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Acoustic realignment of nematic liquid crystals
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In a nematic liquid-crystal cell, the molecules can be realigned by an ultrasonic wave, leading to a change
in the optical transmission through the cell. We present a model for this acousto-optic effect, and show that the
magnitude of this effect is controlled bydirector-density couplingWe then measure the optical transmission
as a function of acoustic intensity for three liquid-crystal materials, and confirm that the data fit the functional
form of the theoretical prediction. This fit gives the value of the director-density coupling, which varies greatly
from material to material.
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[. INTRODUCTION develop an alternative model that can be used for designing
acoustic imaging devices.

It has long been recognized that sound waves interact In this paper, we present a combined theoretical and ex-
with the orientational order of nematic liquid crystals, lead-perimental study of the acousto-optic effect. On the theoret-
ing to a realignment of the liquid-crystal moleculgk2]. ical side, we develop a model for the interaction between
This realignment, in turn, leads to a change in the opticasound waves and liquid crystals, based on a continuum elas-
intensity transmitted through a liquid-crystal cell. The cou-tic theory for the free energy expanded in two hydrodynamic
pling between variations in the incoming acoustic intensityvariables, the local density and the local director. Using this
and variations in the optical transmission is called themodel, we calculate the magnitude of the director realign-
acousto-optic effect. This effect can be useful in technologinent and the change in optical transmission as functions of
cal applications, because it allows variations in the acousti€h€ acoustic intensity. We obtain the functional form for the
intensity to be visualized through a direct liquid-crystal in- OPtical contrast ratioR = 1+ A sir?(BI?), whereA character-
teraction, without any data processing. It is already beindZ€S the optical alignment qualityB characterizes the
exploited for nondestructive testing of materials, and it hadlirector-density coupling, and is the acoustic intensity.

the potential for further applications in underwater imagingHence' f?r clilfferel_rtn Iltﬂwd—crys_tflldmatfe?hals n cetlls oft'thef
and medical diagnostid8—5]. same optical quality, the magnitude of the acousto-optic ef-

In general, the interaction between sound waves and quz—gfitalls controlled by the director-density coupling of the ma-

uid crystals may be quite complex. For example, a high- On the experimental side, we construct a prototype

'”.‘er.‘s'ty _sognd wave can set up a pattern of shear ﬂoVglcousto—optic device, which exposes a liquid-crystal cell to a
within a liquid-crystal cell, and this shear-flow pattern cang 3\ yitrasonic wave. We measure the optical transmis-
realign the liquid-crystal director. However, the interactiongjon as a function of acoustic intensity for three liquid-crystal
5|m.pl|f|es greatly in the limit of low acoustic intensity. In this aterials and mixtures. We confirm that the data follows the
regime, a sound wave seems to have a pure aligning effect ginctional form predicted by the theory. By fitting the data to
|IQU|d Crystals, without inducing a flow pattern. This is the this prediction, we obtain the parameté"andB_ In particu_
regime that is used for applications, and the regime on whichar, we can compare the parametBrcharacterizing the
we will be focusing our study. director-density coupling of the materials. We find that this
In designing acoustic imaging systems, researchers genetoupling varies greatly from material to material, which
ally use the model of Diofj6—-10] for the interaction be- shows that it can be optimized for applications in acoustic
tween liquid crystals and low-intensity sound waves. Thisimaging systems.
model is based on a proposed variational principle, which To compare our work with Dion’s model, the calculations
states that liquid crystals realign in order to minimize theare similar but the basic assumptions are quite different. For
acoustic absorption through the material. The strength of thithis reason, the models give different predictions for the de-
model is that it leads to a straightforward calculation of thependence oB on cell thickness and material parameters. Our
torque acting on the molecules, and hence of the directoturrent experiments measuring optical transmission vs
pattern in a cell with given boundary conditions. Thus, oneacoustic intensity are consistent with both models. Future
can determine the relationship between the incoming acougxperimental studies will be able to distinguish between the
tic intensity and the change in optical transmission. How-models—for example, by comparing the acousto-optic effect
ever, the weakness of this model is that its basic assumptionith the acoustic absorption anisotropy in different materials.
for the coupling between sound waves and liquid crystals is The plan of this paper is as follows. In Sec. I, we develop
questionable. As discussed below, this assumption leads to dine theory of the acousto-optic effect, leading up to the pre-
implausible prediction for the effect of cell size on the align- diction for the contrast ratio. In Sec. Ill, we present the ex-
ing torque. Thus, it is worthwhile to reexamine this issue andperimental measurements of the acousto-optic effect, and
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z=a the dielectric anisotropyAe or the diamagnetic anisotropy
O O O O O A x of a nematic liquid crystal.

