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TRANSITION: MULTISTABILITY AND OPTICAL PHASE-LOCKING
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Pad.20 - Mostra d'Oltremare, 80125 Napoli, Italy

(Received October 10, 1991)

Abstract Accurate measurements near the threshold for the Opti-
cal Fréedericksz Transition were made wusing a heterodyne
interferometer-polarimeter. Evidence of multistability and
Optical Phase Locking to odd multiple of 7 was obtained. A
physical explanation of these phenomena based on total angular
momentum conservation was also proposed.

INTRODUCTION

The Optical Fréedericksz Transition (OFT) was first observed in Nema-
tic Liquid Crystals (NLC) by using a linearly polarized laser beam at
normal incidence on a homeotropic film} The effect consists in a
strong optically induced reorientation of the mean direction n of the
liquid crystal molecules, when the laser intensity exceeds a characte-
ristic threshold.

It is commonly accepted that the OFT is very similar to the well
known Fréedericksz transition induced in nematics by external static
fields.2 It is argued, in fact, ‘that, in view of the linear polariza-
tion of the light inside the sample, the liquid crystal molecules feel
an average optical field which is constant both in intensity and in
direction. Consequently, all models proposed in the literature to ex-
plain the phenomenon retain this picture and lead to results that are
very similar to the ones obtained in the static-field case.3

Nevertheless, recent expetimentsA have shown that the interaction
between nematics and light is essentially different from the interac-

tion between nematics and static fields because angular momentum can

be transferred from the optical field to the medium. In simple geome-
tries, the transfer of angular momentum from the radiation to the 1li-

quid crystal leads to Self-Induced Stimulated Light St:at:te):ing.5
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This suggests that also in the simplest case, namely in the opti-
cal Fréedericksz transition with linearly polarized light at normal
incidence, the coupling between the angular momentum of the light and
the LC medium cannot be neglected so that features should appear ha-
ving no analog in the static-field case. As shown in a recent theore-
tical work, these features should include Multistability and Optical
Phase-Locking (OPL).6

In this paper we present a detailed study on the phenomena occur-
ring near the threshold for the OFT in nematics made with the aid of a
very sensitive heterodyne interferometer-polarimeter. Although our
results confirm some of the effects foreseen in Ref.[6], we observed

also some discrepancies that seem to require future investigationms.

MULTISTABILITY AND OPTICAL PHASE-LOCKING

Before presenting the experimental observations, it is worth while to
discuss briefly some of the results of the simple model of Ref.[6].

The main difference between the model proposed in Ref.[6] and all
other reported previously in the literature is that the molecular di-
rector n is now allowed to precess around the direction of propagation
of the laser beam, even if the laser beam is linearly polarized. This
new degree of freedom leads in a natural way to the occurrence of pe-
culiar phenomena, as OPL, intimately related to angular momentum
transfer.

Consider, in fact, the typical configuration for OFT. A linearly
polarized laser beam is impinging at normal incidence onto a homeotro-
pic nematic film of thickness L. Let § and ¢ denote the polar and azi-
muthal angles of the director n with respect to the z-axis directed
along the laser beam. The laser intensity is slightly above the thre-
shold for the OFT, so that a small reorientation is induced in the
film, Initially, the reorientation takes place with n in the polariza-
tion plane of the beam.

Assume now small rigid rotation &¢(t) around the z-axis of the
plane containing the director, due to fluctuations. Since the bire-
fringence axis of the medium is now out of the polarization plane, the
polarization of the light emerging from the sample will be elliptical-

ly polarized, eventually with very small ellipticity. Angular momentum
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is then transferred from the beam to the medium, producing a small
nonzero torque GTZ along the z-axis. Due to the linear polarization of
the input light, the sign of 6Tz may be positive as well as negative,
depending on the sign of the "elicity” of the light after having tra-
versed the sample. Accordingly, the torque GTZ may either damp out or
enhance the initial fluctuation 8¢, leading to instability of the ini-
tial state.

The sign of the output elicity depends crucially on the phase
difference Ay accumulated between the ordinary and extraordinary waves
in traversing the film. For film thicknesses L >> A, the optical wave-
length, the phase Ay is a very sensitive function of the laser-induced
birefringence and, hence, of the laser intensity. We expect, therefo-
re, that, as the input power is increased, the output elicity should
change in sign many times, driving the system through a sequence of
several stable and unstable states.

Moreover, total angular momentum conservation requires that, at
steady-states, no net angular momentum is lost by the radiation field,
so that the output polarization should eventually rotate, but still
remain linear. For ¢ # 0, this implies that the overall birefringence
of the sample must adjust so that the phase difference Ay is nw, with
integer n. The model presented in Ref.[6] actually shows that two sets
of steady states exist: one corresponding to even n (A-retardation)
which are unstable, and one to odd n (i) retardation), which are sta-
ble. In consequence, the laser-induced sample birefringence AY cannot
change in a continuous way, when the incident power is increased, but
it remains locked to some integer multiple of iA until it jumps to a
different value. Correspondingly, also the $-distributions along the
sample are "quantized'". We will refer to this phenomenon as to Optical
Phase Locking (OPL).

