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We consider the change of orientation of a nematic-liquid-crystal layer and the ensuing optical effect
following oblique incidence of an ultrasound wave and ultrasound beam on the layer. The molecule rotation is
due to velocity gradients of the stationary flow produced by the action of nonlinear boundary forces in a real
liquid-crystal cell in a sound field. Incidence of a sound waveon the layer causes a homogeneous deformation
of the crystal structure. The effect produced by incidence of an ultrasound beam is calculated in the region
outside the beam. The calculation results are compared with experiment.

PACS numbers: 43.35.8x, 43.35.Bf, 78.20.Hp

§1. INTRODUCTION

The action of ultrasound on a nematic-liquid-crystal
(NLC) layer can lead to a change of the molecule
orientation, and to destruction of the crystal structure
at high ultrasound powers. These structure changes
lead in the first case to depolarization of the linearly
polarized light wave incident on the NLC layer, or to
strong scattering of the light in both the first and
second case.’!

The experimental investigations indicate that the ex-
tent of the action of the ultrasound on the crystal struc-
ture depends strongly on the ultrasound-wave incidence
angle.? The action of ultrasound on an NLC layer at
normal incidence of the sound wave was explained in
Refs. 3-5 as being due to the onset in the layer of
stationary streams proportional to the product of the
rates of layer compression in the sound wave by the
displacement velocity in the longitudinal wave propagat-
ing along the layer when the latter is inhomogeneously
compressed or in the presence of free boundaries. The
velocity gradients of the stationary stream along the
layer thickness cause rotation of the molecules: this
effect is optically observed at incident-ultrasound in
tensities 1 mW -cm™. The action of ultrasound oblique-
ly incident on an NLC layer was considered in Refs. 6-
9. Dion®® proposed that the rotation of the liquid-cry-
stal molecules in a traveling wave is due to anisotropy
of the absorption: the molecules tend to rotate so as to
decrease the losses in the sound waves. Assuming in
error that the sound is absorbed within distances shorter
than the layer thickness, Dion obtained too high a re-
sult; a correct calculation predicts for this mech-
anism.too small an effect that might be observed at a
sound intensity larger by three orders of magnitude than
those used in experiment, and which is masked in a real
case by stronger effects. Candau et al.® considered the
action of the radiation forces in an ultrasound beam ob-
liquely incident on an NLC layer. The radiation forces
produce in the liquid layer a stream that turns around
outside the region subject to the action of the ultrasound;
the stream velocity gradients cause rotation of the
molecules. Far from the “sounded” region, the theory
agrees qualitatively with experiment but, as will be
shown below, the quantitative disparity is very large.
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At large beam dimensions, comparable with the di-
mensions of the liquid-crystal cell, and when an ultra-
sound wave is incident on the NLC layer, radiation
forces that are homogeneous along the layer likewise
do not lead to the onset of streams and to deformation
of the structure.

In this paper we propose for the acoustooptical effect
in oblique incidence of ultrasound a mechanism based
on the analysis of the boundary forces concentrated in
thin layers of thickness of the order of the length of
the viscous wave near the boundaries of the NLC layer.
These forces arise when sound acts on a liquid-crystal
cell in which a nematic crystal is placed between solid
plates that flank the NLC layer and set the orientation of
the crystal molecules. The acoustic properties of the
liquid crystal and of the plates are different, so that the
incident sound wave produces in the NLC, beside the
longitudinal waves, also two viscous wave propagating
into the interior of the layer from its boundaries. The
boundary forces, which are proportional to the time-
averaged product of the vibrational velocities in the
longitudinal and viscous waves, produce a stationary
stream; the velocity gradients of the stationary stream
deform the structure of the nematic crystal. The optical
effect due to the molecule rotation is observed by pass-
ing a beam of light through the liquid crystal cell
placed between crossed polaroids. At the normal mol-
ecule orientation and in the absence of a sound wave the
system is opaque. When the optical axis of the crystal
is inclined as a result of the molecule rotation, ordinary
and extraordinary light waves are produced in the cry-
stal, and their superposition at the exit from the layer
determines the depolarization of the incident light wave
and the fraction of the light flux passing through the
second polaroid. The light scattering is increased at
the same time, making it possible to observe the effect
directly.

