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An elliptically polarized cw laser beam propagating in a nematic liquid-crystal film can induce molec-
ular reorientation and lead the system through various dynamic regimes: torsional oscillations, preces-

sion, nutation with precession, and others.

PACS numbers: 61.30.Gd, 42.65.—k, 64.70.Md

Laser-beam propagation in a nematic liquid-crystal
(LC) film is a fascinating problem. Not only does it ex-
hibit some very unique, highly nonlinear optical phenom-
ena, but it also displays an unusually rich nonlinear
dynamical behavior. It has been demonstrated that a
sufficiently strong laser field can induce a Fréedericksz
transition (an orientational transition) in a nematic
film.! Consider a homeotropic film with molecules
aligned parallel to the surface normal. Above the transi-
tion threshold, a linearly polarized beam normally in-
cident on the film can distort the homeotropic alignment
by reorienting the molecules against the elastic torque,
while a circularly polarized beam can, in addition to the
distortion of alignment, cause the molecules to precess
uniformly about the surface normal.? The latter is the
consequence of a constant rate of deposition of angular
momentum from the field to the medium.? With an el-
liptically polarized beam, the situation is even more intri-
guing as we will now report. The main difference be-
tween circular and elliptical input polarizations is that,
in the former case, the molecular reorientation first
breaks the azimuthal symmetry of the system (field and
matter). This yields characteristically different results in
the two cases. The elliptically polarized input can lead
the system through various dynamic regimes: torsional
oscillation, nonuniform precession, nutation superim-
posed on precession, and others. Experimental observa-
tions are in good agreement with theoretical predictions
from a continuum model of laser-beam propagation in an
anisotropic fluid.

In our experiment, the sample studied was a 75-um
homeotropic film of 4-cyano-4'-pentyl-biphenyl (5CB)
sandwiched between two surfactant-coated glass slides.
An Ar *-laser beam, focused to 120 um and normally in-
cident on the sample, was used to pump the sample. The
induced time-dependent molecular reorientation was
probed by a counterpropagating He-Ne laser beam fo-
cused to 70 um in the same region. The probe beam was
circularly polarized and the output from the sample
along the surface normal Z was analyzed by a heterodyne
polarimeter described elsewhere.® This apparatus al-
lowed a real-time monitoring of the output polarization

state which is specified by the ellipticity S3 and the angle
v between the major axis of the polarization ellipse and
a reference axis X in the plane of the film. With the
probe beam circularly polarized we can easily show that

S3=sin [(Zn/l)j;dAn (z)dz] ,
1)

nyne
(n2cos20+n2sin20) 2

An(z) = —-n,,

where n, and n, are the ordinary and extraordinary re-
fractive indices of the LC medium, respectively, 8(z,t) is
the polar angle of the LC director i at (z,z), A is the
wavelength of the probe beam, and 4 is the sample thick-
ness.

The data were taken by keeping the polarization of the
pump beam fixed and varying the pump intensity in 5-
mW steps. Following each intensity change, the system
generally went through a transient period (~30-60 sec)
and settled into a steady state. We found that the sys-
tem in steady state can exhibit various dynamic behav-
iors depending on the ellipticity S3,=sin2y and the in-
tensity I of the pump beam. The observations are sum-
marized in Fig. 1(a), where the observed steady states
for various sets of (7,y) are marked. To avoid inaccura-
cy in the determination of absolute intensities, the nor-
malized pump intensity I/I} is used in the figure, with
1% referring to the threshold intensity needed for a
linearly polarized pump beam to induce the Fréedericksz
transition in the medium.*

