear system with a small number of degrees of free-
dom in which, at comparatively low intensities of the cw
laser light, the wave process becomes stochastic.

The high efficiency of effects of this sort is completely
obvious for liquid crystals.'” Research on the hydrodyna-
mics of liquid crystals dates back a fairly long way. In partic-
ular, Dubois—Violette® studied the hydrodynamic instabil-
ity induced in a nematic liquid crystal by a temperature
gradient which was uniform in the plane of the liquid crystal.
Laser-induced hydrodynamics in isotropic media—liquids
and gases—was discussed in Ref. 7, among other places.
Still, the photoinduced hydrodynamics of liquid crystals re-
mains a field which has received little study.

In the present paper we are reporting a further study of
the photohydrodynamic instabilities which were observed in
Ref. 8 and of the accompanying nonlinear-optical effects
caused in nematic liquid crystals by laser light. These studies
were carried out in an all-optical experiment (i.e., without
any auxiliary quasistatic fields or initial temperature gradi-
ents in the sample) in a highly nonlinear system: a composite
mixture of a nematic liquid crystal and a dichroic absorbing
dye. An important point is that a single-mode (TEMg,-
mode) laser beam was applied to a nematic liquid crystal in
an initially uniform orientation.

2.PHYSICS OF THE PHOTOHYDRODYNAMIC INSTABILITY IN
NEMATIC LIQUID CRYSTALS; NUMERICAL ESTIMATES

The physical basis for the effects which we are discuss-
ing here is the appearance of convective instabilities in a lig-
uid at rest under conditions such that a temperature gradient
is set up in the liquid. We are essentially dealing with the
classic Rayleigh—-Bénard problem of the stability of a liquid
layer of thickness d between two horizontal planes, the up-
per of which is at a temperature (7, ) lower than that of the
lower plane (7, ): T, < T, (Ref. 9). Heat evolution further
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redistributes thermal energy through diffusion and trans-
port of heated matter as the result of thermal expansion.

It is thus easy to find some simple estimates of the
threshold for the onset of the photohydrodynamic instabili-
ties, by analogy with the case of ordinary (isotropic) liquids.
These estimates, however, are based on the strong assump-
tion that the vertical temperature gradient (along the z axis)
plays a dominant role (this point is the subject of a special
discussion below).

In this case, assuming for simplicity that the volume of
the liquid layer heated by the laser beam is a vertical cylinder
of height d and cross-sectional radius b, and assuming that
the wall of this cylinder is heat-insulating, we find the fol-
lowing estimate of the critical Rayleigh number R_,, which
determines the threshold for the onset of convective flows:®

gB(A, ) b*
d?’l’n,L

Here b is an effective radius for the steady-state heated vol-
ume of the medium. This radius depends on the thermal
conductivity of the medium (it is usually legitimate to as-
sume b > a, where a is the radius of the laser beam), g is the
acceleration due to gravity, = — p~ (dp/3T) is the co-
efficient of thermal expansion of the liquid, p is the density of
the liquid, y=7%/p is the kinematic viscosity (7 is the dy-
namic viscosity), y; , =x;,/pc, is the thermal diffusivity,
2L is the thermal conductivity, ¢, is the specific heat, and
(A, D) =T, —T,>0(T(z) =T, — (A, T)z/d). If we use
the parameter values given in Ref. 6 for a nematic liquid
crystal [~107° K™, pc,~1 J/(cm*K), X ~10"*
cm’/s, and 7~1 P], and if we assume g~ 10° cm/s?,
d~10"%cm, and b~ 10 ~ ' cm, we find that condition (1) is
satisfied at (A, 7)., =1 K.

An independent estimate of the initial temperature gra-
dient (i.e., that which prevails before an equilibrium is
reached) between thin layers (of thickness Az) in the en-
trance and exit planes of the sample—the gradient which
arises because of the absorption (the fastest process) of light,
of intensity /—yields

AT = a I(82)2[1 = exp(~a, d)]/(n%pcx) 2)

R

68. (D

cr

where | are the absorption coefficients associated with the
anisotropy (with the dichroism). In our case we have
a, =35cm ' (Sec.4). This value of A, T corresponds to the
value A, T =1 K found from (1) if we use Az=~5 um and
I1~2-10>W/cm?