The calculation of the acoustooptical effect on the
basis of the indicated mechanism was carried out for
oblique incidence, on the liquid crystal cell, of an ul-
trasound wave and of an ultrasound beam whose dimen-
sions are smaller than those of the cell. In both cases
it is assumed that the initial orientation of the crystal
is normal.
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§2. OBLIQUE INCIDENCE OF ULTRASOUND WAVE

The effect is calculated in the following manner. As-
suming that the motions of the NLC-layer boundaries
are given, we obtain the wave field in the layer; retain-
ing in the hydrodynamic equations the terms quadratic
in the velocity, we obtain the velocities of the stationary
stream; from the molecule rotation angle in the stream
we determine the optical effect. The motion of the NLC-
layer boundaries following the incidence of an ultrasound
wave on the cell is determined numerically with a com-
puter.

We confine ourselves in the calculation to sound fre-
quencies such that the length of the viscous wave in the
layer is much less than the layer thickness k, assum-
ing the following inequality

gh>1, (1)

where g = (pw/2n)'/? is the wave number in the viscous
wave, and p and 1 are the density and dynamic viscosity
of the nematic crystal. We consider only small mole-
cule-rotation angles ¢ <1; this allows us to linearize
the equations in angle. In the description of the longi-
tudinal waves we discard the viscous stresses compared
with the elastic ones (nw< pc?, where the c is the speed
of sound). When the wave field in the layer is deter-
mined, the only viscous effects involved are only the
viscous waves propagating from the layer boundaries

in the normal direction. Recognizing also that the
considered compression amplitudes in the layer are
much smaller than the value 5 x 10~ at which the cry-
stal structure becomes unstable,'® we regard the nematic
crystal as an isotropic liquid with dynamic shear vis-
cosity n corresponding to the indicated viscous waves

in the nematic:

2.
where v, =a; - a,,y,=0a;+a,, and a, are the Leslie
viscosity coefficients.'* The static shear viscosity
in the stream along the layer is then equal to 7,.

1
“-“I+a;‘( '—%)’ ﬂ!-z_(_a!’*'a""al)v

We direct the z axis along the normal to the layer,
choose the origin z=0 on the lower boundary of the
layer, and direct the x axis along the layer in the ul-
trasound-wave incidence plane. In this case the acous-
tic vibrations of the particles, the stationary flow, and
the rotation of the molecules take place in the (xz)
plane.

We specify the velocities v _and v, of the NLC-layer
boundary vibrations in the form

Ux| :=p="Uup exp (—iwt+ik.x). (2)

The subscript n=x, z labels here the velocity compon-
ents, and the index =0, & labels the layer boundary;
k,=ksinf, where k is the wave number in the ultra-
sound wave incident on the layer, and 6 is the incidence
angle. The velocities v, are compiled:

Vsp="Usps Ti0np. (3)

The solution of the wave equation of the liquid motion
in the layer

v av
pF+ n rotrot—— AAv=0

114 Sov. Phys. JETP 56(1), July 1982

with boundary conditions (2) is
su=Re { exp{i Fk,:t—(ot))
sin k.h
+et=Ye [y, sin k,h—itg 0 (V.o co8 ksh—vam) ]

{itg 6[v.o cos (k; (h—2)) —v.n cos k.z]

+ett-Deth=[y , sin k,h—itg 0 (v.o—V. cos k.h) ]}} ,

»=Re {exp {i(kz—owt)}

e [ba sin kRt v sin (ks (2)) 1} ,

where k,= (w/c)cos .

Recognizing that the time-averaged quantities are in-
dependent of x in this case, we obtain, following Ref.
12, an equation for the stationary-stream velocity v,:

d*vy. d*

Ny ———— F —pd—z(v,v Dt (*),
the angle brackets denote here time averaging, and (*)
stands for terms of the form a(d?/dz?){¢Vv) and a(d?/
dz*)wVe), which make a small contribution to the solu-
tion of the equation.

v,,=0. (4)

Under the same conditions, the equation for the
stationary molecule rotation angle ¢, (Ref. 11) takes
the form

K@’ /dz*~o,dva/dz, (5)

where &, is the Frank elastic constant.

