100 M. L. A, MacVICAR 2

Robenhorts, Phys. Letters 25A, 452 (1967).

P. L. Richards and M. Tinkham, Phys. Rev. 119,
575 (1960).

L. Shen, N. Senozon, and N. Phillips, Phys. Rev.
Letters 14, 1025 (1965).

8B. Goodman, Can. Roy. Acad. Sci. 246, 3031 (1958).

K. Mendelssohn, IBM J. Res. Develop. 6, 27 (1962).

"p, Townsend and J. Sutton, Phys. Rev. 119, 575
(1960).

U1, Giaever, in Proceedings of the Eighth Intevnation-
al Confevence on Low-Temperature Physics, London,
1962, edited by R. O. Davies (Butterworths, London,
1963), p. 171,

12M, Sherrill and H. Edwards, Phys. Rev. Letters
6, 460 (1961).

135, W. Hafstrom, Ph.D. thesis, Department of Met-
allurgy and Materials Science, M. I. T., 1969 (unpub-
lished).

13, Hafstrom, R. M. Rose, and M. L. A, MacVicar,
Phys. Letters 30A, 379 (1969).

5A. J. Bennett, Phys. Rev, 149, A1902 (1965).

181,, M. Mattheiss, Phys. Rev. (to be published).

11,, M. Mattheiss, Phys. Rev. 139, A1893 (1965).

18G, B. Scott, M. Springford, and J. R. Stockton, in
Proceedings of the Eleventh Intevnational Confevence
on Low Tempevature Physics, edited by J. F. Allen,
D. M. Finlayson, and D. M., McCall (University of St.
Andrews Printing Department, St. Andrews, Scotland,
1969), p. 1129,

R, Fawcett, W. Reed, and R. Soden, Phys. Rev.
159, 533 (1967).

20¢4Clean” in the Anderson sense, such that the mean
free path >1.6¢&,

%M. L. A. MacVicar and R. M. Rose, Phys. Letters
25A, 281 (1967).

M. L. A. MacVicar, S. M. Freake, and C. J. Ad-
kins, J. Vac. Sci. Technol. 6, 717 (1969).

%3, Rowell and W, Feldmann, Phys. Rev. 172, 172
(1968).

24\, L. A. MacVicar and R. M. Rose, Phys. Let-
ters 26A, 510 (1968).

%3, R, Carlson and C. B. Satterhwaite (unpublished).

2R, Laibowitz (private communication).

2TE, Forgan (private communication).

287, Dowman, M. L. A. MacVicar, and J. Waldram,
Phys. Rev. 186, 452 (1969).

PHYSICAL REVIEW B

VOLUME 2, NUMBER 1

1 JULY 1970

Ultrasonic-Attenuation Studies in Superconducting Lead*

J. E. Randorff and B. J. Marshall
Texas Tech Univevsity, Lubbock, Texas 79409
(Received 22 January 1970)

Measurement of the attenuation of 10-, 30-, 50-, and 70-MHz longitudinal sound waves,
propagated in the [100], [110], and [111] directions, have been conducted on the normal and
superconducting states of lead. Analysis of the data has been presented allowing for the pos-
sibility of multiple energy gaps. The data have also been compared to theoretical calculations

for a strong coupling model.

INTRODUCTION

Recent studies!™® involving the attenuation of
ultrasound in superconducting lead have based
their data analysis on the existence of a single en-
ergy gap. In view of other recent superconductiv-
ity studies®® it seems quite possible that the su-
perconducting state of lead might involve more
than one energy gap. Our intent has been to anal-
yze the experimental data in such a manner as to
allow for the observation of multiple energy gaps.
Furthermore there is the question of whether su-
perconducting lead is associated with weak® or
strong coupled” interactions. We have made a
comparison of our data with Woo’s calculations for
a strong coupling model.

Our basic experimental study of the ultrasonic
attenuation was conducted on unstrained lead for
10-, 30-, 50-, and 70-MHz longitudinal sound
waves propagated in the [110] and [111] directions.

The data for waves propagated in the [100] direc-
tion were taken on a strained crystal previously
studied, in the unstrained state, by Deaton,! This
crystal was strained by the application of a small
impulsive shock. Comparison of these results
with Deaton’s results should provide some addi-
tional qualitative information regarding the strain
effects on the ultrasonic attentuation.

SAMPLE PREPARATION

The samples were prepared from a single crys-
tal obtained from Research Crystals, Inc., with a
specified purity of 99.9999%. The samples were
spark cut, x-ray oriented, and spark polished to
the desired crystallographic direction. The pre-
pared samples were in the form of cubes of approxi-
mately 5 mm on a side. Before application of a
binder, the sample faces were alternately sub-
jected to applications of dilute nitric acid and di-
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lute sodium hydroxide, interspaced with washings
of distilled water.