We thus reach the conclusion that the excitation of pho-
tohydrodynamic instabilities in an absorbing nematic liquid
crystal can be extremely effective and can occur in the field
of a comparatively low-power (cw) laser. However, there
are several important features which distinguish our case,
that of the excitation of photoinduced instabilities by a laser
beam, from the classic Rayleigh-Bénard problem.

In the first place, in addition to the vertical temperature
gradient A, 7, which results from the propagation of the la-
ser light through the medium and the associated exponential
attenuation of the light intensity, 1(z) =I(z=0)
exp( — a,z), there is a horizontal gradient A, 7, which is
determined by the finite size (in the transverse direction) of
the Gaussian laser beam I(r) =1I(r=0)exp( — r*/a?),
where a is the beam radius.
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Second, because of the anisotropy of the medium, the
laser light may give rise to strong photoinduced reorienta-
tion of the director of the nematic liquid crystal in the medi-
um (this reorientation is nonuniform along zand r).'° These
reorientations lead in turn to temperature gradients (along z
and r, respectively) in the sample, because of the positive
dichroism of the absorption (cf. Ref. 11). Photoinduced
orientational effects can serve as a trigger for photohydro-
dynamic instabilities, for example; they lead to relative heat-
ing of the central layers of the liquid (in the z direction), for
which the reorientation is at its greatest in the sample' and
thus for which the absorption is strongest. In other words,
there is an increase in A, T. The efficiency of these nonlinear
processes (in particular, the threshold for their occurrence,
1, for the case in which light is incident normally on the
sample, i.e., at an angle of incidence ¢ = 0; Fig. 1) depends
strongly on the temperature ([, decreases as T— T **,
where T'** is the temperature at which the nematic liquid
crystal undergoes a transition to the isotropic phase'? ).

Third, for an oblique orientation of the sample (along x;
¥ #0), i.e., for special boundary conditions (cf. Ref. 9),
there is an additional mass flux along the oblique plane (the
component of the gravitational acceleration g sin « comes
into play and contributes to the pressure in the medium).
This flux is unstable with respect to the excitation of periodic
structures of the form exp(igx), where g is the correspond-
ing reciprocal-lattice vector.*®!3 As a result, “roller” struc-
tures should be induced (with a length scale A ~7/q), and
there should be a diffractive spreading of the beam in the
plane of incidence.

Fourth, the establishment of the temperature field in
our system and thus the values of the parameters of the tran-
sient processes are determined by multiple feedback chan-
nels. In addition to the standard mechanism, which involves
fluctuating hydrodynamic flows (which implement an ex-
change of energy between different layers of the medium),
there are some additional feedback channels. The latter re-
sult from the interdependence of the light-induced orienta-
tional-hydrodynamic mechanisms and thermal mechanisms
(the latter operating because of the dichroism of the absorp-
tion).

As a result, there may be hysteretic effects in the sys-

| 1
iy

FIG. 1. Experimental geometry. n,—Director of the unperturbed nema-
tic liquid crystal (which is along the normal, z, to the surfaces of the
substrates ); k—light wave vector; J—angular deviation of the cell from a
horizontal position g—acceleration due to gravity.
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tem. An exact quantitative analysis of this problem thus re-
quires the simultaneous solution of a three-dimensional
heat-conduction problem with nonuniform distribution of
the heat source (the laser beam) and the system of nonlinear
nematodynamic equations in the case in which light has an
orienting effect. It might seem that if we were to take account
of all these factors (and also their relaxation times), which
lead to a nonlinear dependence of the material parameters of
the medium (the viscosity, etc.), we would be obliged to use
self-similar approximations to solve the problem (cf. Refs.
13 and 14). Nevertheless, a rather simple theoretical analy-
sis of the problem turns out to be possible. This analysis,
which yields a qualitative description of the effect, is the
subject of the following section of this paper (Sec. 3).

Before we take up that analysis, however, we wish to
make two assertions of fundamental importance.

