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Dynamics of the acousto-optic effect in a nematic liquid crystal

V.A. GREANYA, A.P. MALANOSKI, B.T. WESLOWSKI, M.S. SPECTOR and J.V. SELINGER*

Center for Bio/Molecular Science and Engineering, Naval Research Laboratory, Code 6900, 4555 Overlook Avenue,
SW, Washington, DC 20375, USA

(Received 14 November 2004, in final form 5 April 2005, accepted 21 April 2005)

In a nematic liquid crystal cell, the application of an ultrasonic wave induces a rotation of the
director, leading to a change in the optical transmission through the cell. In this study, we
investigate the dynamic response of the optical intensity after the ultrasonic wave is switched
on or off. Our experiments show that the optical intensity follows a double-exponential
function of time, indicating that the system has two relaxation modes with widely different
time scales. The fast mode has an amplitude and time scale qualitatively consistent with the
dynamics of the Fréedericksz transition, but the slow mode shows novel behaviour associated

with the acousto-optic effect.

1. Introduction

When an ultrasonic wave is applied to a nematic liquid
crystal cell, it interacts with the orientational order,
leading to a realignment of the liquid crystal molecules,
and hence to a change in the optical intensity
transmitted through the cell [1-3]. This acousto-optic
effect can be exploited to visualize variations in the
intensity of an ultrasonic wave. It is already being used
for non-destructive testing of materials, and it has
further potential applications in medical diagnostics
and underwater imaging [4-0].

In recent papers, we have investigated the steady
state acousto-optic effect in nematic liquid crystals
both theoretically and experimentally [7-9]. On the
theoretical side, we have shown that the acousto-optic
effect can be understood in terms of an effective
aligning potential, which tends to orient the liquid
crystal director perpendicular to the acoustic wave
vector, along the wave fronts. On the experimental
side, we have found that the acousto-optic effect
is quite sensitive to several physical parameters,
including the intensity and angle of the incident
ultrasonic wave and the geometry of the liquid
crystal cell, and this dependence is consistent with
theoretical predictions. In addition, Bonetto et al. have
recently studied the acoustic realignment of nematic
liquid crystals using NMR techniques, and have
explained the results in terms of the same type of
theory [10-12].
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In this paper, we extend our earlier steady state
investigation to consider the dynamic response of a
nematic liquid crystal to an ultrasonic wave. This issue
is important for both basic science and applications.
For basic science, the comparison of the liquid crystal
response to an ultrasonic wave with the response to an
electric or magnetic field in the Fréedericksz transition
[13, 14] is of interest. In the Fréedericksz transition, the
liquid crystal orientation relaxes exponentially toward
the equilibrium profile; does the same exponential
relaxation occur in the acousto-optic effect? For
applications, how does the optical intensity change
when an ultrasonic wave is switched on or off, and how
does this dynamic process affect the function of imaging
devices?

To address this dynamic issue, we measure the optical
intensity as a function of time after an ultrasonic wave is
switched on or off, for several different values of the
initial or final acoustic intensity. We compare the
experimental data with predictions of a continuum
elastic theory, similar to the dynamic theory of the
Fréedericksz transition. Surprisingly, we find that the
data for optical intensity vs. time do not follow a
simple, single-exponential curve. Rather, a double-
exponential function is required to fit the data. This
result indicates that the liquid crystal has two distinct
relaxation modes with very different time scales. The
fast mode is qualitatively consistent with theoretical
predictions, in the dependence of its amplitude and
relaxation time on acoustic intensity. However, the slow
mode seems to be new behaviour associated with the
acousto-optic effect in contrast with the electric or
magnetic Fréedericksz transition.
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2. Theory

In this section, we present a model for the acousto-optic
effect. We first review the theory for the steady state
behaviour, following the argument in our previous
papers [7, 9], and then generalize this theory to predict
the dynamic response.

