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loops. An improved experiment is now in pro-
gress that incorporates these modifications.

Helpful discussions with Professor N. Rosto-
ker and Professor S. Linke are gratefully ac-
knowledged.
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ANISOTROPIC ULTRASONIC PROPERTIES OF A NEMATIC LIQUID CRYSTAL

A. E. Lord, Jr., and M. M. Labes
Departments of Physics and Chemistry, Drexel University, Philadelphia, Pennsylvania 19104
(Received 6 July 1970)

Ultrasonic measurements (2 to 6 MHz) on a room-temperature nematic liquid crystal
have shown the attenuation to vary strongly with the angle 6 between the sound-wave
propagation direction and the direction of an aligning magnetic field. The velocity change
is quite small, amounting to some 0.1% between the 6 =90° and the 6 =0° case. The ori-
entation-dependent attenuation is of the hysteresis type.

Many of the physical properties of nematic li-
quid crystals display a pronounced anisotropy as-
sociated with the orientational ordering of the
long molecular axes in this phase.!”® We have
measured a dependence of ultrasonic attenuation
and velocity on the angle between the sound-wave
propagation direction and the direction of an
aligning magnetic field acting on N-(p-methoxy-
benzylidene)-p-n-butylaniline (MBBA) which, to
the best of our knowledge, represents the first
observations of anisotropy in the ultrasonic prop-
erties of a nematic liquid crystal.

MBBA (Distillation Products Industries, Inc.)
is nematic in the range 20°-40°.* Measurements
were carried out primarily at room temperature
at frequencies of 2, 3, 5, and 6 MHz using the
commercially available MATEC® unit as the elec-
tric pulse generator for the input quartz crystals.
Voltage picked up by the output quartz crystal
was amplified by a Tektronix-121 wide-band pre-
amplifier and then fed into either the receiver
portion of the MATEC unit or a Tektronix-545
oscilloscope. The cell is a cylindrical cavity
hollowed from an aluminum block. The cylinder
is & in. long and 2 in. diam and was sealed at
its ends with the sending and receiving quartz
crystals of § in. diam each, which were fine
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ground and plated with chromium and gold.

The attenuation versus orientation, at 6 MHz,
for a field of 10 000 Oe is shown in Fig. 1, and
the general shape of the curve is similar at the
other frequencies. These changes followed the
field almost instantaneously. Background attenu-
ation varied from 2.18 dB/usec at 6 MHz to 0.37
dB/usec at 2 MHz. This observed anisotropy is
consistent with reordering a large portion of the
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FIG. 1. Change in the ultrasonic attenuation as a
function of the angle between the propagation direction
of the sound wave and the direction of the aligning mag-
netic field.
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molecules as the magnetic field rotates. The ef-
fect saturates at ~1000 Oe and the mirror sym-
metry across the 6 =90° line is indication that
there is no favored polarity to the molecules,
and is therefore consistent with observations on
many other physical properties of nematics. In
the freshly prepared sample with no field ap-
plied, there is a strong tendency for molecular
alignment to occur parallel to the quartz trans-
ducers. Fields up to 12000 Oe do not change the
attenuation when applied parallel to this long
molecular axis direction, and hence the natural
alignment must be taking place over a distance
of several mm. Carr® has interpreted certain
dielectric loss data in nematics as also indicat-
ing that wall effects extend a few mm into the
bulk sample. However, when the field is applied
perpendicular to the long molecular axes, the
changes given in Fig. 1 occur instantaneously.
When the field is removed, the attenuation chang-
es slowly to an intermediate value (about half the
change shown in Fig. 1) in a few hours and stays
at this intermediate value for days. Vigorous
mechanical agitation of the sample will produce
this same effect in ~30 sec. This can be inter-
preted as indicating that in the absence of any
applied field or mechanical forces acting as a
torque on molecular orientation, the thermal re-
laxation time of MBBA is very long.

A small, completely reproducible change in ul-
trasonic velocity of about 0.1% is also observed
between the parallel and perpendicular molecular
orientation, with the wave parallel to the long
molecular axis traveling faster than the perpen-
dicular wave. These measurements were per-
formed by the technique of recording the change
in arrival time of the undetected echoes on the
scope at 3 and 5 MHz, with a time-base resolu-
tion of 0.05 usec. The change in velocity was too
small to be seen at 2 MHz, where the attenuation
is low, and also too small to probe for any orien-
tation dependence.