Now suppose the system is subjected to an ultrasonic
wave of wave vectok and frequencyw, leading to a high-
frequency sinusoidal oscillation of the density,

\ \}Q \ \ p(r)=po+Apsink-r—wt). )
We insert this expression for the density into the interaction
of Eq. (1) and average over the rapid oscillations of the
\ sound wave. Under this averaging, the first term in the inter-

O O O (Vin) = 3U(Ap)*(k-1)2. 3

z=0
) ] ) _ . The acoustic intensity is related to the variation in density

FIG._ 1. Geometr)_/ of a sound wave mter_actlng with a Ilqu_ld by | =v3(Ap)2/(2po), wherev is the sound velocity. Hence,
crystal in a cell of thicknesa. The homeotropic boundary condi- o jnteraction can be expressed in terms of the intensity as
S

action vanishes, and the second term becomes
tions fix the director at the two surfaces of the cell, so the molecule
can only realign in the interior of the cell.

Uzpol ~
_ _ . (Vi) == (k- )2, @
compare the measurements with the theoretical prediction. In v
Sec. IV, we discuss the results and consider opportunities for
further tests of the theory. This expression can be written as
2
Il. THEORY Uzpok°l
(Vi) = ———Ccog(5—0), (5)
v

In the theory of the acousto-optic effect, there are two
types. of issues. First, there are issues of Ilqwc_i-crystal SCi here (3—6) is the angle between the director and the
ence: How does a sound wave change the alignment of

nematic liquid crystal? How does the realignment change th rovp\)/agatlon dchtlon. | ob . b h |
optical transmission through a liquid-crystal cell? Second, . € can maxe several o servations a .OUt ¢ ese resu s

. A ' First, there is an interaction that tends to align the director at
there are issues of acoustics: How much of a sound wave

| ; B
transmitted into a liquid-crystal cell? We begin with the & preferred _angle with respect o the sou nd waves direction
L . of propagation. Ifu,>0, the preferred direction iperpen-
liquid-crystal issues. . — . T i
As a starting point for the theory, consider the geometryd'.wl"Jlr to t_he direction of propagation, which Is consistent
' with experiments. The mathematical form of the acoustic

shown in Fig. 1. The system is characterized by two hydro'interaction is analogous to the interaction of a director with

dynamic variables, the local directo(r) and the local den- 4, electric or magnetic field, so the acoustic interaction
sity p(r), which interact with each other. In continuum elas-shoyld have similar aligning effects. The acoustic torque
tic theory, the mteractl?n energy density contains the Iowestdensity is (Vi) 9B=—Uspov K2l sin2(3—6). This
order terms involvingn and p that are permitted by the torque density is proportional to the director-density cou-
symmetry of the system. Because the nematic phase is symting u,, and to the acoustic intensity

metric undem— —n, all the terms in the interaction energy ~ We can compare the form of this interaction with the
must be proportional ten;, wherei andj are vector indi- theory of Dion. As noted in the Introduction, his theory is
ces. Because the interaction energy must be a scalar, invahiased on a proposed variational principle that “in a medium
ant under rotationg);n; must be contractetsummed over with acoustical anisotropy, the molecules tend to reorient,
andj) with another tensor with indiceisandj. In a system such as to minimize propagation losses.” This argument
with nonuniform densityinduced by a sound wayewe can leads to a torque density of §2A a/v)sin 2(8— 6), wherea
construct two such tensors from derivatives of the densityis the liquid-crystal cell thickness anla is the anisotropy
d9;p and (9ip)(d;p). Thus, the interaction energy can be of acoustic absorption. Clearly, this expression has the same

expanded af11] angular dependence as our prediction, and it is also propor-
tional to the acoustic intensity However, Dion’s expression
Vine=U1nin;(d;d;p) +uznin;(dip)(d;p). (1)  for the torque density is proportional to the cell thicknass