Consider an acoustic wave passing through a nematic
liquid crystal, as shown in figure 1. The local orienta-
tion of the liquid crystal is specified by the director n
which is at an angle f with respect to the z-axis. The
acoustic wave has the wave vector k, at an angle 0 with
respect to the z-axis. When the acoustic wave is off, the
liquid crystal orientation is determined by the homeo-
tropic cell walls, so that f=0. When the acoustic wave is
switched on, the liquid crystal molecules in the cell
interior rotate away from the wave vector k, toward
alignment with the wave fronts.

To determine the extent of realignment, we must
calculate the aligning potential of the acoustic wave on
the liquid crystal. In general, the interaction between the
director n and gradients in the density p can be written as

Vine=t1min; (0;0;p) +uanin;(,p) (9;p) (1)

where u; and u, are phenomenological coupling
coefficients which characterize the particular liquid
crystalline material. An acoustic wave leads to a
sinusoidal modulation of the density, which has the
form

p(r, 1)=py+Ap sin (k'r—wi). (2)

Z=a

z=0

Figure 1. Schematic view of the director orientation profile
p(2) across a liquid crystal cell, when an ultrasonic wave passes
through the liquid crystal at an angle 6.

When we insert this expression for p into Vj,, and
average over many cycles of the rapidly oscillating wave,
the first term vanishes and the second term becomes

Py =5 uz(AP)( n)’. 3)

The acoustic intensity 7 is related to the density
variation by I=v’ (Ap)*/(2p,), where v is the sound
velocity. Hence, the time-averaged interaction potential
can be expressed as

V> = M cos® (f—6) ()

where (f—0) is the angle between the director and the
acoustic wave vector.

Realigning the director in the interior of the cell
requires a bend distortion, as shown in figure 1. We can
combine the elastic energy cost of this distortion with
the acoustic aligning potential to obtain the total free
energy per unit area,

sz[_xg(aﬁ) =K o (g0)| (5)

where a is the cell thickness. A general expression for
p(z, t), which satisfies the boundary conditions f(0,
t)=p(a, t)=0, is the Fourier series

Z B;(t) sin JE (6)

j=1

We can minimize F over the coefficients of this Fourier

series. All of the even coefficients vanish by symmetry,

while the odd coefficients are non-zero. Each odd

coefficient f; can be expanded in a power series for low

acoustic intensity, which gives the steady state solution

P da*urpok®Isin 20 4a*u3p3k* 17 sin 40 )
] 3 . .

KA S5 K2

We can compare our predictions for the steady state
acousto-optic effect with the classical Fréedericksz
transition in nematic liquid crystals. In a Fréedericksz
experiment, a liquid crystal with a negative dielectric
(or diamagnetic) anisotropy is initially aligned along the
z-axis, perpendicular to the cell walls, and then an
electric (or magnetic) field is applied along the same
axis. In that case, the molecules may tilt in any direction
away from the z-axis; all tilt directions have equal free
energy. Hence, the molecules remain vertical up to a
critical threshold field, at which point the system
undergoes a spontaneous symmetry-breaking transition
and the molecules tilt in a random direction. By contrast,
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in our acousto-optic experiment, the acoustic wave passes
through the liquid crystal at an angle 0. This acoustic
angle breaks the symmetry around the z-axis, and favours
a particular orientation for the molecular tilt. As a result,
there is no threshold field and no symmetry-breaking
transition. Rather, the molecular tilt scales linearly with
applied acoustic intensity 7, in the limit of low 1.

Now that we have derived the steady state acousto-
optic effect, we can predict the dynamic response of the
liquid crystal to a change in acoustic intensity. The
equation of motion for the director angle is

oB(z, 1) SF

P e 8)

where y; is the rotational viscosity of the liquid
crystalline material. With the free energy of equa-
tion (5), we obtain

- 2 2
. 0/3(@2, t) e 0°p(z, 1) N uypok1
t 0z2 23
As in the steady state case, we can write fi(z, f) as a
Fourier series, and expand the equation of motion in a
power series for low acoustic intensity. The equation for
each Fourier mode j then becomes

opi(t) <K3j2n2 _ uapok*I cos 20

sin2(f—60). (9)

a? V3

)[B0-sJ0

where f3% is the steady state solution found above.