First, the transport of heated matter in a liquid crystal is
known to be opposed by the orientational order of the nema-
tic liquid crystal:® If the hydrodynamic flow (in the pres-
ence of a velocity gradient) tends to rotate the director (if
there is a torque I'y, ¥ « (dv/dr), where v is the flow veloc-
ity and r is the coordinate), then elastic forces create a tor-
sional moment (which works opposite the hydrodynamic
moment) because of the stiffness of the boundary condi-
tions. The magnitude of this moment is T, « K3 >®/dr?,
where X is the elastic constant, and @ is the angle through
which the director is reoriented. It is the balance struck be-
tween these two moments which actually determines the
threshold for the onset of photohydrodynamic instabilities.

Second, the presence of a transverse temperature gradi-
ent turns out to be extremely important for the occurrence of
a hydrodynamic flow in a nematic liquid crystal (v#0); it
actually determines the onset of the process. As in the laser
excitation of threshold orientational structures in a nematic
liquid crystal, forced convection in them is fluctuational in
nature. It starts from thermal fluctuations of the director
which exist in the medium. As was shown in Ref. 6, it is
specifically because of these fluctuations that transverse
temperature gradients arise (by virtue of the anisotropy of
the thermal conductivity). As a result, these fluctuations are
responsible for the transverse component v, of the mass
transport velocity in the liquid crystal. Hence hydrodynam-
ic flows may be excited.

In our case, this temperature gradient A, T exists at the
onset and is determined by the geometry of the problem (the
finite dimensions of the laser beam). It is this gradient (and
not fluctuations of the director, as in Ref. 6) which deter-
mines the “start” of the process and which is responsible for
the high efficiency of the process. The physics of the effect
can be summarized as follows: The gradient A, T creates a
pressure drop and displaces a heated element of liquid into a
less-heated region, in the peripheral part of the laser beam.
Thereafter, the process reduces to the usual Rayleigh-Bén-
ard mechanism.

The value of A, T in the geometry of Fig. 1 can be found
in the manner in which we found the estimate (2):

AT = a I(An?[1 — exp(—r*/a%)] (%, x,) - (3)

For Ar~3 um we have A, T~3 K.
If we estimate A, T from the fluctuation mechanisms
(the case discussed in Ref. 6) we find values smaller by more
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than three orders of magnitude. Correspondingly, the effi-
ciency of the heat-convection process is much lower (i.e., the
conditions for the beginning of this process are more strin-
gent). The situation can be illustrated in the following way.

It is easy to compare the excitation of photohydrodyna-
mic instabilities and that of electrohydrodynamic instabili-
ties in a nematic liquid crystal (the latter instabilities have
been studied thoroughly). According to this analogy, when
the role of the electric potential is played by the tempera-
ture'® we find the following estimate (cf. Ref. 6) for the
threshold temperature gradient (A, 7)., ,:

K31 5.4 %0 274

. 4
peB Y32 *a d3 4

(Az T)cn,z =

The anisotropy of the medium has been taken into account
here (in the indices of the parameters); x, =x; — x, is the
anisotropy of the thermal conductivity; and the two values
(A, 7)., correspond to the two original orientations of the
director of the nematic liquid crystal in the sample, i.e., ho-
meotropic (the molecules are oriented perpendicular to the
plane of the substrates) and planar (along the substrates),
respectively. We see from (4) that there is an inverse cubic
dependence of (A, T).,, (and thus of the threshold for the
photohydrodynamic instabilities) on the sample thickness
d. In this case we find that, with d = 1 mm, the threshold
temperature difference between the substrates (for a homeo-
tropic orientation of the liquid crystal) required for the oc-
currence of a convective instability is (A, 7). = 5 K. This
result agrees with the experimental results of Ref. 6 and with
the estimates in (2) and (3).