R while our prediction is independent af In general, we ex-
The second term is equivalent tg(n-Vp)2. Here,u; and  pect that theotal free energy and thtotal torque should be
u, are coefficients representing the strength of each of theggroportional to the cell thickness, but the free enedgnsity
couplings between the director and density gradients. Thand the torquedensityshould be independent of cell thick-
coefficients are physical parameters of a nematic liquid crysness. For this reason, Dion’s expression for the torque den-
tal, which show how the liquid crystal interacts with an an-sity seems implausible. Hence, we believe it is more reason-
isotropic environment. In this respect, they are analogous table to develop a theory based on the interaction between the
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director and density oscillations. The director-density cou-We then minimize the free energy ovgy to find 8, as a
pling u, may or may not be related to the acoustic absorptiorpower series in the acoustic intensity,
anisotropyA «; we do not consider that issue in this paper.

We can now calculate the effects of a sound wave onthe _ 4a°U,pok®l sin 26 4a*uspak1? sin 40
director profile and the optical transmission through a cell. B1~— L B 75K 2,6 T
This calculation is similar to Dion’s work, but it uses our 8 8 (10)

model of Eq.(5) for the acoustic aligning interaction. Figure
1 shows the geometry of a sound wave in a liquid-crystal celFor the rest of this paper, we will assume thais low
of thicknessa. Suppose that the sound wave propagates inough so that we can use only the first term in this series.

the directionk = (sin 6,0,cosf). As argued above, the acous-  From the expressions in E¢8) and(10), we see that the

tic interaction favors a director perpendicularktoHowever, dlrec:ttqr Tr?s a sl[ne-vx;a;/r:a prolfllle, W'tl? tthﬁ grgatg;t riall_rghn-
this interaction competes with the boundary conditions. Thdnent In the center of the cell, as sketched in mg. 1. 'he
cell surfaces at=0 anda strongly anchor the director in the realignment is proportional to the director-density coupling

homeotropic orientation, along tlzeaxis, and hence the elas- U2 ggd to.tthe ;ohundf |ntenS|ty| l.t |s.dals§a:p60pi?rtlonal 'to
tic interaction favors a uniform director along tlzeaxis sin 20, SO 1t vanisnes for normal inciden - LIS maxi-

throughout the cell. Because of this competition, the directof?Um for 6=45°, the angle at which the sound wave exerts

. , . A the greatest torque on the director.
takes a nonuniform profile characterized bwn(z) g .

ro h a h ¢ Once we have derived the director profile, we can calcu-
—[smﬁ(z),O,cosﬁ(z)L W ergﬁ—_o atthe surfaces anfl 1o~ |5te the transmission of light through the cell. The cell is
tates towardd— 77/2 in the interior.

. placed between crossed polarizers, and the light propagates

To (;]alculatlefthe optimumfdirelctor_ profi(lje, We must mini- rma) o the cell, along theaxis. When the sound wave is
mize the total free energy for elastic and acoustic interacqg 1ne director is vertical §—0), so the liquid crystal is

tions. The free energy per unit area can be written as optically isotropic for light propagating in the direction,
) and hence there is no transmission through crossed polariz-
E= Jadz E(K S8+ K cog B) d_ﬁ ers. When the sound wave is present, the director is tilted
0 2 1 s dz
birefringent, and hence it rotates the polarization of light and
Uppok?l allows transmission through crossed polarizers. The impor-

with respect to the axis, so the liquid crystal is optically
3 cos(B— G)lv ®)  tant parameter is the effective birefringence