We can solve this equation of motion for the two
specific cases of switching the ultrasonic wave on or off.
First, suppose that the ultrasonic wave is suddenly
switched on from zero to an acoustic intensity of /. The
solution for each Fourier mode j is therefore

ﬁj(t)=ﬁfq[l—exp(—t/rjoN)} (11)
with the on-time

oN_ N (1 a*uy pok*I cos 20)

T = .
J Kyj2n? Kyj2n2v?

(12)

Likewise, suppose that the ultrasonic wave is suddenly
switched off, so that the director relaxation occurs in an
environment of /=0. The corresponding solution is

Bi(1)= ﬁ}nitial exp(— [/,;})FF) (13)
with the off-time

2

OFF 714
M = 14
Y K22 (14)

To compare the model with experiments, we must
predict the optical intensity as a function of time. We

can derive the optical intensity from our expression for
the molecular tilt (z, ¢). For light propagating along
the z-axis, perpendicular to the cell, the effective
birefringence is

)71/2_’10

Aner[B(z, 1)] = (ng % sin® f+ny 2 cos® B 15)

~ Ansin® .

where n, and n, are the extraordinary and ordinary
refractive indices of the liquid crystal, respectively, and
An=n.—n, is the birefringence of the material. We
integrate the effective birefringence across the thickness
of the cell to obtain the phase retardation

[oe)

()= [ anarlpz. 0z 23" 0] (16)

0

j=1

where 1 is the wavelength of the light. Hence, the optical
intensity transmitted through crossed polarizers (for
polarizers with optical axis 45° offset from the tilt plane)
becomes

Iopt(t) = I'nin + 1o sin’ (@)

. An &
R Iin + 1o sz{ngln [ﬂj(t)]z}

Jj=1

(17)

where [, is the incoming optical intensity and I,
depends on the quality of the polarizers and of the
liquid crystal surface alignment.

Note that the steady state Fourier modes f;* should
all scale linearly with low acoustic intensity I, with
higher order corrections for larger /. For that reason,
the steady state phase retardation o should scale as I,
and the steady state optical intensity as sin® (constant
P). In the experiment described below, the acoustic
intensity 7 is proportional to V%, where V is the voltage
applied to the transducer. Hence, the steady state phase
retardation & should scale as V*, and the steady state
optical intensity as sin® (constant V?).

In this section, we have derived predictions for all of
the Fourier modes f(¢). From these results, we see that
the leading mode j=1 should dominate the rest. This
mode has the largest steady state amplitude, 27 times
larger than the next mode j=3 (to lowest order in
acoustic intensity). It is also the slowest mode to relax,
with on and off times 9 times slower than the next
mode. Hence, we expect j=1 to be the only steady state
or dynamic mode observable in the experiment.

As a final theoretical point, we can estimate
numerical values for the on and off times.
Equation (14) for the off-time is the classical prediction
for the relaxation time of the Fréedericksz transition.
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For the liquid crystal SCB at room temperature of
25°C, the bend elastic constant is approximately
K3=0.8 x 107" N [15], and the rotational viscosity is
approximately y;=0.06 Pas [16]. For the cell thickness
a=300 um discussed below, we obtain 7,.°FF=70s.