For film thicknesses L >> )\ the number n changes rapidly with
the light intensity, so that very small steps in intensity are requi-
red to evidentiate the OPL. The intensity change AI corresponding to a

change An = 1 is approximately given by®

482

—————— (2A - k), (1)
th 75 + 1)

AT = 1
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vhere &=n_/n_, L=2mn_(§-1)(L/A), A=(9-5862)/(852), k=l-k;,/k;;, and

cm?82k,,
I,. = (2)
th n L2(8% - 1)

is the threshold intensity for the OFT. In Eqs.(1) and (2) n, and n,
denote the ordinary and extraordinary refractive indices of the liquid
crystal and k,;,; and k;; the elastic constants for bend and splay, res-
pectively. Typically, AI results of the order of 1% of the threshold
intensity Ith'

Also the dynamics is affected by angular momentum transfer. In
general, an oscillating approach to equilibrium is found from our mo-
del, when steady states with n out of the polarization plane are rea-
ched. Spiraling paths ending into multiple steady states are shown in

Fig.l.
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FIGURE 1 Trajectories of the director m in the (x,y)-plane for
linear polarization and normal incidence on a homeotropic film.
The intensity normalized to the threshold is I = I/Ith = 1.045.

EXPERIMENTAL RESULTS

As said before, different steady states are very close in the intensi-
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ty scale, so that they can be evidentiated only by exploiting a very
accurate control on the power of the laser source. Due to the very low
relaxation time of liquid crystals near the OFT, a good long term po-
wer stability is also required. In the experiment, we used -an INNOVA-
90 Argon Ion laser in "light" mode. The long term power stability was
found to be = 0.17 in the absence of the sample. With the sample pre-
sent, the stability lowered to 0.27, due to the unavoidable backward
light reflection into the laser itself. The power was changed in small
steps (1 mW each) using a iA-plate and polarizer variable attenuator
driven by a stepping motor. After each step, we waited for 15' to
reach equilibrium, but data were taken also during the transient.

On the optical phase scale, different steady states are spaced by
T, so a much better phase detection sensitivity is needed. To detect
the optical phase, we used a He-Ne counter-propagating probe beam in-
jected into a Mac Zehnder heterodyne interferometer-polarimeter, work-
ing at 40 Mhz.7 The data were collected by a HP-8508A vector voltmeter
and sent to a PC for storage and processing. The overall acquisition
rate for data was 10Hz. With this apparatus we obtained a sensitivity
of about +1° on the optical phase and we were able to follow the opti-
cal phase over many T.

All measurements were made on a E63 nematie liquid crystal film
by BDH, 90um thick. The sample walls were coated with HTAB for homeo-
tropic alignment. The laser spot radius was 8lum (e ! intensity) as
measured by moving a small pinhole across the beam.

The threshold for the OFT was measured by monitoring the time
constant T of the initial growing up of the reorientation and by fit-
ting the theoretical Landau slowing down relationship Tt o (I-Ith)'l.
Due to our high sensitivity in detecting the optical phase, this me-
thod is very accurate. We found I, = 1.44+0.08 kW/cm?.

From E63 data at room temperature (k,,=1.8:10"¢ dyne; k,,=0.9+10"%,

0=2.32; ee=3.028) we obtain Ith=l.86 kW/cm?. The agreement with the
experimental value is good, having regard on the uncertainties on the
material constants. The observed decreasing of the threshold could
also be ascribed to finite anchoring forces at the walls.

Although a quantitative comparison with the model of Ref.{6] can-
not be done at present, some of the expected dynamic features were

indeed observed. For example, the existence of oscillating approach to
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equilibrium is shown by the large overshoot in the optical phase visi-
ble in Fig.2.
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FIGURE 2 Optical phase overshoot in approaching a steady-state.
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FIGURE 3 Probe phase change Aa as a function of pump power.

Multistability was clearly observed too, as shown in Fig.3, where
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the phase difference Aa between the ordinary and extraordinary compo-
nents of the He-Ne probe beam is plotted as a function of the argon
laser power.

The data were taken as follows. Starting from the power PO
corresponding to Aa= 77 (point O )9, the power was slowly increased
until the point A is reached. A small further increase in power drew
the system to point B, having Aa = 9m. The power was first increased
to point B' and then decreased to C No appreciable change in phase was
observed. Decreasing the power below D, made the phase jump back to
about 77 (point D). The power was then increased to reach O', where a
new jump to 9m was observed (point A'). At this point, the power was
lowered to point F, where a new phase jump occurred to point F',
corresponding to Aa = 1llw.

All measurements reported here have been made with a dielectric
polarizing cube in front of the argon laser, leading to an intensity
extinction ratio of about 1/100. We repeated the measurements using a
high quality Glan-Thompson polarizer with a measured intensity extinc-
tion ratio 1/5000. Neither multistability nor OPL were observed in
this case. The state with n in the argon polarization plane was found
to be always stable in the range of available light intensities. We
have no explanation for this phenomenon. It is surprising, however,
that using linear polarized light having an extinction ratio of 1/100
yields so qualitatively different results. A detailed theoretical stu-

dy of the stability of the states having n in the polarization plane

for linear and "almost linear" polarization is in progress.
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. We also checked that the actual number of diffraction rings in the

argon far-field was of about three.