Solving the system (4) and (5) with the conditions of
the sticking of the liquid and preservation of the mole-
cule orientation on the NLC-layer boundaries

Vz:lz-:o, =0, ¢zlz=o,h=0.

as well as under the condition that the flow be closed,
in the form

h
j U,y d2=0,

we obtain ¢,:

- ;’;’n‘}"{o +0-29) (£ )*e-9 ()}

where v, is the vibrational velocity in the incident sound
wave; € and S are parameters independent of v,:

1
Q= _U—z{ Vs01Vs01 T V202Vs00F Vs02Vs01— V201 Vsoz
o

tg 0
n k.h

+ (Va02Vshs—Vz01Vsha—Vi01Vens— U:oz’/zhz)

+ (Vi vior) tg B ctg i },

1
S= F { VshiVsns T VshaVshe TV enoUshs — VsniUshe
0

+ (03 Hvme) tgOcth k h}

+ (VsraVso2—VsnaVz0t—Vs01Vsms— vam)

k h
The optical effect is characterized by the transparency
m, taken to mean the ratio of the light flux passing
through the polaroid to the flux incident on the NLC
layer. If the molecule inclination angle varies
smoothly, the transparency can be estimated using a
known equation,'® in which ¢*k is replaced by fo ¢idz:

m=sin® [%’i ko _fqﬁ dz] sin?® 24, (6)

Here &n=mn, -n,; n, and n, are the refractive indices
along and across the crystal axis, k, is the wave num-
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ber of the light in vacuum, and 3 is the angle between
the plane of polarization of the incident light and the
(x, z) plane.

Integrating ¢3 with respect to z, we obtain the follow-
ing expression for the transparency:

m=sin*{BA} sin® 2y,

where
2 2
E=ﬂk,h( pvsoah ) ,
32 Kyqn.

A is a parameter determined by the cell data, the angle
6, and the frequency w:

1 1 1
A=—eQi+— —,
105 Q 70 oS+ 105 §

In experiment, the acoustooptical cell is usually placed
in water. Since the sound speeds in water and in the
liquid crystal are close, we express the parameter B
in terms of the intensity /=pvZc of the incident sound
wave:
An Iash \?
Bk (_K!W) )

We obtain A by computer calculation of the amplitude
of the NLC -layer boundary motion due to incidence of a
sound wave on a system consisting of a solid plate of
thickness H,, the liquid-crystal layer, and a solid plate
of thickness H, (see, e.g., Ref. 14). The acoustoopti-
cal cell is assumed placed in water, and the plates are
assumed to be of the same material. The boundaries
of the plates are regarded as free to move in their own
plane, meaning the inequality wn<u, where u is the
shear modulus of the plate. The values of A and the
sound transmission coefficient in terms of the intensity
D, at a frequency 1 MHz and at various NLC-layer
thicknesses, are plotted vs. the angle 6 in Fig. 1. We
chose for the calculations the following values of H,,H,,
Young’s modulus in the longitudinal wave, the shear
modulus u, and the plate densities p,, viz., H;=0.02
cm, H,=0.3 cm, E=0.425x10"% g-cm™, ©t=0.225
x 10" g-cm™sec™, and p,=2.5 g-cm™. The density
and the sound velocity in the water and in the liquid
crystal were assumed equal: p=1g-cm™andc=1.5
x 10° cm -sec™.

The maximum values of A, and hence of the optical
transparency of the cell, correspondto maximum acoustic
transparency; this correlation was observed experi- -
mentally in Ref. 2. The small shift of the peak values
of A on the 8 scale with changing layer thickness k shows
that the maximum-transparency angles 6 are deter-
mined by the parameters of the boundary plates.

We now estimate numerically the effect at the fre-
quency w =1 MHz, after determining the sound intensity
I, corresponding to the arbitrary threshold transparen-
cy my, =sin®2yp. For an MBBA liquid crystal with a,
=-0.78 P,K,=0.7x10° dyn,c =1.5x 10° cm -sec™,
p=1g-cm™ An=0.12,7=0.25P,n,=1.03 P (Ref. 11)
and layer thickness 2=10"% cm we obtain at A~1 the
value Iy, ~0.1 mW -cm™, At peak values A~10% (9
=~17°) we obtain I, ~102 mW -cm™2.