Figure 1(a) shows that, depending on I and g, the sys-
tem can fall into different dynamic regimes. Let us start
with an elliptically polarized pump beam with a certain
ellipticity S3, (say, x~n/8). No molecular reorienta-
tion in the sample was observed if / was less than the
threshold intensity I;z(y) for the Fréedericksz transi-
tion.* Just above the threshold, the output was charac-
terized by equilibrium values (S;,y) with small random
fluctuations around it. This indicates that the director
i(z) was reoriented to a new equilibrium position but
not highly stable. With higher pump intensity, the weak
fluctuations became stronger and more regular, and
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FIG. 1. “Phase” diagrams of various dynamic regimes in the
(1,x) plane. (a) Experimental observations: squares, circles,
and triangles denote distorted-equilibrium, persistent-oscil-
lation, and precession-nutation states, respectively. Open sym-
bols refer to states obtained with increasing laser intensity, and
solid symbols to states with decreasing intensity. (b) Theoreti-
cal simulation. U, D, O, and P refer to undistorted, distorted-
equilibrium, persistent-oscillation, and precession-nutation re-
gimes, respectively. Solid lines describe boundaries between
different dynamic regimes. The dashed line describes the
boundary at which P switches back to U, D, or O as the pump
intensity decreases.

finally appeared as regular persistent oscillations. An ex-
ample of the persistent oscillation is shown in Fig. 2.
This corresponds to a libration of A. The transition from
the noisy stable state to the persistent oscillation was
gradual and smooth. As the pump intensity further in-
creased beyond another critical value /., the probe out-
put exhibited a continuous nonuniform rotation of y as
well as an oscillation in S3, as illustrated in Fig. 3. This
manifests a combined motion of nonuniform precession
and nutation of fi about the surface normal Z. The tran-
sition to this dynamic regime with increasing / was rath-
er abrupt. With decreasing I, the system returned to the
persistent-oscillation regime, but at a lower critical value
I.. In other words, there was a hysteresis effect in the
transition between persistent oscillation and precession
and nutation, suggesting that the transition is of first or-
der. As I was further reduced, the system eventually
made a sudden transition back to the deformed equilibri-
um state.

If the ellipticity of the pump polarization was reduced,
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FIG. 2. Persistent oscillation of y(z) observed with y =0.35
rad and I/1$, =1.4. The solid line is a theoretical fit.

it was found that with increasing /, the system no longer
went into the precession-nutation regime but simply
changed from persistent oscillation to a stable equilibri-
um regime. With further reduction of the pump ellipti-
city, even the persistent-oscillation regime disappeared.
On the other hand, when the elliptical pump polarization
became more and more circular, the system would skip
the persistent-oscillation regime and switch directly from
homeotropic alignment to uniform precession at the
Fréedericksz transition threshold. With decreasing I, it
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FIG. 3. Precession and nutation of the director as observed
by a probe beam. The pump beam was characterized by
2=0.5rad and I/13 =1.5. (a) y vs t exhibiting a nonuniform
precession of the director fi. (b) yprobe = 7 sin ~'S3 vs ¢ mani-
festing the nutation of f.
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switched back to the homeotropic alignment at a lower
threshold value. All these features are noted in Fig.
1(a).

Theoretically, the equation of motion governing the
director 1 is the torque-balancing equation

.+t.+1,=0, )
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The variation of the beam polarization in the medium is
of course governed by Maxwell equations. In the
slowly-varying-amplitude approximation, one can show
that the reduced Stokes vector obeys a simple precession
equation, ®®

9S/9z = xS, 4

with @ =(2n/A)(cos2¢,sin2¢,0). Equations (3) and (4)
together with the boundary conditions 6(0,t) =6(d,t)
=0 and 9¢(0,7)/9z =9¢(d,t)/9z =0 allow us to find
0(z,t), ¢(z,t) [and hence 1i(z,7)], and S(Z,7). We note
that an integration of the first equation in Eq. (3), with
the help of Eq. (4) and the boundary conditions, leads
directly to the expression for angular momentum conser-
vation,?

r Ji sin20 2 4; = Lisy@) ~ 5501, (5)
@

ot
If the system is in an equilibrium state, d¢/87 =0 and we
expect S3(d) =S3(0). This is indeed what we observed
in the experiment.