In equation (12) for the on-time, the first term is the
classical Fréedericksz relaxation time, while the second
term is the leading correction, which shows how the on-
time increases as a function of acoustic intensity. To
estimate this increase, we use the following argument.
By comparing equations(7) and (12), we see that the
fractional increase in the on-time is

AN dPuppgk?lcos20 BT
TON B Kyj2n2yv3 "~ 4tan20

(18)

In a typical acousto-optic experiment, the acoustic
intensity is increased up to the first peak in the steady
state optical intensity. Equation(17) shows that this
first peak occurs at the phase retardation 6°=n, and
hence at the tilt angle ,°9=(4/aAn)"?. In the experiment
discussed below, we have 1=0.633um, «=300um,
An=0.17, and 6=18°. Hence, at the first peak, we
expect the tilt angle to be f;°1=6°, and the fractional
increase in the on-time to be At,°™/1,°N=4%. This
result shows that increasing acoustic intensity should
cause the on-time to become slightly slower, but with
the same order of magnitude.

3. Experiment

The acousto-optic response was measured for a
commercially available room temperature nematic
liquid crystal material, pentylcyanobiphenyl (5CB)
(EM Industries). Cells were made with 2.5inch x
2.5inch plates of 900 um thick Corning 1737 glass. A
monolayer of octadecyltrichlorosilane (Gelest) was used
to achieve homeotropic alignment. The cell was made
with a liquid crystal layer thicknesses of 300um,
determined by measuring the thickness of the cell at
the centre using a micrometer and subtracting the
thickness of each glass plate, to an accuracy of
approximately 5 um. This thickness was chosen because
at much larger thicknesses, cell alignment becomes
difficult. At lower thicknesses, the acousto-optic
response is not significant within the applied acoustic
intensity limits of the experiment. The cell was then
sealed using an RTV compound for waterproofing.

A 75 gallon tank filled with de-ionized water was
situated between crossed polarizers. The cell was
suspended in the tank from a rotation stage. The
acoustic wave was produced by a 1 inch immersion
transducer (Santec Systems, Inc.), suspended from a
second rotation stage in the tank 35cm from the cell.

The sinusoidal acoustic wave was generated by a
Wavetek Model 90 function generator at 3.3 MHz. A
633 nm He:Ne laser beam was aligned with the acoustic
spot and the change in optical intensity measured with a
Newport Model 1830C optical power meter. All motion
and data capture were computer-controlled using
Labview.

As described previously [7, 8], our data were taken as
follows. With the polarizers crossed, the optical axes of
the molecules were first aligned along the direction of
the laser beam. In the absence of an acoustic field, the
cell was rotated around its polar axis (optical angle) and
the angle of minimum optical intensity determined. This
optical angle, 0., was then defined as zero. The optimum
transducer angle 0; ,,.,,=18° was determined by mea-
suring the change in optical intensity at a fixed acoustic
intensity over a range of transducer angles. Acousto-
optic intensity as a function of time was measured. For
each data set the final 100 data points were averaged to
give an acousto-optic intensity. With the cell and
transducer set at their respective optimum angles, the
optical intensity as a function of applied acoustic
intensity was then measured in the same way.

We previously reported the acoustic intensity based
on the transducer calibration by the manufacturer,
1=2.18 V2, where [ is the acoustic intensity in mW cm >
received at the liquid crystal cell, and V is the peak-to-
peak voltage applied to the transducer. A more recent
calibration at our laboratory [17] indicates that the
calibration is /=0.16 V2, so that the acoustic intensity is
lower and the liquid crystals are more sensitive than
previously reported. Because the absolute acoustic
intensity is not an issue for the current paper, we report
our results here in terms of the peak-to-peak transducer
voltage.

4. Results

For the 300 um cell of SCB, figure 2 shows a graph of
the optical intensity as a function of the applied acoustic
intensity, characterized by transducer voltage. Data are
taken for 10 minutes, until a steady state is reached. The
final 100 data points at each sound intensity are
averaged to give the data points shown in the graph.
With no applied acoustic field, the initial optical
intensity is approximately 4nW. As the acoustic
intensity increases, the optical intensity increases until
it reaches the first optical peak at SuW at a transducer
voltage of 3.2V. The steady state behaviour of this
system has been discussed previously [7-9]. The follow-
ing data relate to the dynamic behaviour of the liquid
crystal cell, before the steady state is reached.