If we take that approach (which, in our case, essentially
corresponds to the wide-beam approximation: a>d), how-
ever, we would need a huge temperature difference,
(A, T)., ~5000 K, for the thickness of the liquid-crystal cell
under consideration here, d ~0.1 mm. Such temperature dif-
ferences are obviously unrealistic. On the other hand, we
know that in practice laser-induced convection is distin-
guished by a particularly low threshold (Ref. 7, for exam-
ple). This contradiction is resolved by the fact that in a laser
experiment a dominant role is played by the transverse tem-
perature gradient, which exists initially by virtue of the finite
size of the beam, while the derivation of (4) was based on
A, T due to fluctuations of the director.

3. THEORY

In this section of the paper we restrict the discussion to
a qualitative theoretical analysis, and we estimate the
threshold for photohydrodynamic instabilities. Taking the
approach of Ref. 6, which also assumes that the medium is
weakly anisotropic (the single-constant approximation in
terms of the elastic parameters of the medium), and ignoring
the role of the vertical gradient in comparison with that of
the horizontal (transverse) gradient, we find the following
system of equations to describe the steady-state convective
instability in a nematic liquid crystal caused by laser heating
(the meaning of the parameters introduced here is defined
below):
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3 F) a2
_-a—zéP+r](—x2 2]" + pg BT =0,
6P+r/[ _]vx=0’
92 F)
-G, - X ; az2 8T = %,G,5-0® = 0,

FY)
a —
—K [Sx—2+_zz] oD -~ azavx—o,
divv =0,
(5)

Here K. is the Frank elastic constant, and «, is the Leslie
viscosity. As in Ref. 6, we are assuming that the problem is
uniform along the y axis. We thus have only a transverse
temperature gradient G, due to the laser heating of the me-
dium to the threshold for mechanical transport of mass and
heat:® G, = (d/3x)T(x), where T(x) is found from the
heat-conduction equation x, AT+, I=0, a, is the
average light absorption coefficient, and A is the Laplacian.
Again, we wish to stress that we are assuming G, €G,.

We seek elementary excitations (above the threshold
for the convective instability) for the velocity, the pressure,
the temperature, and the director reorientation angle (v, 6P,
8T, and 6P, respectively) in the form

qx . .
v= 11,0, - 7 -vexp(igz + igx) ,

z
8P = Pexp(igz + ig,x) , (6)
8T = Texp(ig,z + ig.x),
0P = d exp(ig,z + ig . x)
Substituting into Egs. (5), and carrying out some simple

manipulations, we find an expression for the threshold value
of G,:

ol @)
T8 +6%) + ap, /Ky pgB’

where §=¢q,/q, =d /b.

Let us examine the functional dependence G, () for
the following values of the parameters: d~100 um
(¢, ~7/d =3.14-10> cm~'),g=10cm's "%, p=1g-cm >,
B=10"K !, x=510"% cm*s™ ', »,~10"* cm?s~/,
K.=~5-10"" dyn, and a, ~0.8 P. For water (for the essen-
tially isotropic phase of the nematic liquid crystal), the value
of 7 is® 0.01 P. For a nematic liquid crystal in the nematic
phase at room temperature, we would have'> ~1 P. Near
the transition to the isotropic phase, which is the situation
which usually prevails in experiments on nematic liquid
crystals, we can assume 7~0.1 P. From (7) we then find

1 (1+6%)*
= §5-1
Ox =510 5 T oh - 160 8)

Figure 2 shows a plot of G, (§). We see that the behavior of
the threshold for the photohydrodynamic instabilities as a
function of the geometric parameters of the problem (the
cell thickness and the beam width) is generally not mono-
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FIG. 2. Theoretical threshold temperature gradient G, , normalized to
qixn/pgh, ie., |G, |=G,pgB/qixn (see the text proper regarding the
notation) as a function of the parameter 6, which is the ratio of the sample
thickness d to the effective width of the heated region, 5(8 =d /b).

tonic: After a sharp decay (in the region §$1), |G, ()|
begins to increase slowly with increasing 6 (cf. Ref. 14).

Since in our case, in contrast with Ref. 6, the threshold
for the convective instabilities is exceeded by virtue of a pre-
viously specified transverse temperature gradient, rather
than by fluctuations of the director, we can ignore those
termsin Eqgs. (5) which are responsible for fluctuations (i.e.,
which ignore the reorientation angle §®). The minimum
value of G, is then found to be G, ~ 10 K/cm (in the region
§51). If we assume that the size of the heated region is
b~2a~0.01cm (this is fairly close to the actual values), we
find A, T=bG, =5 K in agreement with the estimates in Sec.
2.