The quartz transducers were cut for a fundamen-
tal frequency of 10 MHz and polished for overtone
operation. The bonding material between sample
and transducer was either Nonaq stopcock grease
or Dow Corning 250 000 centistokes silicone fluid.

APPARATUS

The cryostat assembly was of the standard con-
figuration described in earlier publications. ®

The single-ended pulse-echo technique was used
in these studies. Figure 1 shows a block diagram
of the electronic equipment which is primarily an
Arenberg impedance-matched system. The Aren-
berg Model W. A. 600-D wide-band amplifier was
modified to give better stability. The display scan-
ner allows one to monitor the voltage of any part
of the trace diplayed on the oscilloscope. The dis-
play scanner was then set to monitor the voltage of
the peak of the first echo. This voltage was fed to
the Y axis of a Moseley Model 2D-2A X-Y record-
er. The X axis was driven by the output of a
germanium resistance thermometer., With this
configuration the height of the first echo (in volts)
was plotted as a function of temperature over a
range of 2 to 12°K. As a secondary check, the
voltage of the first echo was measured at differ-
ent temperatures by means of a Tektronix 547 Os-

ARENSERG | f\, o ARENBERG
PULSED ' el
OSCILLATOR PA— 620
PG —650C
SAMPLE ARENBERG
WIDEBAND
AMPLIFIER
WA — 6000
===
: HEWLETT-PACKARD
TRIGGER 0SCILLOSCOPE
T 175 A
I |
| HIGH GAIN
TEKTRONIX
| VERTICAL
OSCILLOSCOPE AMPLIFIER
547 : DISPLAY 17528
T I S
COMPARATOR I a
MOSELEY
GERMANIUM RESISTANCE X—y
THERMOMETER RECORDER
20—-2A

FIG. 1. Block diagram of experimental electronic
equipment.
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FIG. 2. Plot of In(2a,/ay—1) versus G(#)/t for vari-
ous directions in Pb at 10 MHz. The attenuations in the
normal and superconducting states are a, and ag, re-
spectively. The ratio of superconducting energy gaps is
G(¢) and the ratio of temperature to the transition tem-
perature is f.

cilloscope and Tektronix Type W Comparator unit.

Much care was taken to determine if the attenua-
tion showed an amplitude dependence; none was
present,

The superconducting data were obtained in the
absence of a magnetic field. The normal-state
data were obtained by quenching the superconduc-
tive properties in a magnetic field of 1000 G. In
order to avoid flux trapping the samples were al-
ways warmed to temperatures above the transi-
tion temperature 7,, and then lowered to the lower
temperature to begin an experiment.

DATA ANALYSIS

The plots of echo voltage versus temperature were
converted to attenuation (dB/cm) versus tem-
perature plots by using the transition temperature
as a reference level. The data were then adjusted
to account for a temperature-independent back-
ground attenuation.?® The values for the super-
conducting attenuation o, and normal-state attenua-
tion o, were obtained and the basic analysis began
with the standard BCS equation®

as/a"= 2(1+6A(T)/k1)—1 , (1)

where 2A(T) represents the temperature-depen-
dent superconducting energy gap.

In order to determine the superconducting ener-
gy gap, Eq. (1) was rearranged® to give

2[a(0)/rT,JG(H /t=21n(2¢,/a- 1) , (2)

where G() = A(T)/a(0) and t=T/T, .
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FIG. 3. Plot of In(2e,/as—1) versus G(f)/t for vari-
ous directions in Pb at 30 MHz.

The values for G(#)/t were calculated for an ideal
superconductor in accordance with the work of
Miihlschlegel.® A plot of G(#)/t versus In(2¢,/a;
- 1) will yield a slope which should equal A(0)/
kT,. Any major deviation from a straight-line
plot should indicate the presence of more than one
energy gap. Figures 2-5 readily show that, for
our data, there is a strong deviation from a single
straight-line plot. A complete set of zero-tem-
perature primary energy gaps are given in Table
I. The secondary gaps cannot be precisely deter-
mined from our data. However, our determina-
tions of the secondary gaps, 2A(0)/kT,, from
these plots give values of 2.14 for the strained
[100] crystal and 1.50 for the unstrained [110] and
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FIG. 4. Plot of In(2e,/aig —1) versus G(t)/t for vari-

ous directions in Pb at 50 MHz.
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FIG. 5. Plot of In(2a,/as—1) versus G(t)/t for vari-
ous directions in Pb at 70 MHz.

[111] crystals. The strained crystal in both the
initial and secondary energy gaps exhibits higher
values than do the unstrained crystals.

Figure 6 gives a plot of 24(0)/#T, versus fre-
quency. At these frequencies, the strained crystal
maintained a fairly constant energy gap with an
average value of 4. 38. The unstrained crystals
displayed a definite frequency dependence.