Figure 3 shows the dynamic behaviour of the system
at two transducer voltages approaching the first optical
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Figure2. Steady state acousto-optic effect in a liquid crystal
cell. The measured optical intensity is plotted as a function of
the applied acoustic intensity, which is characterized by the
voltage applied to the transducer.

X . ; - 015
_________ —
T ot
2001 . oz
2
= 150} -0
=
a L o
< e
E -
1.00 006
+  Vaolage 275
—— Dty = 15 Digi =132 Ty = 20,89 Tjgy =632
! —im Bat146T=TH
0501 ¥ a Wollage 175 | i
f Digicay = 05 Otast = 10 Taicwr = 4009 Tras =4.50
== O=024T=835
.00 i i i 0o
[} 50 100 150 203
Time /&

Figure3. Optical intensity as a function of time after an
ultrasonic wave is applied to the liquid crystal cell. Lower plot:
transducer voltage of 1.75V, see optical intensity axis on the
right. Upper plot: transducer voltage of 2.75V, see optical
intensity axis on the left. In each case, the dot-dashed curve
shows the fit to a single-exponential process, and the solid
curve shows the double-exponential fit.

peak, 1.75 and 2.75 V. In each case, the optical intensity
is measured every 250ms for a period of 10min,
although the figure only shows the behaviour for the
first 3 min. The acoustic intensity is applied at the time
t=0, and held constant for the length of the scan. The
optical intensity increases to the steady state value
within approximately 50 s in both cases.

To analyse the results quantitatively, the data in
figure 3 are fit with a single exponential process
describing the leading relaxation mode, based on the
dynamics predicted in §2. The specific fitting function,
derived from equations (11) and (17), is

L) = I+ Iosin* {3311 —exp(~1/0] ) (19

where we drop the labels from 6% and ©,°N for
compactness. The parameters /,,;, and I, are fixed from

the steady state data, so that 6 and t are the only
dynamic fitting parameters. Surprisingly, this single-
exponential process gives unsatisfactory fits to the data,
as shown by the dashed lines in the figure. The fit
captures the initial rapid increase in the optical
intensity, and it saturates at the right level, but it
cannot describe the dynamic change in slope of the
optical intensity over the intermediate range of time.
This discrepancy is more severe at the lower voltage of
1.75V, but is also seen at the higher voltage of 2.75V.
Because the single-exponential fits are unsatisfactory,
we must consider the possibility that the system has two
distinct relaxation modes with different time scales. This
could occur, for example, if one of the higher order
Fourier modes in the tilt profile has an anomalously
high amplitude, so that it contributes significantly to the
dynamics. To model a process with two relaxation
modes, we use the double-exponential fitting function

. 1
Iopt(l) =Inin+1o Slnz{z Ofast [1 —exp(— I/Tfast)]z
(20)

1
+ zéslow [1 _exp(_ Z‘/Tslow)}z}

The double-exponential fits are shown by the solid lines
in figure 3. Clearly these fits are much better than the
single-exponential fits, as they pass through the data
for early, intermediate, and late time regimes. This
improvement is most dramatic for the lower transducer
voltage of 1.75V, but is also noticeable at 2.75V.

For comparison, we also attempt to fit the data
to the stretched exponential function
Topt (£) = Inyin + Iy sin® %5[1—exp(—(t/r)")]2 , where v
is a fractional exponent. However, the fits are distinctly
worse than the double-exponential, so we do not
consider this fitting approach further.

Additional dynamic data for other acousto-optic
scans are shown in figures 4 and 5. In figure 4, the
transducer voltages range from the low level of 2.25V
up to an intensity near the first optical peak (3.25V). In
all of these cases, the double-exponential function gives
good fits to the dynamic behaviour over the full range
of time. By contrast, the single-exponential fits (not
shown) are unsatisfactory, with the worst discrepancies
at the lowest transducer voltages.

