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Measurements have been made at 1.3°K of the absorption of far infrared radiation in the surface of bulk
samples of superconducting alloys composed of lead with various amounts of thallium, bismuth, or tin.
The data provide the first direct experimental evidence for a sharp gap edge in superconducting alloys.
The width of the energy gap decreases as thallium or tin is added to lead, and increases as bismuth is added.
For concentrations up to 7.7 at. 9, thallium the fractional decrease in the gap width is approximately pro-
portional to the fractional decrease in the critical temperature, but is significantly greater than the latter
for 10.0 at. 9, thallium. The steepness of the absorption edge is roughly the same in all of the samples, and
is greater than might have been expected from theoretical calculations, although these have only been per-
formed in the exteme anomalous limit, which none of our samples strictly satisfy. The structure which was
previously observed on the absorption curves of pure lead and mercury is also present in all of our alloys,
indicating that it is probably not a result of anisotropy.

I. INTRODUCTION

CONSIDERABLE amount of work has been
devoted in recent years to the experimental deter-
mination of the width of the energy gap in various
superconductors.! The motivation behind this work is
provided by the fundamental nature of the gap, and
its direct influence on many of the properties of super-
conductors.? The methods involve measurements of
thermodynamic properties, energy absorption, electron
tunneling, or transport phenomena. The results of
these experiments have indicated that the reduced gap
width 2A/kT, ranges from about 3.2 to 4.6, where 2A
is the gap width, % is Boltzmann’s constant, and T, is
the superconducting critical temperature. This range
is in excellent but not perfect agreement with the theo-
retical value 3.5 which is predicted by the BCS theory.?
The explanation of the observed values of the gap width
provides an intriguing fundamental problem. In an
effort to help solve this problem, we have determined
the energy gap in a series of alloys. It is hoped that the
change in the size of the gap which occurs when the
electronic properties of a metal are changed gradually
by adding successively larger amounts of impurities will
prove to be more easily understood than the variation
of the gap width among pure metals, which differ from
each other drastically in many of their properties. If
this proves to be the case, an experimental study of
alloys may provide an important step to our under-
standing of the deviation of the reduced gap width from
the theoretical value. The measurements which we
have made provide the first gap width determinations in
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alloys, and indeed present the first direct experimental
evidence for a well-defined gap width in superconducting
alloys. This work also provides information concerning
the subsidiary absorption peak below the main gap
edge, which has been observed previously*® in pure lead
and in mercury, as well as data which show the steep-
ness of the absorption edge.

Section II is concerned with the experimental
techniques. The results are presented and discussed in
Sec. III, and the conclusions drawn from the data are
summarized in Sec. IV.

II. EXPERIMENTAL PROCEDURE
A. General Remarks

One is required in performing this experiment to
produce homogeneous samples of controlled composi-
tion, to expose them at low temperature (1.3°K in our
experiments) to far infrared radiation of high purity,
and to measure the absorption of this radiation in the
surface of the samples. The methods which we have
used were developed from those used in previous far
infrared experiments on superconductors,* with modi-
fications which will be described.

B. Sample Preparation

A procedure was developed to produce the required
homogeneous alloy samples. This is carried out as
follows. The starting materials, which are indicated in

TasLE I. Sources and purity of metals.

Metal Source Stated purity
lead American Smelting 99.999+49%,
and Refining Co.
thallium A. D. Mackay, Inc. 99.999,
tin Vulcan Detinning Co. 99.99%,
bismuth American Smelting 99.999+%

and Refining Co.

4 D. M. Ginsberg and M. Tinkham, Phys. Rev. 118, 990 (1960).

5 P. L. Richards and M. Tinkham, Phys. Rev. 119, 575 (1960).
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Table I, are weighed out for a desired alloy in the re-
quired proportion, and are placed in a clean Pyrex tube.
This is then evacuated to 10~ Torr and sealed off. The
tube is heated up to melt the metal which is inside,
and the ingredients are thoroughly mixed by vigorously
agitating the tube. The tube is then cooled as quickly as
possible in a blast of compressed air. The resulting alloy
ingot is removed from the tube, and is cut up and placed
in the ingot chamber of a carefully cleaned demountable
mold, which is shown in Fig. 1. (The mold is made of a
high grade of pure iron, called Meehanite,® which is
very highly insoluble in the metals which are cast.” A
thin coating of colloidal carbon?® keeps the cast sample
from sticking to the surface of the mold.) With the ingot
chamber downward, the mold is placed into a furnace
tube, made of monel, which is then placed into a tubular
furnace. The furnace tube is evacuated to 10~° Torr and
then heated up to a temperature about 40°C above the
melting point of the alloy. After the molten metal has
outgassed and the pressure has returned to 10~° Torr,
the furnace is lowered away from the furnace tube,
which is then agitated and inverted without breaking
the vacuum. (This makes use of a rotating vacuum
joint.) The metal runs down into the conical sample
chamber and the wire sample chambers shown in
Fig. 1. (We will describe later the use of the wire
samples.) Gaseous helium is admitted into the furnace
tube, which is then quickly dismounted so that the
mold can be quenched to room temperature in distilled
water. A thermocouple which is attached to the mold
during the heating and cooling process produces a
voltage which is continuously displayed on a chart
recording. This is later examined to confirm that the
mold had not cooled to the alloy’s liquidus before the
quenching was carried out. It is hoped that the rapid
quenching, which is aided by the smallness of the mold’s
mass (615 g), prevents large-scale inhomogeneities from
developing as the alloys cool through the temperature
range of solidification. After removing the sample from
the mold and etching the surface heavily in hydro-
chloric acid to remove surface contamination, a further
attempt to promote homogeneity is made by annealing
each sample in an evacuated, sealed-off Pyrex tube at
a temperature about 30°C below the solidus of the alloy
for three to four months. The etch patterns on the
surfaces of the samples indicate crystals which range in
size from a few mm to about 1 cm. The sharpness of the
superconducting energy gap edges which our infrared
measurements reveal indicates that the sample-making
techniques have actually succeeded in producing highly
homogeneous samples, at least on a scale of the super-
conducting coherence length.