The dependence of the transparency on the NLC layer
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FIG. 1. Dependence of three optical (A) and acoustic (D)
transparencies of an acoustooptical cell on the ultrasound in-
cidence angle at w/27=1 MHz. Curves 1, 2, and 3 correspond
to h equal to 103, 3X1072, and 107 cm, respectively.

thickness is different at different sound-incidence
angles. At the first transparency peak we have A
~h™05 and I, ~k™+%, and at the second A~k™*® and I,
~h™®7, These relations are closed to the experimental
I, ~k™ obtained for oblique incidence of the sound.

§3. OBLIQUE ULTRASOUND BEAM INCIDENCE ON
NLC LAYER

Neglecting multiple reflections of the ultrasound
from the layer boundaries and the broadening of the
angle spectrum of the beam on passing through the
cell, we consider the action of ultrasound on an NLC
layer in a cylindrical region of radius r=a. We as-
sume the cylinder generatrices to be perpendicular to
the layer, which is permissible at a> k. The equa-
tions for the velocity of the stationary stream and for
the pressures take the form

MAV,=VP,+p {({(vV) WV (VV)D}, r<a,

(7

NAV,=VP,, r>a, divv,=0,

where v(v,,0,v,) are the vibrational velocity in the
“sounded” region.

The radial derivative 8P,/ 3r of the pressure (r is the
distance to the region of the sounded region) changes
jumplike at »=a. From (7) we obtain

oP, _ 0P,

or re=g+0 ar ramg—0

=—p (-a’a?(v,’)+:7<v.v,)) I'— cosy, (8)

where X is the angle between the radius r and the x axis.

We consider the acoustooptical effect in a liquid-
crystal region outside the ultrasound beam, at » -a
>h. In this region the motion of the liquid is due to
the gradients of a pressure that is constant over the
layer thickness; the z-dependent harmonics of P, van-
ish when the distance from the sounded region increases
to a distance ~k. Neglecting small effects proportional
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to the square of the sound absorption coefficient §, we
obtain from (7) an equation for the pressure P, averag-
ed over the layer thickness:

AP,=0, r+#a. (9)

Averaging the condition (8) over the layer thickness and
taking the sound absorption in the crystal into account,
we obtain the connection between the external and in-
ternal pressure gradients:

P, oP,

ar I r=a40 or lema—o

= (F+F,)cosy, (10)

where F, =pv26D siné is the x component of the radia-
tion forces (the action of these forces was considered
earlier qualitatively in Ref. 9), and F, is a term con-
nected with the action of the boundary forces, defined
at 6=0 by

P
Fy=— '2—}": (VenVany F U2V 00— Vz01V 201 Vx0aVs02) -

Equations (9) and (10) have a solution that is bounded
at =0 and r =« and is continuous at »=a, in the form

_ ~!/o(F\+F;)reosy, r<a

P, (11)

2
—1/y (F,+Fz)—ar— cosy, r>a

In the outer zone, where 8°/ 3/ ~1/7*«<d/3z*~1/K?,

we have A= 8°/82°. Substituting P, from (11) in the
second equation of (7) and solving it under the condition
that the liquid sticks at the layer boundaries, we ob-

tain the flow-velocity components v, and v,;:
(F\t+F,)a* cos2y
TTz(h—z),
(F+F,)a* sin2y
. 4r*

Solving the equation for the molecule rotation angle
0qs dlv,!

s = 3
z

dz

at a constant orientation of the molecules at the layer

boundaries, we obtain

‘(F4+Fl)a'¢1:
240K,

The optical effect produced when linearly polarized
light is passed through the NLC layer is determined
from the phase difference d between the ordinary and
extraordinary light waves at the exit from the crystal.
According to (6), d is equal to

Ve

z(h—3z).

@2 =

(322—22°—1z).

