VoLuME 7, NUMBER 8

PHYSICAL REVIEW LETTERS

OcroBER 15, 1961
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We have studied the propagation of sound in He®
over a range of pressures extending from 1.4 psi
to 513 psi. At low pressures we have obtained
the sound attenuation coefficient and have inter-
preted it in terms of a viscosity, the results be-
ing in satisfactory agreement with experiments
on other transport properties in He®. In a pres-
sure region somewhat above the minimum, Py ip,
in the melting curve, we find a sharp break both
in the velocity of propagation of sound and in the
temperature dependence of the attenuation coef-
ficient.

The experimental cryogenic apparatus is simi-
lar to others which have been described else-
where.»? The sound cell was sealed into a non-
magnetic epoxy resin bulb with a powder of ceri-
um magnesium nitrate which served as the ther-
mometer. The sound cell consisted of an “X”-
cut quartz crystal of nominal frequency 5 Mc/sec
separated from an optically flat fused quartz re-
flector by a fused quartz ring of thickness 0.1890
cm and bore 0.5 cm with parallel and optically
flat faces. The ring had four radial grooves
ground in one surface to allow entry of He®. Meas-
urements of velocity were made using standard
ultrasonic pulse techniques, no fewer than two
echoes being used for this purpose, although in
some cases as many as fifteen echoes were used.
The attenuation coefficient was obtained by fitting
the echo heights, %, to the equation & =h e ~®%,
where a is the attenuation coefficient and x is the
distance traversed by the sound.

At a pressure of 3.38 psi, measurements of the
attenuation coefficient were made at frequencies
of both 5.13 Mc/sec and 14.92 Mc/sec. Near 1°K
the ratio of the apparent attenuation coefficients
was nearly the ratio of the two frequencies, char-
acteristic of geometric attenuation. However, be-
low 0.1°K the ratio of the attenuation coefficients
was, within experimental error, given by the ra-
tio of the squares of the frequencies. This result
is characteristic of viscous attenuation, for which
the attenuation coefficient is given by®

a = (8122 /3pc®)n, (1)

where v is the frequency, p is the density, c is
the sound velocity, and 7 is the viscosity. The
experimental attenuation data are shown in Fig. 1.
At 5.13 Mc/sec the geometrical attenuation coef-
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FIG. 1. Ultrasonic attenuation coefficient as a func-
tion of temperature in liquid He® at a pressure.of 3.38
psi and at frequencies of 5.13 Mc/sec and 14.92 Mc/sec.
The line through the experimental data at 5.13 Mc/sec
for temperatures less than 0.06°K arbitrarily has been
drawn with the T2 temperature dependence predicted by
the Fermi liquid theory.®

ficient is approximately 0.2 to 0.3 cm™. Below

0.05°%K to 0.06°K the attenuation coefficient obeys
a T~% law to within the accuracy of our measure-
ments, the resulting viscosity being given by 7
=2.8x107°T 2 dyne sec (K°)?/cm?®. Using the re-
sult that n=Gv.27,) 3p(m* /m), where v, is the
Fermi velocity ang m* /m is the ratio of quasi-
particle mass to bare particle mass, to evaluate
the relaxation time for viscosity, 7,,, from the
Fermi liquid theory,® we find 7, =17x107**T 2
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Table I. Velocity of sound in liquid He® at various
pressures and, for pressures less than 426 psi, for T
less than 0.1°K.

Pressure Velocity Frequency
(psi) (m/sec) (Mc/sec)
1.42 184.0 5.13
8.06 192.1 5.13
13.97 198.5 5.13
16.25 201.0 5,13
50.8 231.2 5.13
89.9 260.2 5.13
174.3 306.8 14.92
314.6 361.8 14.92
414.1 394.2 14.92
423.9 396, 8 14.92
425.9 397.9 14.92
433.62 397.9 14.92
483,22 408.6 14,92
513.02 416.9 14.92

2The velocities at these pressures were obtained with
T=~1°K.

sec (K°)2. This relaxation time is 2.7 times that
found for the thermal conductivity.* Using the
values of ¢, p,® and® m*/m to compute 7,/7; from
the Fermi liquid theory, we find the theoretical
estimate to be 7,/75=1.5.

At both 25 Mc/sec and 15 Mc/sec, sound meas-
urements were attempted under excellent condi-
tions at 0.008°K, but no echoes were observed.