To determine the parameter b, we would obviously have
to find a rigorous solution of the heat-conduction equation.
However, since our calculations are only approximate, and
they simply explain the experimental results reported in Sec.
4 below, we will content ourselves with a qualitative discus-
sion. We believe that this discussion is completely satisfac-
tory (we are actually suggesting that the parameter b be used
as an adjustable parameter).

4.EXPERIMENT

Experimental conditions. A specially selected dichroic
dye was added to a sample of a nematic liquid crystal (4-
cyano-4-amylbiphenyl). As a result, there was a pronounced
optical nonlinear of the entire complex, because of the ab-
sorption in the green part of the spectrum. An unsaturated
composition was obtained at a dye concentration < 10%. It
exhibited a positive absorption dichroism (/I ~1,2,
where 1, are the intensities of the o- and e-polarized waves
transmitted by the cell for a fixed input intensity). This com-
position leads to a good resonance (the absorption coeffi-
cients are @, ~35 cm~' and @; =50 cm~' at T=~18°C)
when a single-mode cw Ar** laser (4 = 0.51 um) is used as
a pump.

The experimental geometry is shown in Fig. 1. The sam-
ples had a thickness d = 70-220 um. The molecules of the
nematic liquid crystal in the mixture were homeotropically
oriented [the director is in the orientation n,||z; the plane of
the substrates is the (x,y) plane]. Most of the experiments
were carried out at room temperature. When the light was
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incident normally (k||n, ), the cell was positioned horizon-
tally (the case of a vertical position will be pointed out sepa-
rately). When the light was incident obliquely, the cell was
rotated through an angle #<56°, where k is the wave vector
of the incident light. The diameter of the spot of the focused
laser beam was 2a ~ 80 um. In the course of the experiment,
we checked to ensure that the liquid crystal did not undergo
a transition to the isotropic phase (more on this below) as a
result of the laser heating. We also made sure that the sample
was not bleached because of a saturation of the absorption.

Let us summarize the experimental results.

Normal incidence (3 =0). As the intensity / of the light
incident on the cell is raised smoothly, we see a threshold
I,.., above which (at I>1, ) there is an avalanche in-
crease (by about an order of magnitude) in the angular spec-
trum A6 of the transmitted light. This effect is a consequence
of the onset of photohydrodynamic instabilities in the medi-
um. The angular spectrum in this case consists of concentric
rings which are moving away from their center (the number
of rings is a few tens; Fig. 3, d,e,f).

The time scale of the relaxation to an equilibrium pat-
ternis 7, ~ 10-15 s. This pattern is dynamic, however, as can
be seen in temporal fluctuations and a strong scattering of
the transmitted light. Just below the threshold ([ < I, ) the
laser beam broadens, and a single broad ring appears. We
also see beats (in the diameter) of the ring against the back-
ground of a slight flickering of the scattered light, with time
scales 7~5 s and 7<0.1 s, respectively.

A short distance above the threshold, we see, superim-
posed on the background of the main system of rings, an-
other system (of two or threerings). This double pattern can
be seen clearly by blocking the pump light. In this case the
different systems of rings observed by means of a probe beam
disappear with different relaxation times. If the temperature
conditions are chosen appropriately, it becomes possible to
observe the disappearance of one system of rings (that which
relaxes more rapidly); then the other system of rings arises
from the center of the beam and also undergoes relaxation,
but far more slowly (over a time on the order of the relaxa-
tion time for orientational effects).

When the pump light is blocked, the fastest thermal
mechanisms are turned off first, then the hydrodynamic
mechanisms, and only then the orientational mechanisms.
Because of the interplay among these factors, and because
the decay times are approximately the same (for, say, the
orientation and hydrodynamic mechanisms), the decay pro-
cess (the collapse of the ring pattern) may be nonmonotonic
at a local level. This is what is seen experimentally.