The frequency dependence of the difference in
attenuation between the parallel and perpendicu-
lar cases is given in Fig. 2. In the limited fre-
quency range examined a linear dependence is ob-
served. We have also measured the “critical at-
tenuation,” i.e., the attenuation which is associat-
ed with the transition from the nematic phase to
the isotropic phase,” and find it to be completely
independent of the orientation of the molecules.
Thus, the orientation-dependent attenuation ob-
served arises from a cause other than that caus-
ing the “critical attenuation.” Because this ori-
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FIG. 2. Change in the ultrasonic attenuation between
the parellel (@ = 0°) case and the perpendicular (§ =90°)
case as a function of the ultrasonic frequency.

entation-dependent attenuation varies linearly
with frequency, we label it a hysteresis effect,
in keeping with other workers.®™!° 1t is interest-
ing that a phenomenological treatment of hystere-
sis'! predicts zero velocity change, consistent
with the small velocity change we observe. The
origin of the hysteresis loss is generally un-
known. Attenuation measurements in which the
ultrasonic pulse amplitude was varied by at
least a factor of 10 failed to show any amplitude
dependence in the orientation-dependent attenua-
tion. This same type of hysteresis attenuation
as we see here has been observed in very vis-
cous liquids, glasses, and metals.®~° Thus, al-
though the viscosity of most nematic liquid crys-
tals (1-100 cP) is what is usually termed low
viscosity, it appears here, as in dielectric re-
laxation studies'?'!3 (and other measurements?),
that the effective viscosity is much higher. Lito-
vitz and Lyon'° indicate that a hysteresis-type
dielectric loss has also been observed in liquids
at frequencies above the main relaxation frequen-
cies of the liquid.

It would be interesting to examine ultrasonic
attenuation and velocity changes over a much

571



VOLUME 25, NUMBER 9

PHYSICAL REVIEW LETTERS

31 Aucusrt 1970

wider frequency range to attempt to observe the
normal-liquid structural relaxations at frequen-
cies below those used here.

The authors wish to thank Mr. Thomas Coyle
for constructing the ultrasonic specimen cell and
the temperature-control apparatus used in these
measurements. Professor R. B. Beard kindly
loaned us the preamplifier.
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VORTICITY IN HELIUM FILM CREEP

Edward H. Takken

Naval Research Laboratory, Washington, D. C. 20390
(Received 3 April 1970)

The viscous drag of the normal-fluid component on moving superfluid vortex-line cores
is shown to have two effects: to push the vortex lines toward the film surface and to en-
hance the film-creep velocity. A class of experiments in the millidegree temperature
range is proposed in order to test for the presence of vorticity in helium film creep.

A common facet of the variety of models!"®

designed to explain the helium film-creep veloc-
ity is the assumed existence of quantized vortic-
ity in the superfluid.®' In spite of the quantita-
tive and even conceptual” problems associated
with these vortex models, alternatives such as
intrinsic fluctuation effects® are lacking; and the
initial ideas of Feynman® and Richards and An-
derson® still hold as relevant for an explanation
of the film-creep velocity.? In the present paper
a new factor is introduced in a state-of-the-art
vortex model, and predictions are given for a
new class of experiments designed to test for the
presence of vorticity in helium film creep.

The core region of a superfluid vortex line can
scatter quasiparticles as it moves through the
normal-fluid component of the film, the result-
ing viscous drag per unit length of vortex line
being 2v(m/h)a(T), where a(T) has been defined
and measured by Rayfield and Reif,’ m is the
helium atom mass, % is Planck’s constant, and
v is the film-creep velocity. One effect of this
viscous drag follows from the condition that it
must be counteracted by a Magnus force associ-
ated with the motion of the vortex line outward
with velocity # toward the film surface.'' Equat-
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ing the Magnus force, p,(k/m)u,'® with the mag-
nitude of the viscous drag gives

u/v=Id/Z, (1)
with I defined as
I=(2/ps)(Z/a)m /h)? a(T), (2)

and d/Z as the ratio of the film thickness to the
film height. If I«1, u/v «d/Z, and the vortic-
ity can exit into the bulk liquid at the base of
the film before it is forced into the film surface.
Including this viscous loss in the energy con-
servation condition used by Donnelly* leads to
the prediction of enhanced film-creep velocities
by a factor of (1-I)~'. Anderson’s phase-slip-
page formula,® 12

in=gzm/h, (3)

for the average rate at which quantized vortex
lines move across an orifice, is not obviously
applicable to the case of helium film creep. How-
ever, the criterion for applying Eq..(3) is that

the vortex-line motion be parallel to equipoten-
tial surfaces in the liquid. Hence, we assume
that this equation gives the average rate at which
horizontal®® vortex lines are first created in the