In figure 5, the transducer voltages extend well past
the first optical peak. At 3.5V, between the first and
second optical peaks, the double-exponential fit agrees
very well with the data, as the optical intensity passes
through a peak and then decreases to the steady
state level. At the higher transducer voltages, a new
discrepancy is seen between the fit and the data: the fit
shows the optical intensity oscillating between 0 and
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Figure4. Optical intensity as a function of time for several
acoustic intensities up to the first optical peak. The solid lines
show good fits to a double-exponential process in all cases.
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Figure5. Optical intensity as a function of time for three
acoustic intensities beyond the first optical peak. The lines
show a good fit to a double-exponential process for 3.5V,
which is between the first and second optical peaks. For higher
voltages, the data differ from the prediction, in that the
oscillations in optical intensity are damped out.

5uW, while the experimental variation is damped out.
This damping is similar to the behaviour in the steady
state data of figure 2 beyond the first optical peak. We
attribute this damping to a non-uniform sound intensity
over the region of liquid crystal probed by the
experiment, which leads to an optical intensity that
averages over peaks and valleys. Because of this
behaviour, we only report data up to 3.5V in the
analysis below.

In addition to these results for the dynamic behaviour
after the ultrasonic wave is switched on, we also
investigate the relaxation process after the ultrasonic
wave is switched off. A typical example is presented in
figure 6, for switching off from a transducer voltage of
2.75V. The main plot shows the full dynamic beha-
viour, while the inset shows details of the region where

2.50 T T T T T T
o Voltage 2.7
............ 0=16T=555
200} -- 0=.2603=136T=3847d=9 E
—— 8=.17083=1.447=153.63d =33.87
2
2 1501 4
2
B
c
o
£
1.00 T
0.50 T
0.00
[0} 50 100 150 200

Time/S

Figure6. Optical intensity as a function of time after an
ultrasonic wave with transducer voltage of 2.75V is turned off.
The inset shows details of the region where the significant
slope change occurs. The curves show fits to a single-
exponential process (dotted line), a double-exponential
process with 7gow/Trst=9 (dot-dashed line), and a double-
exponential process with Tgow/Trs=34 (solid line).

the significant slope change occurs. The results are
modelled with the single-exponential fitting function

L=l +Iysin? [F5exp (~20/9)]  21)

as shown by the dotted line, but this fit suffers from the
same problems seen in the single-exponential fits of the
switching-on behaviour. For that reason, we consider
the double-exponential decay function

. 1
Iopt(l) =Inin+1o 51n2 |:§ Ofast €XP ( - Zt/‘cfast)
. (22)
+ E Oslow eXp ( - ZZ/TSIOW)

We first fit the data using the constraint Tgow/Trs: =9, as
found for the on-times, giving the dot-dashed line. This
fit is an improvement over the single-exponential fit, but
is still not consistent with all of the data. Hence, we
remove this constraint and allow 7y, and tpg to be
independent parameters. In this case, the double-
exponential fit passes through the data for early,
intermediate and late time regimes, and the ratio of
the two time scales is approximately 34.

Further results for the dynamic relaxation process are
shown in figure 7. In this plot we see the change in
optical intensity after the ultrasonic wave is turned off
from various initial transducer voltages. The values of
the initial transducer voltage range from 2 to 3.5V,
which is just above the voltage required to reach the
first optical peak. In all cases, the unconstrained
double-exponential function fits the data very well.
Again the single-exponential fits (not shown) are
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Figure7. Optical intensity as a function of time after an
ultrasonic wave is turned off, for several initial acoustic
intensities.

inconsistent with the data in the intermediate time
regime.