As the intensity is raised further (above the threshold,
I>1,.,), the system of rings begins to break up. Chaotic
scattering becomes progressively more predominant (Fig.
3d). Even further above the threshold value of the intensity
of the incident light, the angular spectrum of the transmitted
(scattered) light becomes narrower, and it nearly reaches its
original value (there is a local transition of the nematic lig-
uid crystal into the isotropic phase). Later (for I>21,,),

FIG. 3. Nature of the light transmitted through the sample in the far zone. a—Before the transition to the photohydrodynamic instability; b—ring
structure immediately after the transition; c—breakup of the ring structure at higher intensities; d-f—formation of a grid pattern after the main beam is
blocked (the photographs were taken at an angle ~20° with respect to the screen).
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the laser heating causes as thermal self-focusing of the beam

in the isotropic phase.

When the changes in light intensity are repeated in the
opposite direction (from the latter level), there is a tempera-
ture-induced transition back to the nematic phase. With a
further decrease in I, the inverse transition to the original
steady-state pattern in the transmitted light occurs at a dif-
ferent threshold intensity, I, , <1y, . The relaxation time
(the time scale for the collapse of the ring structure in the
transmitted light) is 7, ~ 3040 s, considerably shorter than

the relaxation time.

As I'is increased and reduced in succession, we thus see
clearly defined hysteresis (an optical bistability). The width
of the loop is AI=1, , — I.,. In addition, the value of
I, isitselfa strong function of the temperature of the over-

all sample, T (Fig. 4).

For a pure nematic liquid crystal (without a dye), un-
der the same conditions, the corresponding instabilities are
not observed up to values I > I, ~ 21, ,, at which the well-
known photoinduced Fréedericksz transition occurs by an
orientational mechanism (after the threshold is reached, in
the case Eln,).'® For this transition, however, the ring
structure, which determines the nonlinear phase shift for the

transmitted light,! forms fairly smoothly!'¢

and is easily

distinguishable from the pattern described above. We also
note that hysteresis of the photoinduced Fréedericksz transi-
tion is not observed in this nematic liquid crystal (cf. Ref.

17).

When samples (of thickness 200-300 #m) with a satu-
rated dye solution in a nematic liquid crystal are used (in
this case, undissolved particles serve as tracer particles), the
nature of the events which occur is qualitatively the same as
above. In addition, the instabilities which arise in the laser-
irradiated volume of the medium are clearly accompanied by
hydrodynamic mass transport. In other words, we are actu-
ally talking about photohydrodynamic instabilities in this
case. The time scales of these periodic fluxes (the angular
rotation velocity) depend on I, decreasing with increasing /

(the angular velocity increases in the process).

In a vertically oriented cell, the centers of hydrodynam-
ic rotation of the material (the tracer particles) arise with-
out any auxiliary conditions. In a horizontal cell, they can be
observed after an addition spatial modulation of the light
intensity over the beam cross section (a wire grid is placed in

the beam).
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Some special test experiments with a cell in a planar
orientation (n, |[x) showed that the difference between the
thresholds for the onset of the photohydrodynamic instabili-
ties in purely o- and e-polarized waves is essentially equal to
the value of Al for a homeotropic cell. The implication is
that a dichronic absorption is playing an important role.

The effects of the photohydrodynamic instabilities de-
scribed here depend rather weakly on the polarization of the
incident light (the threshold for their excitation in normally
incident light remains essentially the same when we switch
from, for example, linearly polarized to circularly polarized
light). In addition, the observed effects are essentially the
same when the light is incident vertically from above and
below the sample. On the other hand, they depend strongly
on the size of the laser beam, the cell thickness, the rate at
which 7 is switched, etc.

For example, the dependence of the threshold intensity
I, on the beam size (for certain values of the cell thick-
ness) is as shown in Fig. 5. We see that for the parameter
values used here this is a monotonically decreasing depend-
ence (as the thickness of the sample is increased, the thresh-
old intensity also decreases).

Oblique incidence (3 <56°). Although the basic features
of the observed picture are generally the same (e.g., there is
still a threshold involved), there are some qualitative dis-
tinctions.