[
An z)]=(n; ?sir? B+n, ?cog B) Y?—n

whereK; andK; are the Frank constants for splay and bend, el B(2)]=(ne AF o A °
respectively{ 12]. (The twist term vanishes for distortions in ~Ansir? 8, (11

the plane determined by andk.) For low-intensity sound wheren, andn, are the extraordinary and ordinary refractive
i e [0}
waves, we expect the realignment angle to be snfafi 1, indices of the liquid crystal andn=n,—n, is the birefrin-

as we will confirm below in our experiments. Hence, the free . . e
energy simplifies to gence. We integrate the effective birefringence aver ob-

tain the phase retardation

a 1 dB 2 U2p0k2| 27T a
F~f0 dz EK"‘(E) 3 cog(B—0)|. (7) o= Tfo Ang B(z)]dz
A general expression fg8(z), which satisfies the boundary _ waAn,Bf
conditions B(0)=B(a)=0, can be written as the Fourier - )Y
series,

16a°Anu3p3k?1? sirf2 ¢

” j 7z 2
BD=3, Bsin . ® N
=1
where is the wavelength of the light. The optical intensity
For small distortions induced by low acoustic intensity, thetransmitted through crossed polarizéiwr the optimum ori-
leading term is the first modg=1. Hence, we inserB(z)  entation of the polarizeyghus becomes
= B, sin(mz/a) into the free energy of Eq7), and expand in

: (12

: é
powers off3; to obtain lop=1 min+|oSin2(§
2 k2l sin 2 .
F~constt auzpo—35|nH> 1 i lsi? 8a®Anusp2k®l%sir? 260 12
mu -~ min+ OSI 77_5)\ng6 1 ( )
2 2
Iy Ka _ aUzpok’l cos 20) B (99  Wherel, is the incoming optical intensity anidy, depends
4a 203 on the quality of the polarizers and of the liquid-crystal sur-
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Water reflected. Within each layer, there can be interference be-

tween the forward and reflected waves. Thus, the amount of
Glass / sound intensity in the liquid crystal depends sensitively on
the angle of incidence and on the thicknesses of the glass and
liquid-crystal layers.
/\ Liquid Crystal Optimizing the geometry of an acoustic imaging device is
, a complex issue of acoustic engineering, which has been
i 9g|ass Glass modeled in detail by Gerdtt al. [4]. However, we can de-

rive one simple, approximate result from the basic theory of
refraction. Snell’s law implies that

/ interface, the wave may be partially transmitted and partially

Water

SiNOwater SiNOglass SN ¢
FIG. 2. A sound wave travels through a multilayer environment - - ) (16)

of water / glass / liquid crystal / glass / water, with partial transmis-
sion and partial reflection at each interfgoet to scalg The speed of sound is higher in glass than in water or liquid

crystal: v gjase~6000 m/s  while v yae~ v c~1500 m/s.
Thus, there can be totakternalreflection at the first water/

U water Uglass ULc

face alignment. The optical contrast ratwith respect to the

state with no sound wayes therefore glass interfacdanalogous to totainternal reflection in op-
tics). For 0, aer> sinfl(vwater/vg|asg~l4°, no sound is trans-
lo . [ 8a%Anuspik®I2sinf2 6 mitted from the water into the glass, and hence no sound can
R~1+—sir (14 be transmitted from the glass into the liquid crystal. For this

. 5 2.6
 min mAK3 reason, the maximum angle of the sound wave in the liquid
grystal is 6 c~sin (v c/vgasd~14°. Although Eq.(14)
implies that the highest contrast ratio occurs fpg=45°,
the system can never reach that maximum because of the

acoustics of the multilayer environment. Instead, the peak of
max<

We see that this contrast ratio depends on the acoustic inte
sity I, on the acoustic wave vect&r on liquid-crystal mate-
rial parametersi,, po, v, K3, andAn, on the cell’s geomet-

ric parameters and 6, on the optical wavelength, and on . .
P P g contrast ratio should occur ak06, = '<14°. For this reason,

the optical qualityl o /1 in - i T
The most straightforward way to test our theoretical pre2U" experimental measurements of the contrast ratio will be

dictions is to vary the acoustic intensitywhile holding all Made at an angle in that range.
the other parameters constant. In this case, our prediction for
the contrast ratio can be written more compactly as 1. EXPERIMENT AND DATA ANALYSIS