To summarize the ensemble of fit results, figures 8
and 9 show the on- and off-times as functions of applied
voltage. The on-time for the fast mode, shown in
figure 8, begins at approximately 5s for the lowest
detectable acoustic intensity, and increases to approxi-
mately 7 s around the first optical peak. The on-time for
the slow mode in figure 9 increases from 45 to 60 s over
the same range of applied voltage. The ratio between
these two time scales is approximately a constant factor
of 9.

The off-time for the fast mode remains approximately
constant at 5s from the lowest transducer voltage up to
a transducer voltage around the first optical peak. This
off-time agrees with the low voltage limit of the fast
mode on-time. The off-time for the slow mode is
scattered from 150 to 180 s with no discernable trend as
a function of applied voltage. The ratio between these
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Figure8. Relaxation time for the fast mode as a function of
transducer voltage, for both switching-on and switching-off
processes.
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Figure9. Relaxation time for the slow mode as a function of
transducer voltage, for both switching-on and switching-off
processes.

two time scales is approximately a constant factor of
3343.

Figure 10 shows the corresponding results for the
amplitudes g and dgon Of the two relaxation modes
versus the applied voltage, plotted on a log-log scale.
Note that the fit results for these two amplitudes are
consistent between the switching-on and switching-off
processes. This consistency is significant, because it
shows that our fitting procedure identifies the same two
modes for switching-on and switching-off, even though
the slow time scales are different for these two
processes.

The two amplitudes dp,s and dg 0w have very different
behaviour as functions of transducer voltage. The log—
log plot shows clearly that these amplitudes follow
power laws with significantly different exponents:
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Figure 10. Amplitudes of the fast and slow modes as
functions of transducer voltage, plotted on a log-log scale,
for both switching-on and switching-off processes. The
power law fit for the fast mode shows an optimum exponent
of 4.82 (dashed line), which is close to the theoretically
predicted exponent of 4 (solid line). The power law fit for the
slow mode shows an optimum exponent of 1.83 (dot-dashed
line).
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Oast Scales approximately as V*, while dgow scales
approximately as V2. As a result, the two modes have
comparable amplitudes at low voltage, but the fast
mode dominates at higher voltages. This behaviour
explains why the quality of the single-exponential fit is
worst at low voltage.

5. Discussion

In the previous section, we presented an experimental
study of the dynamics of the acousto-optic effect after
an ultrasonic wave is switched on or off. This study
showed that there are two relaxation modes: a fast
mode with a relaxation time of approximately 5-7s
(switching-on or -off) and a slow mode with a relaxation
time of approximately 45-60s (switching-on) or 150-
180 s (switching-off). At this point, a key question is
how to compare these experimental results with the
Fréedericksz-type theory in §2. In particular, do either
or both of these modes correspond to the dynamic
modes predicted theoretically?

Because the theory predicts a series of Fourier modes,
each with its own relaxation time, one might speculate
that the two observed modes could correspond to two
distinct Fourier modes, probably the leading two modes
j=1 and j=3. This speculation is supported by the fact
that the ratio of relaxation times Ty ow/Trasi=9 for the
switching-on process, which agrees with the prediction
of equation (12) (in the limit of low acoustic intensity )
for j=1 and 3. However, there are two problems with
this speculation. First, for the switching-off process, the
ratio of relaxation times is approximately 33. This ratio
is quite far from the predicted value of 9 for the leading
two modes. Second, our fits show that the slow mode
amplitude dg,, 1s generally less than the fast mode
amplitude Op. This result does not fit the theoretical
prediction that the slowest Fourier mode j=1 should
have a much greater amplitude than the second-slowest
Fourier mode j=3. For these reasons, we cannot
associate the two observed modes with the predicted
Fourier modes j=1 and j=3.

