Effect of ultrasonic surface waves on liquid crystals
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The increase of transparency of a thin oriented layer of a nematic liquid crystal (MBBA)
under the action of ultrasonic surface waves is investigated. A theoretical model of the
phenomenon is proposed; it is based on the effect of a rotation of the plane of polariza-
tion. An expression is obtained that relates the intensity of the light flux, averaged over
a period, to the amplitude of the oscillation velocity in the wave. Experimental data, ob-
tained at frequency 6 MHz, agree with the results of the calculations.

1t is well known ™3 that the effect of an ultrasonic
wave on a thin layer of a nematic liquid crystal is to
change its transparency and its color. The present pa-
per describes a theoretical and experimental investiga-
tion of the effect of an ultrasonic surface wave on an
oriented layer of a nematic liquid crystal, which in its
optical properties resembles a plate of uniaxial crystal,
cut perﬁ)endicularl'y to the optic axis (a so-called normal
layer(®))

For further discussion we choose a coordinate system
with the y axis directed along the optic axis OO’ of the
layer (Fig. 1). We choose as the xz plane the solid sur-
face on which the layer lies; the x axis will correspond
to the direction of propagation of the surface wave. A
beam of light falls on the layer in the direction normal
to it; that is, along the optic axis of the layer. With this
choice of the coordinate system, the dielectric permit-
tivity tensor can be expressed in the form

1)

i = B||lnlu + 8||l;zln + EJ.l-‘ilh!»

where the ’s are the direction cosines of axis i with
respect to axis k.

If there is a velocity gradient in the liquid crystal,
then in consequence of the Maxwell effect the dielectric
permittivity tensor takes the form!®

Eip = E]{lnlu + E“l.zlu + &, lishs + A(0vi/ 0z, + v,/ dz).

(2)
Here A is Maxwell’s constant.

In a surface wave propagated along a solid crystal (in
the xz plane), there are two components of the oscilla-
tion velocity; the ratio of their amplitudes is given by
the expressiont’

Voy/ Ve =— (2—8) /2(1 — &) ", (3)
where £ is a certain constant characteristic of the given
material. Since for quartz ¢ ~ 0.87, the longitudinal and
transverse components of the oscillation velocity in this
material are about the same. In a layer of liquid crystal
placed on a solid surface, the gradients of the compon-
ents of the oscillation velocity arel™

./ 0z = kv...
v,/ 0y = —vo:P cos (ot +n/4),
v,/ 0x = kvo,, v,/ Yy = avy,

4)

where w = 27f, f is the frequency of the oscillations,

B® = w/2v,y is the kinematic viscosity of the crystal,

k is the wave number, k = w/c, c is the speed of sound in
the liquid crystal, and a is the absorption coefficient of
sound in the crystal, @ = w®y/c®. Estimates show that
within the range of ultrasonic frequencies, the following
are valid:
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dv./ 8y > dv,/ oz,
v,/ dy > v,/ dy,
./ dy > v,/ dx;
e, > 2Ava0/c, g > 2Av,a.
Thus at frequency 6 MHz, the ratio of the gradients of
the components of oscillation velocity is

Ovs dv, .
( 0y)/(ﬁ)=10.
Thus for the range of ultrasonic frequencies, only the
component of oscillation velocity in the direction of the
x axis needs to be taken into account. This last circum-
stance simplifies the expression (2) for the dielectric
tensor of the crystal in the field of the elastic deforma-
tion gradients:

(5)

v,

o A== 0
g oy
ex=| . ov, (6)
a0
] 0 ey

Physically, the change of form of the dielectric tensor in
the field of the velocity gradients means the following:
On unit area of a surface executing an oscillation in an
incompressible viscous liquid, there acts a frictional
force proportional to the gradient of oscillation velocity
avx/ay in the surface wave and directed along the
xaxis' . This force produces a rotation of the oriented
molecules of the liquid crystal through an angle 6,
whereby the optic axis OO’ also rotates through an

angle 6.

To estimate the size of the angle 6, we introduce a
coordinate system x’, y’ rotated through an angle 6§ with
respect to the rigid system x, y (Fig. 1), so that the di-
electric tensor (6) will be reduced to diagonal form. By
using the method described in'®) | we obtain

v,
0= arctg{A-ﬁ/e"},

We shall consider the change of transparency of a normal
layer of liquid crystal in polarized light, in consequence
of the rotation of the optic axis. The polaroid P, (Fig. 1)
transmits the component E, of the electric vector, the
polaroid P; the component E_. When the direction of the
light beam coincides with thé direction of the optic axes
of the molecules in the layer, the visual field in the
crossed polaroids will be dark. On rotation of the optic
axis through an angle 6, caused by the surface wave,
double refraction occurs, and there appears a component
of the electric vector in the direction of the y axis that
passes through the polaroid P.. This component is

Q)
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z .
p,+

Ey = E, sin 6. By use of the expression (7) we get

v,
E,=E,sin (arctgA—v_) =—M (8)
g Oy Y1+ a*(dv,/dy)*

Here a = A/e”. The intensity after passage through the
polaroid P: is .
_ Ela*(0v/ay)?
T Guay ©)
By using expression (4) for the gradient of the oscillation
velocity and averaging the intensity of the luminous flux
over a period of the oscillations, we get
A= a?p? cos® (ot + /7t) Vo dt
T 1 +a*p? cos* (ot + /) vos
Here the symbol (...) denotes a time average. On carry-
ing out the integration, we obtain the following expres-
sion for the average, over the period of the oscillations,
of the intensity of the luminous flux emerging from the
polaroid P»:

(10)

n
<1,>=A{T

. (11)

t
STt apons

- ——ar
V1 + a*pv,.2

This expression gives the dependence of the average in-
tensity of the light flux, over a period, on the amplitude
of the oscillation velocity in the wave. According to (11),
the character of the changes of (I:) as a function of the
oscillation velocity is such that two 11m1t1ng cases can
be distinguished: namely, the value of a’g*v:_, which oc-
curs under the radical signs in the expressmn (11), may
be large or small in companson w1th unity. In the case
of small oscillation velocity (a?g? v < 1), the mean
value of the intensity changes in proportlon to v2 ox’ in the
range of values of v, that satisfy the condition

a’g’v_ > 1, this intensity preserves a constant value,
equal Ito A1r/ 4,

To test the correctness of the theoretical model pro-
posed for explanation of the change of transparency of
a normal layer of liquid crystal under the influence of an
ultrasonic surface wave, experiments were performed on
the apparatus shown in Fig. 2. The liquid crystal layer 1
is contained between the substrate 2, of quartz single
crystal, and the cover glass 3. This cell is between the
crossed polaroids 4 of a polarizing microscope and is
illuminated by the source 5. The change of transparency
of the layer was recorded by the photomultiplier 7, con-
nected to the electrometer 8. By means of the photo-
attachment 6 it was possible to photograph the layer.
The surface waves were excited on the optically polished
surface of the Y-cut of quartz by means of a transducer
in the form of a two-phase system of electrodes 9, ob-
tained by etching of aluminum film. The transducer,
containing eight pairs of electrodes, was designed for a
fundamental frequency of 6 MHz (the distance between
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neighboring electrodes was 250 microns). The distance
from the transducer to the liquid crystal layer is about
1 cm. The thickness of the layer is of the order of

15 microns. The substance used was methoxybenzyli-
denebutylaniline, for which the temperature range of the
nematic phase is 21-42°C.

In Fig. 3, the points show the experimental values of
V at the output ,of the photomultiplier for various values
of the voltage U on the surface-wave transducer. for
convenience in comparison with the theoretical model,
the expression (11) for the mean intensity (I;) of the
light flux was slightly modified. Since the mean light
flux falling on the photomultiplier is proportional to the
voltage V at its output, and since the amplitude v,
the oscillation velocity in the wave is proportlonai{ to the
voltage U on the transducer (v, = k(f)U, where k(f) is a
frequency-dependent coefficient), the expression (11)
can be reduced to the following form, which is more con-
venient for practical use:

n

4 C"{ i i v1+c,*U*}’
where C3 = k(f)azp}2 depends on the frequency but C is a
constant. Formula (12) gives the dependence of the
photomultiplier reading, which measures the intensity
of the light flux, on the transducer voltage. For C3U°
< 1 and for C3U® >> 1 we have, respectively,

V=CC32U/ 2,

(12)

and (13)

0. A. Kapustina and Yu. G. Statnikov 118



V=Co/ 4. (14) TL. W. Kessler and S. P. Sawyer, Appl. Phys. Lett. 17,
440—441 (1970).

By using two experimental points, it is possible to 20. A. Kapustina, Doklady 7-of Vsesoyuznof akustiches-
calculate the constants C, and C,; (for frequency 6 MHz kol konferentsii (Reports of the Seventh All-Union
they are found to be Co = 10° mV and C3=3.2 - 10° V)  Acoustical Conference), Leningrad, 1971, p. 90.
and to construct the theoretical dependence of the voltage *H. Mailer, K. L. Likins, T. R. Taylor, and J. L.
V at the output of the photomultiplier on the transducer Fergason, Appl. Phys. Lett. 18, 105 (1971).
voltage U, at a given frequency. It is shown in Fig. 3 by *L. E. Davis and J. Chambers, Electronics Lett. 7, 287
the solid line. As is seen, all the experimental values of £1971).
V fall close to the theoretical curve; this attests to the V. V. Zolina, Trudy Lomonosovskogo instituta AN SSSR

correctness of the proposed theoretical model of the 8, 1118 (1936).
phenomenon, based on the effect of rotation of the plane ® L. D. Landau and E. M. Lifshitz, Elektrodinamika
of polarization. sploshnykh sred (Electrodynamics of Continuous Media),

Gostekhizdat, 1954 (Translation, Addison-Wesley, 1960).
L. D. Landau and E. M. Lifshitz, Mekhanika sploshnykh
sred (Mechanics of Continuous Media), Gostekhizdat,
1954 (Translation, ‘“Fluid Mechanics,”’ Addison-Wesley,
1959).

8 Harold Jeffreys and Bertha Swirles Jeffreys, Methods
of Mathematical Physics, 3d. ed., Cambridge Univ.

It must be mentioned that the experimental dependence
shown in Fig. 3 does not reveal the tendency of the effect
to saturate at large values of U, which follows from the
theory. This is due to the fact that for the transducer
used, as is shown by estimates, the condition C3U* >> 1
is satisfied only if U > 500 V, which we were not able to
reach. At frequency 30 MHz, however (with the trans- Conns
ducer operating on the fifth harmonic), the saturation Press, 1956 (Russ, transl., “Mir”’, 1969).

9 .
- 0. A. Kapustina and A. A. Talashev, Akust. Zh. 19, No.
ffect was clearl dent and b ) )
S iso v earty evident and was observed at voltage  ,"} 473y [Sov. Phys.-Acoustics 19, No. 2 (1974)].

Because the intensity of the light flux is related to
the oscillation velocity in the wave, the change of trans-
parency of the layer can be used for visualization of an Translated by W. F, Brown, Jr.
ultrasonic surface wavel®, 24
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