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Experimental support for the theory of the attenuation a of ultrasonic waves in dirty super-
conductors has been obtained with 10-GHz longitudinal waves in mercury-indium alloys. o
varies as H,— Hnear H, and the slope Aa/AH has the predicted value.

The ultrasonic attenuation in clean second-
type superconductors versus biasing magnetic
field H has been studied theoretically’ and ex-
perimentally? in the vicinity of H,. It varies as
(Hz, - H)''?. T a dirty superconductor, the the-
ory® * predicts a linear variation versus AH
=H,—H.

The aim of this paper is to report on experi-
mental results which confirm this theory.

This theory has been developed within the fol-
lowing hypothesis: The mean free path ! of the
electrons is small compared to the coherence
length £y the electronic Green’s functions are
supposed independent of H because w.l << vg, and
the gap A(#7) on which they are dependent is slowly
varying on distances of the order of (1£,)'/% the
correlation functions of the electronic density are
completely screened when the ultrasonic fre-
quency w is lower than the plasma frequency.
These conditions are satisfied in our experi-
ments.

If the two subsidiary conditions A(y) <wkT,
and 7w <mkT, are fulfilled, in the neighborhood
of H,, the attenuation ag for longitudinal waves

in the supraconducting phase is given by

as(H) . 1 e [1+L(p)]
ZN =1- 47 oa BI2KAT) —1] 1, (He=H) . (1)

In this formula, o=Ne?r/m* is the electrical con-
ductivity; a=%vi7TeH,(T) g p is defined by
p=a/21kT; L(p) is a function tabulated in Ref. 3;
B=1.16; and K,(T) is the second parameter of
Landau-Ginzburg defined by Maki (Ref. 5); the
ratio K,(T)/K has been calculated by Caroli et al.
(Ref. 6) where

27m *

Kg_( 3Ne 2
“\27%07)  ugky
3m*?

with C(1)= 4RO N5

145 (3)

——5 16(3)=——7" C(7)

Formula (1) may be written in the more com-
pact form

Oy —Qs _ AQ(H) _ AH

ay oy =AM H,(T) @
with
A(T) = 3 Ne 1+L(p) C(r) 1+L(p)

4nBu, ovim* 2KiT)-1 Bu, 2Ki(T) -
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FIG. 1. Record of the
intensity of the ultrasonic
signal versus the applied
magnetic field.

FIG. 2. Ultrasonic at-
tenuation data showing the
field dependence for a lon-
gitudinal wave propagation:
logAa (H) versus logAH,
(The logarithms are to the
base 10.)
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Experiments have been made with longitudinal
ultrasonic waves of 9.4 kMHz propagating through
thin polycrystalline films of mercury-indium al-
loys. The indium concentration varies between
2 and 10%. Under these conditions, the ultrasonic
attenuation in the normal state is about 4000 dB/
cm; consequently, the thickness of the samples
is chosen to be of the order of 5075 u. Their
diameter is 5 mm. The magnetic field is applied
parallel to the plane of the film; with this geom-
etry it may be supposed that the magnetization is
uniform in the film.

Figure 1 shows a record of the intensity of the
ultrasonic wave versus H. The linearity of the
attenuation manifests itself in a log,Aa versus
log;,AH plot (Fig. 2) for a given temperature
and alloy composition: The slope of the curve is
equal to 1 in a domain which spreads on AH=~}

X (Hg —Hy) near H,.

Moreover, the experimental results furnish for
each sample a measure of the coefficient A(T) and
allow a comparison with theoretical values. With
the available numerical values for mercury, for-
mula (3) permits one to plot A(T) versus t=T/T,
and thus to obtain a set of curves for different
relaxation times; these curves are then compared
with the experimental ones (Fig. 3). With the
following numerical values:

m*~1,7m, N=8.710%cm™®

the results of Merriam’ indicate that for the high-
est concentration of our samples, 7 is of the order
107" sec. The theoretical formulas then become
p=0. 1[(1/t)_1] s
K=3.4,
_ 1+ L[p(#)]
A(H=16.3 KD -1 °

The expression of A(7) has no adjustable param-
eters and the curves calculated with the above
constants fit reasonably well the experimental
data for the highest alloy concentrations; A(T) de-
creases slowly for increasing ¢ (Fig. 3). How-
ever, with these values of m*, N, and 7 the for-
mula is unable to predict experimental data at
lower alloy concentrations; the reason is probably
that the limit between type-II and type-I alloys is
rapidly reached: The condition 2K%-1=0 is ful-
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FIG. 3. Data showing the variation of the slope A(T)

with the reduced temperature ¢ for two different samples
(x corresponds to 8.5%, 0 corresponds to 8.9%). Two
theoretical curves have been drawn for comparison and
the full circle represents A(1) in the dirty limit.

filled for 7~7x107" sec, and the theory is only
valid in the dirty limit. ®

As a correlated phenomenon, we observed that
A(T) is sensitive to the annealing of the sample,
that is, to the resulting value of 7.

