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AMPLITUDE -DEPENDENT ULTRASONIC ATTENUATION IN SUPERCONDUCTING LEAD*

B. R. Tittmann and H. E. Bommel

Department of Physics, University of California, Los Angeles, California
(Received 26 January 1965)

During a study of the ultrasonic attenuation
in several superconductors, an unexpected am-
plitude dependence of the attenuation was ob-
served in lead. Love and Shaw, independently
and earlier, noted this phenomenon while study-
ing the superconducting energy gap in lead with
ultrasonic waves. ' The interpretation of our
original measurements made necessary an
extensive study of the amplitude dependence,
and an explanation of the effect is proposed
here.

A large ultrasonic attenuation due to electron-
phonon interactions is well known to occur in
pure metals when the temperature is lowered
into the liquid-helium range. ' In superconduc-
tors, this mechanism is suddenly quenched
at the transition temperature; and according
to the Bardeen-Cooper-Schrieffer theory, this
drop in attenuation reflects the temperature
dependence of the ratio of "normal" to "super
conducting" electrons. %ith the application
of the critical magnetic field, the normal con-
ducting state is restored, and the ultrasonic
attenuation continues to rise with decrease in
temperature until it becomes constant near
1'K. Most superconductors of sufficient purity
follow, in general, this same pattern of behav-
ior, differing characteristically only in the
value of the superconducting transition temper-
ature. In contrast, the ultrasonic attenuation
in lead shows a significant amplitude-depen-
dent deviation in the superconducting state,
but remains true to the general behavior in
the normal conducting state, as is illustrated
in Fig. 1. The normal-state attenuation and
the dashed curve for the superconducting state
represent the typical behavior of most super-
conductors. The experimental curve in the
superconducting state shows the attenuation
at an intermediate amplitude of the ultrasonic
wave. If the power in the ultrasonic wave is
varied, a corresponding amplitude dependence
in the attenuation results. This amplitude de-
pendence is hardly noticeable above the super-
conducting transition temperature, but increases
suddenly with the onset of superconductivity
and becomes very strong near 1 K, as is seen
in Fig. 2.

8.0
E

~o 70a'Q
6,0

'8

o~ 5.0
I-
5 4.0
I-
I- 5.0

&2,0
I-
~I I.O

0

I I I I I I I I

T ~

+. +
'++9y

XXXXX X/
~XXXXXX-XXX-X~/

~RCONDUCTING
STATE

B.C,'S.

Pb
FREQUENCY Sl Mc
LONGITUDINAL %AVES
ALONG (ill& DIRECTION

.-.X.g----X
X4.-X--X-y-4- &

SUPERCONDUCTING
TRANSITION TEMPERATURE
Tc~72 K

I I I I I I I I I I I I I I

0 I.O 2.0 M 4.0 5.0 6,0 7.0 8.0 9.0 IO.O I I 0 I2.0 I50 l4.0 15.0
TEMPERATURE {DEGREES KELVIN)

FIG. 1. Temperature dependence of ultrasonic atten-
uation at medium amplitude in 99.999% pure single-
crystal lead.
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FIG. 2. Temperature dependence of attenuation in
99.999% pure single-crystal lead.

This anomalous behavior, in particular the
strong influence of temperature on the ampli-
tude dependence of the ultrasonic attenuation,
is not explicable in terms of a simple modifi-
cation of the Bardeen-Cooper-Schrieffer theo-
ry. One mechanism which is known to give
strong amplitude-dependent effects at high tem-
peratures —dislocation damping —seems to be
ruled out at first glance because of its absence
in the normal conducting state. A consideration
of the influence of the conduction electrons on
dislocations, however, suggests a plausible
model for the absence of dislocation damping
in the normal state and its presence in the super-
conducting state. According to this model, the
conduction electrons behave as a viscous gas,
and the dislocation lines as vibrating strings,
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whose motions are damped by the gas. %'ith

the onset of superconductivity and as the tem-
perature is lowered further, the number of
"normal" electrons decreases in favor of the
number of Cooper pairs, which are assumed
not to interact with the lattice. Consequently,
the dislocations become increasingly free to
move and to engage in the mechanism leading
to amplitude dependence of the ultrasonic at-
tenuation. Such a mechanism has been proposed
by Granato and Lucke'~' and is well supported
experimentally at higher temperatures and
lower frequencies.