An-kya,? (F,t+F,)*h’a*

2,4-10°n,’Ky* r (12)

An ¢
=— 2 dza
d= 3 k,;[(p dz

Since d is independent of x, at a sufficiently high inci-
dent-sound intensity there should be observed outside
the sounded region a system of light and dark circular
fringes corresponding to the values d,:np/z (p=1,
2,3,...), and a dark cross determined by the orienta-
tion of the crossed polaroids. This picture was ob-
served experimentally in Ref. 9, where the acoustoop-
tical effect was investigated for oblique incidence of an
ultrasound beam at an angle corresponding to the maxi-
mum acoustic transparency of the layer (D=1).

For a quantitative comparison of the results with the
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experimental data, we estimate the ratio of the radius
R, of the first dark ring to the radius a of the sounded
region. From (12) we obtain

R _ { An-kih'as? (F+F)? }"' ) (13)

a 2.4-10°xn,’Ky?

At the frequency w/27 =2.8 MHz and at a sound inten-
sity /=40 mW -cm™ experiment yielded for a PCB
liquid-crystal layer #=0.02 cm thick, at the maximum
of the acoustic transparency, the ratio R;,/a=3to 5
(Ref. 9). To estimate R,/a from Eq. (13) we put p=1
g-cm™, 6§=0.1cm™ (Ref 15), ¢c=1.5x10° cm -sec™?,
a,=M,, K;=10" dyn, k,=10° cm™, and &2=0.15. In
this case F, equals 0.13 g-cm™ -sec™®. At the maxi-
mum acoustic transparency of the layer we can estimate
the order of magnitude of |F,| from the relation |F,]|
=pv2/2h. This estimate agrees well with the numerical
calculation of F, for the cell parameters considered in
§2. At 6=25°and /=40 mW -cm™ the value obtained
was F,=128 g-cm™. The theoretical value F,=128
R,/a=4.5 agrees with the experimental data.

A comparison of the values of F; and F, shows that the
acoustoelectric effect for an ultrasound beam incident
on an NLC layer is determined by the action of the
boundary forces in the sounded region. The radiation
forces considered in Ref. 9, while leading to qualita-
tive agreement between the picture of the experimental-
ly observed effect, cannot explain it quantitatively: the
ratio R,/a=0.14 <1 obtained for the radiation forces
in the example considered is meaningless.

1 Akustoopticheskie svoistva zhidkikh kristallov i ikh primenenie
(Acoustoelectric Properties of Liquid Crystals and Their
Use), O. A. Kapustina, ed., Acoust, Inst, USSR Acad. Sci.,
1979.

2J. N, Perbet, M. Hareng, and S. le Berre, Rev. de Phys.

Appl. 14, 569 (1979).

3C. s. Sripaipan, C. F, Hayes, and G. T. Fang, Phys. Rev,
Al15, 1297 (1977).

‘E. N. Kozhevnikov, Akust Zh. 27, 533 (1981) [Sov. Phys.
Acoust, 27, 297 (1981).

SE. N. Kozhevnikov, Zh. Eksp. Teor. Fiz. 82, 161 (1982) [Sov.
Phys. JETP 55, 96 (1982)].

8J. L. Dion and A. D, Jacob, Appl. Phys. Lett. 31, 490 (1977).

J. L. Dion, Compt. Rend. Acad. Sci. 284, b-219 (1977).

83. L. Dion, J, Appl. Phys. 50, 2965 (1979).

9S. Candau, A. Ferre, A. Peters, and G. Waton, Mol. Crystl,
Liq. Cryst. 61, 7 (1980).

101 A. Chaban, Akust. Zh. 25, 124 (1979) [Sov. Phys. Acoust.
25, 67 (1979)1.

1M, J. Stephen and J. P. Straley, Rev. Mod. Phys. 46, 617
(1974).

2physical Acoustics, W. Mason ed., Vol, 11B, Academic,
Chap. 5.

M, Born and M. Wolf, Principles of Optics, Pergamon, 1970.

141,. M. Brekhovskikh, Waves in Layered Media, Academic,
1960. '

155, Nagai, P. Martinoty, and S. Candau, J. Phys. 37, 769
(1976).

Translated by J. G. Adashko

Zhukovskaya et al. 116