R~1+Asir’(BI?). (15) We have measured the acousto-optic intensity for one
commercially  available  nematic  liquid  crystal,
Here,A=1,/l i, characterizes the optical quality of the ex- 5-cyanobiphenyl(5CB) (EM Industrie3 and mixtures of
periment andB includes all the other parameters that control5CB with two compoundgmixtures 1 and 2 5CB is nem-
the acousto-optic effect. In particul&,is proportional to the atic in the range of 21-37 °C. Mixtures 1 and 2 were pre-
director-density couplingu,)?. Equation(15) predicts the pared at the eutectic ratio, so that they are nematic at room
functional form for the dependence of contrast ratio ontemperature.
acoustic intensity. For low, the contrast ratio scales & Measurements of the acousto-optic response are per-
~1+AB?l*, which is a high power of. Hence, the contrast formed using the geometry shown in Fig. 2. Cells are made
ratio should be quite flat as a function lofuntil it begins to  using 150um of liquid crystal between 90@m thick Corn-
rise quickly at an apparent threshold. For highethe con- ing 1737 glass plates, with layers of indium tin oxide,
trast ratio should come to a first peakBi?= 7/2 and then ~ SiO, (1200 A), and octadecyl trichlorosilane for homeotro-
oscillate rapidly beyond the first peak. These predictions willpic alignment of the liquid crystal. The cell is then placed in
be tested the experiments in the following section. a holder(suspended from a rotation stagea 75 gallon tank
Before going to the experiments, we must mention ondilled with deionized water.

further complication. So far, we have calculated how a sound A 1 inch immersion transducéBantec Systems, Incis
wavein the liquid crystalrealigns the molecules and changesplaced 35 cm from the liquid-crystal cell, aligned at an angle
the optical transmission through the cell. We must still con-6,,4r away from the normal to the cell face. A 3.3-MHz
sider the question of how much sound intensity is transmittedginusoidal signal, generated by a Wavetek Model 90 20-MHz
into the liquid crystal. This question depends on the acoustiSynthesized Function Generator, is applied to the transducer.
setup of an experiment. In a typical acoustic experiment, @ccording to a calibration by the transducer supplier, the
liquid crystal is put between glass walls, and that cell is putacoustic intensityin mW/cn?) received at a target at 35 cm
into water, as shown in Fig. 2. A sound wave is produced byis | =2V?, whereV is the peak-to-peak voltagén volts),
a transducer and then travels through a multilayer environtypically less than 8 V. A 633-nm He:Ne laser is aimed
ment: water / glass / liquid crystal / glass / water. At eachthrough crossed polarizers through the center of acoustic

051708-4



ACOUSTIC REALIGNMENT OF NEMATIC LIQUID CRYSTALS PHYSICAL REVIEW E66, 051708 (2002

TABLE |. Parameters for the fits of the optical contrast ratio

6000 1 B Mixture 1 data to the prediction of E¢15), and the corresponding values for
A Mixture 2 the angular realignment in the center of the cell.
. ® 5CB
[ 4 |B1] at
g 40007 Material A B(mW2cnf) 1=35mwicnt
S Mixture 1 3700 1.41073 9.6°
S 2000 - Mixture 2 6200 1.Kx10°3 8.3°
g. 5CB 5000(estimate 2.9x10°° 1.4°

first peak over the experimental range of acoustic intensity.
. : : . . . . For this reason, the data set does not have enough features to
0 20 40 60 80 100 120 determine the parametefsandB separately. Instead, we fit
Acoustic intensity (mW/cm?) the data to the limiting case of the theof~1-+AB?|4,
and extract the combined parameterAB?>=4.2
FIG. 3. Symbols: Data for optical contrast ratio as a function of s« 15=6 m\W~4 cf. We then estimate that the optical qual-

acoustic intensity for the three liquid crystal samples. Mixture 1 isity of this experiment is comparable to mixtures 1 and 2, so
measured at the peak angle@f,= —8°, mixture 2 at+8°, and that A~5000. We can extract the valueB~2.9

5CB at—5.5°. Lines: Fits of the data to the prediction of E5). % 10" mW2 cnf. as listed in Table I. This is much less

than the value oB for mixtures 1 and 2, indicating that 5CB
spot. The optical intensity is detected using a Newport Modelvill not reach its first maximum until a much higher acoustic
1830C Optical Power Meter. intensity.