In spite of this difference, our experiments
confirm the theory that a varies linearly with H
near H, and that the order of magnitude and the
shape of the curves of A(f) are correct. No in-
fluence on the ultrasonic attenuation of a geomet-
rical effect due to the lattice vortex has been ob-
served near H.

Note added in proof. After submission of this
paper, our attention has been drawn on prelimi-
nary similar results by Gottlieb et al. [Phys.
Letters 25A, 107 (1967)].
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Fermi-Liquid Effects on Surface Impedance in the Anomalous-Skin-Effect Regime

G. A. Baraff

Bell Telephone Labovatovies, Murvay Hill, New Jersey 07974
(Received 18 November 1969)

The reflection properties of a semi-infinite plasma in the presence of a magnetic field nor-
mal to its surface are calculated on the assumption that the response of the electrons is gov-
erned by Fermi-liquid theory and that the surface of the plasma randomizes the motion of the
electrons incident upon it. A resonancelike magnetic field dependence of the surface imped-
ance is found near that field for which propagation of the correlation-produced magnetoplasma
mode first becomes possible. The size of the structure is calculated to be much enhanced
over that of the corresponding structure calculated using specular scattering as a boundary
condition for the electrons. Numerical and analytic results are presented and discussed for
a range of parameters relevant to possible experiments in the alkali metals.

I. INTRODUCTION

The electromagnetic excitations propagated by
conduction electrons of a metal immersed in a
strong magnetic field! are becoming an increasing-
ly useful tool for obtaining information about the
many-body correlations between these electrons.?™®
Of special interest in this regard is the wave which
propagates parallel to the magnetic field at a fre-
quency close to the cyclotron frequency. In the ab-
sence of correlations, i.e., on the assumption that
each carrier is an independent particle whose mo-
tion is governed by the self-consistent field arising
from the motion of all the other carriers, no such
wave can exist. However, by using the Landau-
Silin®~? form of Fermi-liquid theory (a phenomeno-
logical scheme for introducing the effects of cor-
relation into the self-consistent-field description
above), Cheng, Clarke, and Mermin!® (CCM) pre-
dicted that a wave can propagate near the cyclotron
frequency. Because this wave owes its very exis-
tence to the correlations, its properties should
serve as a sensitive probe for measuring them.
The wave should, by altering the shielding currents
and electromagnetic fields at the surface, cause a
change in the reflection properties of the metal.
Considerations addressed to this question are pre-
sented in this paper; we calculate the change in
surface admittance caused by Fermi-liquid corre-
lation effects under the conditions (wcz w and anom-
alous-skin-effect regime) necessary to the propa-
gation of this wave.

At first thought, such a calculation might seem
to be a pointless one: Any information obtained by
surface experiments could also, in principle, be
obtained from a direct study of the wave in bulk.

In particular, the dispersion relation for the wave
in the infinite medium is available in a relatively
simple form and, by fitting the observed wavelength
to this dispersion relation, values of the Fermi-
liquid parameters might be obtained. Reference 3
provides a beautiful example of this technique as
applied to the high-frequency waves (HFW) which
propagate across the magnetic field, and rightly
points out the simplicity of an infinite-medium cal-
culation versus the difficulty of even the simplest
boundary-value problem. Why pose a difficult cal-
culation when the same results might be obtained
from a simple one?

The answer to this question lies in the observa-
bility of the phenomena. Unlike the HFW waves,
the magnetoplasma mode (which we shall denote
as the CCM mode) turns out nof to be the least
damped excitation which the system will support
(Sec. V). The Gantmakher-Kaner (GK) oscilla-
tions, !! single-particle excitations rather strongly
coupled to the electromagnetic field, are of longer
spatial range. If the sample is made thick enough
to justify an analysis based on the infinite-medium
situation, there is a strong chance that the GK
oscillations will overwrite the CCM mode. On the
other hand, if the sample is made thin, say, less
than a wavelength, there is reason for serious
doubt that an infinite-medium mode will even exist.