We have solved Egs. (3) and (4) with the boundary
conditions numerically. The following material con-
stants of SCB reported in the literature’® were used in
the calculation: k;;=0.7x10 ¢ dyn, k2, =0.5%10"°
dyn, k33=0.9%x10"% dyn, n,=1.52, and n,=1.7. To
simulate the experimental situation, the intensity / was
varied in small steps of 5 mW with the input ellipticity
fixed. The calculation was able to reproduce semiquanti-
tatively most of the experimental observations. Figure
1(b) depicts the various dynamic regimes of the system
predicted by the calculation. Comparison with the ex-
perimental result in Fig. 1(a) shows that although the
two “‘phase” diagrams do not match qualitatively in all
regimes, all phases observed in the experiment are repro-
duced by the calculation in proper successive order.
Even the observed hysteresis between persistent oscilla-
tion and precession and nutation reappears in the calcu-
lation. The experimental results in Figs. 2 and 3 can also
be fitted fairly well by the same calculation; in addition,
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where 1., 1., and 1, are viscous, elastic, and optical
torques in the medium, respectively. If the backflow
effect is neglected, 7, =y(fix 9n/d¢) is assumed, with y
being the viscosity coefficient,’ and the reduced Stokes
vector® S=(S5,5,,53) is used to describe the polariza-
tion state of the laser beam in the medium, then Eq. (2)
yields’

+ LA_”_(Q(SZcost —Ssin2¢) =0,

c
3)

%(l +5,cos2¢+S,sin2¢) =0.

y=35 cP for Fig. 2 and y=60 cP for Fig. 3. The
different values of y may mean different average viscosi-
ties in the two different dynamic regimes, but they fall in
the range of ¥y =30-90 cP reported in the literature for
S5CB.” We have also measured and calculated the period
of the persistent oscillation as a function of I at y =0.35
and found a semiquantitative agreement between theory
and experiment. In particular, the experimental observa-
tion of the appearance of minimum period of oscillation
as [ varies is confirmed by the calculation. This general
fair agreement between theory and experiment is re-
markable considering the rather crude approximations
invoked in the theory.

Physically, it is the interplay between optical-field-
induced molecular reorientation and birefringence-ef-
fected beam polarization change that leads to the various
dynamic behaviors. In contrast to the case of circularly
polarized input, the elliptically polarized input defines
the major axis of birefringence at z~0 and produces an
optical torque on the molecules that varies along z,
sometimes positive and sometimes negative. The calcu-
lation shows that just above the transition threshold,
fi(z) and S(z) undergo a damped oscillation to reach the
new equilibrium state [with S3(d)=S3(0)]. Damping

comes from viscosity. The noise observed in the experi-
ment is presumably due to the system response to the
laser fluctuations in this marginally stable regime. With
increasing laser intensity, viscous damping becomes less
effective and soon fi(z) and S(z) go into persistent oscil-
lation. For I > I, the optical torque on the molecules

along z no longer changes sign, and so is the angular
momentum deposited by light into the medium. This
sets f(z) into a precession about Z in conjunction with a
nutation. Our calculation also shows that further in-
crease of the beam intensity can actually decrease the
angular momentum 7 |S3(d) —S3(0) | /A deposited into

the medium, and when S3(d)=S3(0), the system
switches back to an equilibrium state. In this state, fi(z)
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is twisted along z and the output polarization is rotated
from the input one. Unfortunately, the required laser in-
tensity is generally too high so that we were not able to
explore this regime in detail in our experiment.

In summary, we have found, both theoretically and ex-
perimentally, that an elliptically polarized input laser
beam with intensity above the Fréedericksz transition
can induce a successive series of orientational dynamics
in a homeotropic liquid-crystal film as reflected in the
time-dependent variation of the output beam polariza-
tion. These nonlinear dynamical and optical effects are
results of the influence of beam polarization and molecu-
lar orientation on each other, angular momentum ex-
change between the two, and balance or imbalance of op-
tical, elastic, and viscous torques in the film.
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