With the acoustic field turned off, the cell is rotated We can use the fitted values of the param&eo deter-
around the polar axis to find a minimum in the optical inten-mine the angle of acoustic realignment for each experiment.
sity, which indicates that the liquid crystal in the cell is From Eq.(10), the maximum realignment angle in the center
aligned with the laser. The acoustic field is then applied, andf the cell is
the change in the optical intensity is measured for a specific
transducer voltage as a func;tion Qf transdgcer amgle.,. _ 4au,pok?l sin 26
After the angle of optimum signal is determined, the experi- |B1]= s 3
ment is repeated at varying transducer voltages. The mea- mKgv
sured optical intensity is normalized by the optical intensity__ i
under no acoustic field to obtain the contrast ratio. Rotatiord S €an be reexpressed in terms of the parantgt@s
of the cell, transducer, and polarizer, transducer voltage, and
data collection are all computer-controlled using Labview
via GPIB.

Figure 3 shows the measured contrast ratio as a function
of acoustic intensity for the three samples. The data showror all the experiments, we have the optical wavelength
that mixture 1 reaches its first peak in the contrast ratio at & 0.633 um and the cell thicknesa=150 um. Moreover,
lower acoustic intensity than mixture 2. By comparison, 5CBin all the materials and mixtures, the birefringenceAis
never reaches a maximum over the experimental range of0.17. Hence, for the acoustic intensity 35 mwi/cn?, we
acoustic intensity. Thus, mixture 1 has a more sensitive&ean extract the realignment angles listed in Table I. Note that
acousto-optic response than mixture 2 and 5CB is the leashixture 1 has a realignment angle somewhat greater than
sensitive. Both mixtures also show a much faster response toixture 2, and about seven times greater than 5CB. For this
the acoustic field than does 5CB alone. reason, mixture 1 has a phase retardaoabout 7 times

To compare the experiment with the theory, we fit the datagreater than 5CB, and an acousto-optic contrast fatitow
for mixtures 1 and 2 to the prediction of Ed.5). The fits are  acoustic intensityabout 7 times greater than 5CB.
shown in Fig. 3. Clearly these fits are reasonable, at least up The only significant discrepancy between theory and ex-
through the first peak. The measured contrast ratio increas@&riment in Fig. 3 is the behavior beyond the first peak in the
slowly with transducer voltage, following tHé power law,  contrast ratio. This issue is only apparent in mixture 1, be-
and then rises rapidly to a peak, consistent with the prediceause only this mixture went well beyond the first peak over
tion. The fact that the data sets follow this functional form isthe range of acoustic intensity studied. The theoretical curve
a significant agreement with the theory. The two fitting pa-continues to oscillate, with oscillations that become more
rametersA and B are listed in Table |. The variation in the rapid as the acoustic intensity increases. By contrast, the os-
first parameterA just shows the optical quality in the two cillations in the experimental data are apparently damped out
experiments. The variation in the second param&eafe-  at higher acoustic intensity. The most likely explanation for
scribes the sensitivity of the two mixtures to an acousticthis discrepancy is that the acoustic intensity is nonuniform
field, so it is higher in mixture 1 than in mixture 2. over the region probed by the laser. In that case, the mea-

For 5CB, the measured contrast ratio never reaches thaured contrast ratio would be an average over the contrast

(17)

2)\B|2 1/2

maAn

|B|= (18)
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intensity. This agreement gives a significant experimental

6000 - confirmation of the theory. Second, the three materials have a

wide range of fitted values for the parameBemwhich scales

crystalline materials differ greatly in their response to an
ultrasonic wave. This implies that the choice of material is
critical for technological applications of the acousto-optic
effect.
' ' ' ' ' ' ' This theoretical and experimental study shows that three
0 20 40 60 80 100 120 . . i
o . areas are especially important for future research. First, our
Acoustic intensity (mW/cm’) model, like the Dion model, predicts that the acousto-optic
FIG. 4. The modified fit for the optical contrast ratio of mixture effect is extremely sensitive to the cell thickn@ssThe re-