According to their model, the dislocations
are pinned down by impurity atoms and by the
nodes of the dislocation network; in most cases,
impurities will pin the dislocations at more
frequent intervals than the network nodes. An
incident ultrasonic wave causes a bowing out
of the dislocation loops of average length I.~.
However, if the applied stress is increased
sufficiently, the dislocations are tom away
from the impurity atoms. This unpinning pro-
cess is assumed to be also assisted by the ther-
mal phonons. The dislocations are now pinned
only at the nodes of the dislocation network
and vibrate with length I„. The unpinning pro-
cess absorbs ultrasonic energy which is esti-
mated at 0.1 eV per impurity atom. The higher
the sound-wave amplitudes, the more unpinning
occurs and the higher is the damping. Granato
and Lucke make two simplifying assumptions
—the distance L„between network nodes is con-
stant for a given sample specimen, and the
distribution of the impurities along the dislo-
cations follows an exponential law. They ob-
tain for the ultrasonic attenuation
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An estimate of this relaxation time was made
under two main assumptions'. The electrons
interact with the stress field of a dislocation
and not with its core directly', and the mean
free path of the electrons is very long so that
they may be described by Bloch-type wave func-
tions. A formula for the resonant frequency
of a dislocation loop has been derived by Mason. '
The so-calculated vibrational period is of the
order of magnitude of our estimated relaxation
time.

A va.riety of experiments were conducted to
test the identification of the observed ampli-
tude dependence of the ultrasonic attenuation
with the Granato-Lucke mechanism. A Granato-
Lucke plot was constructed which examines
the qualitative agreement of the observed am-
plitude dependence with their expression for
the ultrasonic attenuation. Figure 3 shows the
expression again and the data points. The Gra-
nato-Lucke theory would predict that the am-
plitude dependence should diminish with an in-
crease in the impurity concentration. Measure-
ments on 99.9% pure lead crystals doped with
tin as impurity show a strong reduction in a,m-
plitude dependence. The theory also predicts
that the effect should be frequency independent.
Within the accuracy of our measurements, the
amplitude dependence remains, indeed, approx-
imately constant with frequency. The ranges
studied were 30 Mc/sec to 1.0 Gc/sec for the
impure lead and 30 to 150 Mc/sec for the pure

where 0, A', n, and n are crystal structure
factors, A is the dislocation density, and eo
is the maximum value of the oscillating strain.
Thus, the amplitude dependence of the dislo-
cation damping is strong, indeed, and depends
characteristically on the exertion of sufficient
stress on the dislocation to allow unpinning
processes. One would expect a large damping
of the dislocation motion in the normal state
when the rexlaxation time for electron-dislo-
cation interaction is comparable to the vibra-
tional period of a dislocation loop at resonance.
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FIG. 3. Granato-Lucke plot of the ultrasonic atten-
uation of 99.999% pure single crystal at 4.2'K.
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lead. Preliminary experiments of deforming
the crystal, i.e., increasing the dislocation
density, show an enhancement of the amplitude
dependence for moderate deformations and a
reduction for large deformations. In the lat-
ter case, it is assumed that the dislocation
density A becomes so great that for many dis-
locations the node distance I is smaller than

L, the impurity pinning distance. As a result,c'
the number of unpinning processes is drasti-
cally reduced and the amplitude dependence
becomes very weak.

So far no investigation has been made about
the nature of pinning-point imperfections. The
pinning force has to be weak in order to explain
the breakaway at such low temperatures where
the assistance by thermal phonons is almost
negligible.

A detailed experimental and theoretical ac-
count of this effect will be published soon.
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In a recent issue of this journal, Dreyfus,
Maynard, and Quattropani' have arrived at the
conclusion that under certain circumstances
it is possible for an induced long-range spin-
density distribution to exist in a nonferromag-
netic metal. This novel result is surprising
when regarded from the standpoint of the the-
ory of Ruderman and Kittel' and Yosida. In
this theory the spin density generated at large
distances from a localized spin perturbation
is of an oscillatory nature. Dreyfus, Maynard,
and Quattropani suggest that the difference be-
tween their result and that of Ruderman and
Kittel results from the nonperturbative nature
of the problem which they treated. But we find
this explanation not completely convincing, as
the behavior of the free-electron gas in the
asymptotic region at considerable distance from

the disturbance would nevertheless be expected
to be characteristic of an only slightly perturbed
degenerate gas, regardless of the strength of
the distant perturbation.

For this reason we have re-examined the
calculation of Dreyfus, Maynard, and Quattro-
pani, ' with the goal of reconciling it with the
Ruderman-Kittel theory. In particular, we
have evaluated an additional contribution to
the total spin density which, although discussed
by Dreyfus, Maynard, and Quattropani, was
evidently not computed by them. This is the
spin density contributed by the "nonevanescing
waves. " The motivation of our calculation was
to explore the possibility that the nonevanes-
cing waves might contribute a long-range po-
larization which just cancels that coming from
the "evanescing waves" —thereby leaving only
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