First, in the field of an incident e wave, the excitation of
photohydrodynamic instabilities is preceded by reorienta-
tion of the director of the nematic liquid crystal in a process
which does not involve a threshold.'>'® Interestingly, the
system of diffraction rings associated with the photohydro-
dynamic instability is spatially shifted with respect to the
orientational system of rings.

Second, after the threshold for photohydrodynamic in-
stability is reached in this case, a special scattering direction
arises, and the transmitted beam spreads out in the plane of
incidence (some fairly stable scattering “whiskers,” drifting
slowly, are observed; Fig. 6). As the cell is rotated around
the beam axis, these whiskers follow the rotation, with a time
lag ~2.5s. Measurements of the times involved showed that
while the relaxation time of the orientational rings before the
excitation of the photohydrodynamic instability is ~5 s, the
relaxation time of the whiskers (after the onset of the photo-
hydrodynamic instability) is ~2.5 s. The purely thermal
lenses, with a far shorter relaxation time, ~0.1 s, have evi-

FIG. 4. Experimental results on the threshold power P = I'ra’ for
the onset of photohydrodynamic instabilities, P,,,, (), and on the
width of the hysteresis loop, AP=P,, ., — P,,., (2), versus the sam-
ple temperature T; Here T ** is the temperature at which the nema-
tic liquid crystal undergoes a phase transition to an isotropic state.
Inset: Hysteresis in the dependence of the angular spectrum of the
transmitted light, A8, on the power of the incident light, P ( P, is
the intensity at which the photohydrodynamic instability “turns
off”).
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dently been eliminated here.

As the main laser beam is turned on and blocked, the
sequential changes (in several distinct steps) in the mode
composition of the perturbations in the nematic liquid crys-
tal cause corresponding (and also sequential) changes in the
nature of the light scattering pattern (regardless of the ori-
entation of the sample). This pattern is grainy. As the pat-
tern is built up, the grains grow and convert into periodic
lattices against the background of the ring structure (Fig. 3,
b,c,a).

These spreading effects and scattering whiskers arise
from a multiple diffraction of light by the lattice perturba-
tions of the medium (cf. Ref. 12).

We thus have a fundamental result: In this special ex-
perimental geometry, it is possible to excite spatially period-
ic perturbations of a hydrodynamic nature in the medium by
means of a single Gaussian beam.

5.DISCUSSION

It follows from the analysis of Secs. 2 and 3 that the
physics of the observed effects described in Sec. 4 is indeed
associated with the appearance, in an anisotropic medium (a
nematic liquid crystal), of a convective instability of a liquid
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FIG. 5. Experimental threshold intensity /,,,, versus the beam di-
ameter 2a for various sample thicknesses d: /—70 um; 2—130 um;
3—220 pum. Inset: Typical plot of /,,,, versus the parameter d, the
ratio of the sample thickness 4 to the beam width 2a, for d = 130
pm (cf. the curve in Fig. 2 and §> 1).

at rest as the result of light absorption under conditions such
that a temperature gradient is set up in the medium.

Three experimental facts indicate that the anisotropy of
the medium plays an important role in the onset of the pho-
tohydrodynamic instabilities in this case: (1) The observed
picture of the photohydrodynamic instabilities is identical in
the cases in which the light is incident on a horizontally
oriented sample from above and from below. (2) This is not
the case (at least at the given efficiency level) in the isotropic
phase of the nematic liquid crystal. (3) The value of Al has
been identified with IS, —I'¢,,.

The two values I,;,,, can be written as a sequence of
proportions (on the basis of the simple arguments in Sec. 2):