The velocity of sound in liquid He® at various
pressures less than Py iy and at temperatures
of 0.1°K and below is given in Table I. We esti-
mate an error of +0.1% in the pressures and
+£0.3% in the velocities. The extrapolated veloci-
ty at zero pressure is 182.4+ 0.6 m/sec, which is
to be compared with 183.9+ 0.3 m/sec given by
Laquer, Sydoriak, and Roberts.” Also given in
Table I are velocities in the liquid near 1°K for a
few pressures greater than P, j. These probab-
ly may be compared meaningfully with those be-
low 0.1°K, for we found that at 424 psi the veloci-
ty did not change, within experimental error, be-
tween 1°K and 0.1°K.

At pressures greater than P,,j,, a plug of solid
He® forms above the cell so that subsequent meas-
urements are made at constant volume. In what
follows, the pressures referred to are those in
the liquid just before the plug is formed, and the
frequency of the sound is 14.9 Mc/sec. The most
striking features of the measurements in this re-
gion are assembled in Table II. For pressures
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of 435 psi and below, we found velocities at low
temperatures which were a few percent larger
than those observed for pressures just less than
Pmin. Moreover, the attenuation coefficient had
both a magnitude and temperature dependence
characteristic of the liquid at somewhat lower
pressures. As the temperature increased, ech-
oes were observed until the melting curve was
reached, at which point we usually observed “dou-
ble echoes” corresponding to propagation of sound
between transmitter and reflector at both liquid
and solid velocities, the latter being about 475
+10 m/sec. Eventually, only the solid velocity
was observed, followed by more “double echoes”
and then the velocity in the high-temperature liq-
uid.

At pressures greater than 439 psi, the behavior
of the liquid is remarkably different. At very low
temperatures the sound velocity exceeds 500 m/
sec, and hence is greater than the velocity in the
solid. This effect was demonstrated strikingly at
a pressure of 483 psi (not listed in Table II) where
we observed a “double-echo” pattern characteris-
tic of two-phase equilibrium and corresponding to
a velocity ratio of 14:13 = (510 m/sec:475 m/sec)
in which the relative size of the high-velocity
component steadily increased as the temperature
decreased from 0.035°K to 0.016°K. In addition
to having a sound velocity about 25% greater than
that in the liquid at somewhat lower pressures,
the He?® in the high-pressure region is character-
ized by an attenuation which increases, rather

Table II. Characteristic sound parameters in He®
at low temperatures and at pressures greater than the
minimum in the melting curve.

a b Attenuation

Pressure Velocity Temperature coefficient

(psi) (m/sec) (°K) (em~1)

431 409 0.030 0.9

431 405 0.1 0.5

431 402 Melting curve .

435 407 0.026 1.3

435 404 0.1 0.5

435 396 Melting curve <.

439 503 0.030 1.0

439 485 0.1 1.6

454 510 0.022 1.1

454 491 0.1 2.8

aThese are the pressures at which the capillary
plugged.
Accuracy of velocity measurements is about 1%.
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than decreases, with increasing temperature.
Above the temperature region near 0.1°K we
were unable to make measurements because of
the high attenuation. Hence, as we increased the
temperature above 0.1°K we saw practically no
echoes until suddenly large echoes characteristic
of the solid became visible, corresponding to the
transition back into the solid.

At a pressure of 513 psi we observed echoes in
the solid only, the velocity being constant within
experimental error from 1°K to 0.017°K. Accord-
ing to the work of Sydoriak, Mills, and Grilly,®
if the molar volume of the He® in the cell after
the plug was formed remained constant at that for
the liquid just before the plug formed, it would be
impossible to have only solid He® in the cell for
any of the pressures for which we made measure-
ments. At an external pressure of 513 psi, and
possibly at lower pressures also, we observed
echo patterns characteristic of the solid only.
Hence, we conclude that during the process of
forming a plug in the tube leading to the cell, a
substantial amount of He® passes into the cell.
This conclusion is supported by work reported
in reference 6, where under similar conditions
the heat capacity characteristic of the solid only
was observed.

In the above measurements the pressure of the
He® below the plug was not known and probably
varied with temperature. Moreover, above 0.1°K
the large attenuation made sound measurements
impossible. However, the measurements do indi-
cate that below 0.1°K and in a narrow pressure re-
gion near 437 psi there is a drastic change in both
the velocity and attenuation of sound. Moreover,

it has been observed recently® that in this same
region the specific heat is considerably lower and
has the opposite pressure dependence from that in
the liquid at pressures just less than Py,j,. Hence,
it appears likely that in this high-pressure region
we are dealing with a different phase of He® from
that which occurs at lower pressures.

We are indebted to Professor John Bardeen for
helpful discussions. We wish gratefully to ac-
knowledge the assistance of E. N. Koch, M. Kuch-
nir, W. Reese, G. L. Salinger, and R. J. Sarwin-
ski, who aided us in assembling and running the
experiments and in treating the experimental data.
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