1, using the Gaussian distribution of acoustic intensity discussed iflignment angle in the center of the cell is predicted to scale

the text. The oscillations in the contrast ratio beyond the first peal@S a?, and the optical contrast rati@t low acoustic inten-
are damped out. sity) is predicted to scale a'°. This prediction should be

tested in experiments. If it is confirmed, it would provide an
ratio of the nonuniform region. This averaging would not excellent opportunity for optimizing acousto-optic devices.
affect the contrast ratio &w acoustic intensity, because the  Second, the model predicts that the acousto-optic effect is
contrast ratio is not very sensitive to acoustic intensity in thatlso sensitive to the direction of the sound wave. The direc-
regime. However, the averaging would smear out the osciltion of propagation must be away from normal incidence
lations athigh acoustic intensity, in the regime where the (Owater>0°), because a wave at normal incidence exerts no
oscillations are rapid. . 3 torque on the liquid crystal. However, the direction of propa-

We can compare the data with a specific model of theyation must be close enough to normal incidendg.&,

averaging over nonuniform acoustic intensity. Suppose there. 14°) to be transmitted through the glass wall into the lig-
is a Gaussian distributioR(1) of the acoustic intensity over ;g crystal. The dependence of acousto-optic effect on wave
the region probed by the laser. In that case, the average CORjection depends on the exact acoustic geometry of the
trast ratio isR=fdIP(I)R(l). This prediction for average multilayer environment. So far, our experiments have found
contrast ratio depends on three parametésB, and the peak angles in the range of 5.5°~8°. However, the angular
standard deviation of the Gaussian. In Fig. 4, we compare th&ependence needs to be investigated in more detail, both
data for mixture 1 with the average contrast ratio using the ﬁEhrough acoustic calculations and through experiments, in
parameteré&=4500,B=1.4x10"° mW 2 cnm®, and astan-  gder to test the theory. '
dard deviation of 3.4 mW/cfa This average contrast ratio Finally, we note that the main difference between our
gives a reasonable fit to the data. In particular, the oscillamqge| and the earlier Dion model is in the basic assumption
tions in the theoretical curve are damped out beyond the firgg the interaction between a liquid crystal and a sound wave.
peak, in agreement with the data. Note that the valu8 iof  \ne suppose that the interaction arises from a director-density
this fit is the same as the value Biin the original fit without coupling, while Dion assumed that the interaction comes
the averaging. This shows that the averaging changes thgym the anisotropy of acoustic absorptidn in a liquid
quality of the fit beyond the first peak, but does not chang&ystal. We do not use Dion’s assumption because, as argued
our assessment of the sensitivity of the acousto-optic effecfn sec. |1, it gives theoretically implausible results for the

-% as the director-density couplingi{)2. From this variation in

& 4000 1 B, we see that the realignment angle varies from material to
g material by a factor of 7, and the optical contrast résitlow

§ acoustic intensity varies by a factor of 4, which is more

T 2000 than three orders of magnitude. Thus, different liquid-
o

o)

which depends on the location of the first peak. dependence of torque density on cell size. However, this
leaves the open question of whether the director-density cou-
IV. DISCUSSION pling u, is related toA « in any way or whether it is a new

) ~ parameter that characterizes liquid-crystalline materials. This
In this paper, we have presented a model for the realignquestion should be addressed by experiments that compare
ment of nematic liquid crystals by an ultrasonic wave. Thisthe acousto-optic effect and the absorption anisotropy in
model predicts the realignment angle and the optical contraghany materials.
ratio as functions of several parameters, including the inten-
sity and direction of the sound wave and the thickness of the

quuid—c_rystal cell. We h.ave also pre§ented measurements of ACKNOWLEDGMENTS
the optical contrast ratio as a function of acoustic intensity
for three liquid-crystalline materials and mixtures. We would like to thank M. C. Baruch, T. C. Lubensky,

By comparing the experimental data with the theoreticaland J. S. Sandhu for helpful discussions. This work was sup-
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