Since the observed pair of modes is not consistent
with the predictions for j=1 and j=3, the next question
is: do either of the modes fit the predicted dynamics?
Our results show that the observed fast mode is
consistent with the theory, while the observed slow
mode has a different type of behaviour. First, the
amplitude of the fast mode scales with transducer
voltage V approximately as g, oC 1*, and hence with
acoustic intensity / as Stas oC I, in agreement with the
prediction of equations (7) and (16). By comparison, the
amplitude of the slow mode scales approximately as
dgowoC V2, and hence as dgowocl. Further evidence
comes from the behaviour of the on- and off-times.

For the fast mode, the on-time depends on acoustic
intensity, while the off-time is approximately equal to
the zero-intensity limit of the on-time, in agreement
with the prediction of equations(12) and (14). By
comparison, for the slow mode, the off-time is more
than 3 times longer than the on-time.

For an additional test of the theory, we can compare
the numerical estimates at the end of §2 with the
observed on- and off-times for the fast mode. For
the cell thickness a=300um, bend elastic constant
K;=08x10"""N [15], and rotational viscosity
11=0.06 Pas [16], the theory predicts the off time
7,9FF=70s for the dominant (j=1) mode. This is about
an order of magnitude larger than the observed
off time of 5s. The discrepancy may be caused by
uncertainty in the parameters K3 and 7y;, which are
both quite sensitive to temperature changes of a few
degrees around 25°C. Alternatively, it may be caused by
chemical impurities in the sample. The theory also
predicts that the on-time should increase linearly with
acoustic intensity, with a fractional increase of approxi-
mately 4% from zero acoustic intensity to the first
optical peak. The observed on time also increases
approximately linearly with acoustic intensity, although
the fractional increase from zero to the first optical
peak is closer to 50%. This difference is probably
related to the lowest order expansion in powers of the
acoustic intensity, and could be fit by a higher order
power series.

If the observed fast mode is the dominant mode
predicted by the Fréedericksz-type theory, what is the
observed slow mode? We do not yet have a model for
this mode, but can make some speculations. This mode
must involve features of the acoustic realignment of
nematic liquid crystals which do not occur in the
Fréedericksz transition induced by an electric or
magnetic field. One key feature of acoustics is that
ultrasound can form standing wave patterns within a
cell, leading to nodes and antinodes in the acoustic
intensity. Such standing wave patterns lead to peaks
in the acousto-optic effect when the frequency and
incident angle of the ultrasound come into resonance
with the thicknesses of the liquid crystal and
the glass walls. In previous publications, we have
investigated these resonances experimentally [8] and
theoretically [9].

Liquid crystal molecules may interact with the
standing wave pattern by flowing toward or away from
the nodes or antinodes. This flow of molecules would be
a slow effect, quite different from molecular rotation,
and it would come to equilibrium on a different time
scale. Furthermore, this flow could have different
relaxation times when ultrasound is turned on or off.
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Although this non-uniform flow effect is not described
by our current theory, the experimental results show
that it should be an important extension of the theory.
We are currently working on molecular dynamics
simulations of ultrasonic waves acting on liquid
crystals, and these simulations may help to elucidate
this issue.

Regardless of the fundamental origin of the slow
mode, our experimental results show the type of
dynamic behaviour that can be expected in technologi-
cal devices using the acousto-optic effect. In such
devices, there will be two distinct dynamic modes when
an ultrasonic wave is switched on or off: a dominant
fast mode that reaches a steady state in a few seconds,
and a lower amplitude slow mode that extends over a
much longer time scale. For acoustic imaging applica-
tions, it will be important to design devices that produce
an image from the fast mode and do not wait for the
slow mode.

In conclusion, we have presented a theoretical and
experimental study of the dynamics of the acousto-
optic effect in a nematic liquid crystal. Our experiments
show that the system has two modes of relaxation,
characterized by different time scales and different
dependences on acoustic intensity. The fast mode is
qualitatively consistent with our Fréedericksz-type
theory, but the slow mode exhibits a novel behaviour
associated with the acoustic realignment of a liquid
crystal.
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