
VOLUME 28, NUMBER 13 PHYSICAL REVIEW LETTERS 27 M+RGB 1972

for collisionless absorption and the mean energy
of the heated electrons can be estimated to be

(h) =(m, (u,P„/n, ')'",
where P„ is the absorbed power per unit surface
area and n, ' is the electron density gradient at
the critical surface.

Recent one- and two-dimensional simulations
including relativistic particle dynamics have also
shown that when the laser wave fi.eld is sufficient-
ly intense that the cyclotron frequency ~„&~~,
for a significant distance on the overdense side
of the critical surface, a significant fraction of
the incident energy is imparted to the electrons
in a manner similar to that seen above by the os-
cillating radiation pressure, i.e., the Vxa force.

Here, however, polarization and angle of inci-
dence are not so important, and the resulting
electron energy distribution shows less of the
two-temperature structure seen above.

This work was first presented at the September
23-27, 1971 Gordon Conference on the Interac-
tion of Laser Light with Matter.

*Work performed under the auspices of the U. S.
Atomic Energy Commission.

P. Hirsch and J. Shmoys, J. Res. Nat. Bur. Stand. ,
Sect D.69, 521 (1965), and references contained there-
in.

2M. Skibowski, B. Fenerbacher, W. Steinmann, and
8, P. Godwin, Z. Phys. 211, 829 (1968).

R. L. Morse and C. W. Nielson, Phys. Fluids 14,
880 (1971).

Sound Velocity in a Nematic Liquid Crystals
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We have made sound-velocity measurements in the liquid crystal p-methoxy-benzylidine,
p-n-butyl-aniline. Near the nematic-isotropic phase transition we observe a dispersion
in the sound velocity. Quantitative measurements are presented on the sound-velocity
anisotropy in an oriented liquid crystal.

It was found recently that the attenuation of ul-
trasonic waves shows an angular dependence in
nematic liquid crystals, ' ' the attenuation being
higher for the propagation direction along an ap-
plied magnetic field and smaller for propagation
perpendicular to the field. In all these papers it
was noted that the corresponding velocity anisot-
ropy, if any, was very small, typically 0.1/& and
smaller. Therefore, phase-sensitive detection
is necessary in order to make a quantitative
study of this effect.

We would like to report here on the first such
velocity measurements using the liquid crystal
p -methoxy-benzylidine, p -n-butyl-aniline (MBBA).'
Our apparatus for the measurement of sound ve-
locity has been described elsewhere, ' and is
very well suited for conditions where the attenua-
tion is high. The measurement consists of a
phase comparison, where the phase change of a
pulse-modulated echo is compared with the stable
cw source. For our measurements the resolu-
tion was typically 3 parts in 10' for relative
changes in velocity. The sample was placed in
brass cylinders using several different lengths

(2.5, 4.8, and 7.3 mm), and the temperature was
varied and stabilized by a heater with feedback
control. The temperature stability was better
than 0.1'C.

We first show our experimental results and
then attempt to interpret them. In Fig. 1 we
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FIG. 1. Relative velocity changes for different fre-
quencies as a function of temperature. Arrow indicates
attenuation maxima at 45 C.
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show measurements of the relative velocity for
three different frequencies (2, 6, and 10 MHz)
as a function of temperature without magnetic
field. The absolute sound velocity at 22 C for 2

MHz is 1.54 x10' cm/sec. One sees clearly a
strong effect of dispersion near the nematic-iso-
tropic phase transition T„. Whereas the 2-MHz
curve still shows a pronounced dip at the transi-
tion, it is much less pronounced at 6 MHz and
almost completely eliminated at 10 MHz. Such
dispersive effects have been observed before at
gas-liquid transitions' and at magnetic transi-
tions. ' If there is such dispersion present, one
expects a frequency dependence of the attenua-
tion which is different from cu'. While this has
not yet been observed for MBBA, it has been
noted in para-azoxyanisole (PAA). ' Although the
coupling of the sound wave to the order param-
eter (or a related quantity) is not known, one can
estimate the relaxation time for this quantity
near T„. From Fig. 1 we get (&u7, -1 for v-6
MHz) 7., -3&&10 ' sec. Because of the first-order
nature of the transition and because we do not
know whether a monodispersive relaxation model
describes the effect, we do not attempt to deter-
mine the temperature dependence of 7,

In Fig. 2 we show the velocity anisotropy at
T= 21'C, v = 10 MHz and with an applied field of
5 koe. This anisotropy is established within
seconds at fields higher than 1 kQe. No field de-
pendence was observed between 0.5 and 5 koe;
the field was only used for aligning the molecules.
In the case of Fig. 2 we observe a total anisot-
ropy &= [v(8=0) —v(8=90')]/v of 12&&10 '. The
solid line is the function cos'8 which gives a good
fit to the experiment. It is seen that possib1. e

cos'20 terms would be at least an order of mag-
nitude smaller. The same features seem to ap-
ply to the attenuation in PAA and para-azoxy-
phenetole (PAP). ' Our experimental results in
Fig. 2 suggest that the elastic energy contains a
term Ck'+ C'(n k)', where n is the director and
k the wave vector. C' is of the order of 25&&10 'C
for 10 MHz.