Ithrl,Z ~]:)I’:~ -~ (Az T')crl,Z’ (9)

where we have estimate (4) for (A, 7).
Using (9) and (4) we then find

Ithrl

Ilhrz

2
_Knsra k(9
K 473 %, |2,

However, as we mentioned back in Sec. 2, relations (9) agree

FIG. 6. Diffraction pattern in the case of an oblique orienta-
tion of the sample. Scattering “whiskers” can be seen along
the direction of the inclination.
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with the data in Fig. 4 [small values of (A, 7)., ] only when
the governing role of A, T in the excitation of the photohy-
drodynamic instabilities is taken into account. In our case,
the matter is determined by the special geometry of the prob-
lem [again, compare this situation with that of Ref. 6, where
the existence of a A, T, incorporated in the derivation of (4),
stems from fluctuations of the director and thus requires
huge values of (A, T)_, with this value of d]. Nevertheless,
this approach does yield an explanation of the temperature
dependence found experimentally (Fig. 4). Specifically,
since we have Ko«S2%(T), Xary My «<S(T), and
%, < 1/8(T), where S(T) is the nematic order parameter
S(T) < (T** —T)% £~0.15-0.3 (Ref. 6), we should have
Iy, AT when the sample is heated (77— T **).

For 7, the dependence is again well known:!
1/7,~Kqg*/y. For the slowest mode (A~d), with
K~4-10""dyn and y~ 1 P, we find 7, =25 s, in agreement
with the experimental results in Sec. 4.

A more accurate description of the behavior of the
threshold for the photohydrodynamic instabilities, which is
determined by the transverse temperature gradient G, is
given by Eq. (8).

The experimental behavior shown in Fig. 5 (see also the
inset in Fig. 5) actually corresponds to the case in which the
geometric factor of the problem has a value § > 1. In this
case, an increase in § is accompanied by an increase in the
threshold for the onset of the instabilities (if we use the ap-
proximation G, « I;,.). A study of the region § £ 1, in which
there may be a deviation from monotonic behavior, requires
a far higher light intensity (in agreement with Fig. 2). We
did not study this region in detail (at these values of I, a
transition to the isotropic phase occurs; the theory in Sec. 3 is
no longer applicable).

At high intensities we again observe hysteresis effects
and the appearance of a ring diffraction pattern. However,
these effects are not due to hydrodynamic flows; they are
determined instead by a local transition of the nematic liquid
crystal to the isotropic phase and diffraction of light by the
isotropic “holes” which form.? In addition, complex effects
arise upon various conformational conversions of the mole-
cules of the nematic liquid crystals in the region of strong
absorption of the incident light.'® These effects may also be
caused by the admixture of dye molecules (cf. Ref. 19). Fur-
thermore, these impurities may, in sufficiently high concen-
tration, stimulate an independent phase transition in the sys-
tem because of short-range-order effects' and thus lead to an
avalanche behavior of the optical parameters of the problem
near a singular point of this sort. However, these cases can be
identified easily. In particular, the latter effect is not seen
under our conditions (far from saturation of absorption).

6. CONCLUSION

Resolving all aspects of the problem discussed in this
paper will of course require more thorough theoretical cal-
culations (certain approaches are pointed out in Refs. 13
and 14, for example). There is also a need for further, de-
tailed experiments. The results presented here should be re-
garded as merely a first step toward a study of photohydro-
dynamic instabilities. However, it can be concluded from
even these results that some effects of fundamental physical
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importance are being manifested in phenomena associated
with photohydrodynamic instabilities: on the one hand, the
onset of stochastic behavior in a highly nonlinear system,
and, on the other, the development of self-organization pro-
cesses in the system.>!?

Some well-known experimental advances have been
made in this direction. In particular, advances have been
made during the excitation of transverse structures and
space-time chaos under conditions such that an effective
two-dimensional (external) feedback is realized in a nonlin-
ear optical system (Ref. 20, for example). In our case the
multiplex feedback, determined by the interplay and compe-
tition among hydrodynamic, orientational, and thermal pro-
cesses, is an internal property of the system itself. It consti-
tutes a separate problem, no less interesting, with many
possibilities for the realization of various regimes.

This system is even more attractive because it can be
prepared rather easily by simply adding dye molecules to a
nematic liquid crystal. It was predicted in Ref. 11, on the
basis of the specific features of the system consisting of a
nematic liquid crystal and a dichroic dye, that there might be
an absorption configurational bistability, regenerative pul-
sations, and effects due to heat evolution (as in our case).
Accordingly, in this field we can expect to find yet other
interesting effects, which will require experimental and
theoretical study.
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