Figures 7-9 give plots of a /o, versus T/T,
for our data along with plots of the BCS calcula-
tions utilizing a zero-temperature energy gap of
24(0) = 3.52kT,. The difference between the
strained crystal results and the results given by
Deaton® for the same crystal, in the unstrained
state, is immediately apparent. Deaton’s re-
sults revealed a marked variation with frequency,
whereas our results gave no frequency dependence.

A comparison of our data to a strong coupling

TABLE I. Values of 2A(0)/%T, for various directions
and frequencies in Pb.

Direction of Frequencies

wave propagation (MHz) 2A(0)/RT,

[100] (strained) 10 4.33
30 4.25
50 4.47
70 4.45

[110] (unstrained) 10 2.58
30 3.33
50 4.03
70 4.33

[111] (unstrained) 10 2.63
30 3.05
50 3.98
70 4.47
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FIG. 6. Plot of 2A(0)/kT, versus the frequency f in
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model was accomplished with the aid of calcula-
tions by Woo, ! Of immediate interest is the be-
havior of the attenuation ratio in the near vicinity
of the transition temperature. Figures 10-12 dis-
play our data along with the strong coupling model
and the BCS-theory curve.

CONCLUSION

The first observation to be noted is the absence
of anisotropy of the energy gap for the unstrained
crystals. However, the difference between
strained and unstrained states was quite apparent.
Our results for the [100] direction appear to be in
mild contradiction to a previous study by Fate et
al.® Their results indicated that the primary en-
ergy gap for a strained lead crystal exhibited a
small frequency dependence. In another earlier
study by Deaton’ on unstrained lead, the primary
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FIG. 7. Plot of the attenuation ratioay/a, versus the
temperature ratio 7/T, in the [100] direction in Pb for
various frequencies.
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FIG. 9. Plot of the attenuation ratio ay/a, versus the
temperature ratio 7/T, in the [111] direction in Pb for
various frequencies.
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FIG. 11. Comparison of data to the calculations of
Woo and the BCS theory about the transition tempera-
ture for the [110] direction in Pb.

energy gap was found to exhibit a frequency de-
pendence in accordance with our results for un-
strained crystals. Furthermore, this frequency
dependence for the unstrained lead was in the re-
verse order to that found by Fate in the strained
crystal. These results would indicate that pure
unstrained lead crystals exhibit a definite fre-
quency dependence of the primary energy gap. As
the crystal is strained this frequency dependence
becomes diminishingly small and eventually it re-
appears in the reverse order under more severe
strains. It is common belief that this frequency
dependence, or its lack, is due to the density of
dislocations within the specimen. Since we pres-
ently have no measure of the dislocation density
of any of these samples it would be superfluous to
draw any definite conclusions.

The second observation is concerned with what
appears to be a second energy gap with the magni-
tude being roughly half that of the initial gap.
Based on our observations and those of Newcomb
and Shaw® it would appear that the secondary ener-
gy gap could be more precisely studied at higher

FIG. 12. Comparison of data to the calculations of
Woo and the BCS theory about the transition tempera-
ture for the [111] direction in Pb.

frequencies (above 0.50 GHz). Higher frequencies
appear to reveal the secondary energy gap at
temperatures much closer to the transition tem-
perature. This would allow more accurate deter-
minations of attenuation, based on this gap, with
respect to temperature, This would allow the
secondary energy gap to be seen at lower values
of G(t)/t thereby allowing precise values of the
slope to be obtained.

The last observation is concerned with the com-
parison of our data to the strong coupling model.
It appears that lead exhibits an intermediate type
of behavior falling between the weak and strong
coupling models.

ACKNOWLEDGMENTS

The authors would like to express their appre-
ciation to Dr. B, C. Deaton for use of his strained
crystal and for his helpful discussions, and to
S. O’Hara for his help in spark cutting and orienta-
tion of the crystals. Further thanks are extended
to Dr. W. O. Milligan for his assistance.

*Work supported by the Robert A. Welch Foundation of
Texas.

!B. C. Deaton, Phys. Rev. Letters 16, 577 (1966).

’R. E. Love, R. W. Shaw, and W. A. Fate, Phys. Rev.
138, A1453 (1965).

3W. A. Fate, R. W. Shaw, and G. L. Salinger, Phys.
Rev. 172, 413 (1968).

41.. T. Claiborne and N. G. Einspruch, Phys. Rev.
Letters 15, 862 (1965).

5C. P. Newcomb and R. W. Shaw, Phys. Rev. 173,
509 (1968).

87. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys.
Rev. 108, 1175 (1957).

'J. W. F. Woo, Phys. Rev. 155, 429 (1967).

8R. Weil and A. W. Lawson, Phys. Rev. 141, 452 (1966).

B. Miihlschlegel, Z. Physik 155, 313 (1959).

03, W. F. Woo (private communications).