The temperature and frequency dependences of
the velocity anisotropy 6 are shown in Fig. 3.
One notices for T s35'C roughly a linear depen-
dence of & on frequency in our frequency range".
b. = (1.25 +0.05) x10 "v. The temperature depen-
dence of b is rather weak in this temperature
region. For our frequency range and for tem-
peratures such that 35'C &T &7'„, 6 increases
and converges to an approximately frequency-
independent value of -16&10 4 just below T„. It
then falls to 0 within —0.2'C. The high attenua-
tion around T„makes it very difficult to mea-
sure 6 with sufficient accuracy to study the exact
behavior near T„. We also found a strong depen-
dence of 6 and T„on sample purity. 4 changes
by as much as 50% with less pure samples from
different manufacturers.

The experimental anisotropy in the sound velo-
city indicates that at finite frequencies a liquid
crystal has an anisotropic compressibibty. This
anisotropy can be explained if at these frequenc-
ies a liquid crystal in some respects behaves
like a solid and the free energy contains terms
like

where the k's are elastic constants, and the u„.
are the elastic strains. We have chosen the z
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FIG. 2. Angular dependence of sound velocity. T
=21'C, v=10 MHz, and H=5 kOe. 8 is the angle be-
tween the field direction and propagation direction.
Solid line is 12.5 x10 cos e.

FIG. 3. Temperature dependence of the velocity
anisotropy & for various frequencies: open circles,
2 MHz; crosses, 6 MHz; closed circles, 10 MHz; and
triangles, 14 MHz. The bars indicate typical errors
for different temperatures.
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(2)

which is of the form found experimentally in Fig.
2. However, the elastic constants must have an

important frequency dependence, and as +-0 we

would expect that k, —k,-0. If this were not the

case, it would cost a finite energy to change the

shape of a liquid crystal, the volume being kept
constant. This is not consistent with our present
ideas of the structure of a liquid crystal. The
frequency dependence of the elastic constants
could arise out of some structual relaxation pro-
cess in the liquid crystal. " If we assume a sin-
gle relaxation time v., for this process, then

k, ((u) —k, ((u) = k(u'~, '/(1+ (u'7, '),

where k is a constant. It would be expected that
kv, is of the order of a viscosity coefficient, i.e.,
0.1 P." The relative anisotropy in the velocity
of sound is thus

4 = (k/2pc )9) 1 ~ /(1 + (d T~ )

Taking kv, -0.1 P, p -1 g/cm', c = 1.5 &&10' cm/
sec, and ~/2~=9 MHz, we find that b, -10 ' ~7,/
[1+(co~,)']. This is in rough agreement with ex-
periment for ~~,-1. This leads to a relaxation
time z, -2&10 ' sec which is very much longer
than that found in ordinary liquids. The experi-
mental frequency dependence of 4 is only in
rough agreement with (4) which might indicate a

axis to be a3,ong the director n, and Eq. (1) is
consistent with the uniaxial symmetry of the
liquid crystal. The condition 0,'= k,k, eliminates
propagating shear modes, and the sound velocity
is given by

c'= (1/p)[k, + (k, +k,) cos'{)],

spectrum of relaxation times. Figure 3 indicates
that v, increases with temperature by a factor
of -3 from T=30 to 44.4'C.

We thank Dr. J. Straley for helpful discussions.
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Relaxation of the director would not appear to be
important. The relaxation time for the director is of
order r = q/ICq, where E is a Frank elastic constant
and g is a viscosity coefficient. [Orsay Liquid Crystal
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also arise from terms of order r], but these are very
small.
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A simple theory is developed for calculating the electron-phonon coupling constant ~.

Both for weak- and for strong-coupling super-
conductors, the important parameter which de-
termines the transition temperature T, is the
electron-phonon coupling constant' X. For simple
metals one can reliably estimate X by using pseu-
dopotentials. m' However, no such first-principle
understanding of ~ exists in the case of transi-
tion metals. As is well known, a transition-

metal ion, in a solid, must be represented as a
resonant scatterer of electrons and therefore
cannot be described by a weak pseudopotential.
Consequently, to evaluate X one must perform a
full band-structure calculation for the Fermi
surface and the wave functions. As such calcula-
tions are fraught with extreme difficulties none
as yet has been attempted. Our main purpose
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