6 Purchased from Banner Iron Works, St. Louis, Missouri.

7 M. Hansen, Constitution of Binary Alloys (McGraw-Hill Book
Company, Inc., New York, 1958).

8 Dag Dispersion No. 154, Acheson Colloids Company, Port
Huron, Michigan.
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Fi16. 1. Demountable mold used in casting the conical cavity
sample and the wire samples.

The compositions of our samples are given in Table II.
(The other entries in the Table will be discussed later.
The derivation of some of the parameters is given in
the Appendix.)

C. Radiation Production and Detection, and
Low-Temperature Techniques

The techniques used to generate, isolate, and detect
the far infrared radiation which is used in this experi-
ment are essentially the same as those used in previous
experiments, to which the reader is referred for some of
the details.*:5 The source is a high-pressure mercury arc,
and gratings and transmission filters are used to select
the wavelength desired, and to remove undesired short-
wavelength radiation. The beam is chopped at 39 cps
before entering a brass light pipe which conducts it
down into the low-temperature equipment. At the lower
end of a Pyrex helium Dewar, it is funneled by a brass
cone into an oversized nonresonant cavity, which is
made of the alloy under investigation. This is shown in
Fig. 2. A carbon bolometer in the cavity measures the
energy density, and generates a 39 cps electrical signal
which is amplified and detected by means of a conven-
tional lock-in amplifier. The bolometer signal is partially
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F16. 2. Conical sample cavity and holder used in making
far infrared measurements.

determined by the absorption of the radiant energy in
the walls of the cavity, which is the phenomenon of
interest. (The manner in which this absorption is
isolated from extraneous factors which affect the
bolometer signal will be described in the next section.)
The carbon bolometer is somewhat novel in the design
of its electrodes.® These are made by using a flexible
silver paint® to glue No. 36 Advance! wires to the
bolometer. The electrodes are protected by a coating
of Epibond 104 applied over the silver paint, and seem
to be somewhat quieter than evaporated indium
electrodes, which were used previously.

During the experimental measurements, the space
around the sample and bolometer is evacuated. The
thermal contact between the sample and the helium
bath outside of the vacuum jacket is provided by a
heavy copper braid, which is soft-soldered to the
vacuum jacket and attached to the sample by a Wood’s
metal joint. This braid is not shown in Fig. 2.

The shutter which is shown in Fig. 2 is operated from
the top of the cryostat. With this shutter closed, the
superconducting sample is completely hidden from the

9], D. Leslie, Ph.D. thesis, University of Illinois, 1963 (un-
published).

10 5C-13 silver micropaint, Micro-Circuits Company, New
Buffalo, Michigan.

1 Driver-Harris Company, Harrison, New Jersey.

12 Furane Plastics, Los Angeles, California.
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radiation and bolometer, and we obtain a reference
signal which indicates the over-all sensitivity of the
equipment. When the shutter is opened, the radiation
can enter the superconducting cavity unhindered, and
has to make many bounces off the sample walls before
reaching the bolometer.

D. Method of Making the Measurements

The bolometer signal is determined not only by the
absorption in the cavity walls, but by extraneous
factors, which are variations in the source intensity,
the losses in the optical system, the sensitivity of the
bolometer, and the gain of the electronic amplifying
equipment. In order to obtain information about the
factor of interest, which is the absorptivity of the cavity
walls, we force the cavity into the normal state by
applying a magnetic field, which in our experiments
is 3000 Oe. The ratio of the bolometer signal when the
cavity walls are superconducting to the signal when the
walls are normal would provide information which is
unaffected by the extraneous factors just mentioned if
those factors did not vary during the time required to
measure these two signals. However, since super-
conducting alloys trap a large amount of magnetic flux,
we are forced to take all of our readings with the cavity
superconducting in a given run before taking the
normal-state readings for that run. The extraneous
factors which influence the bolometer signal vary during
the run, so the sensitivity of the equipment must be
continuously monitored. This we do by alternately
making measurements with the shutter open and meas-
urements with the shutter closed. (The shutter is
described in the previous section.) We standardize all
of our readings by dividing the average of three deter-
minations of the bolometer signal obtained with the
shutter open by the average of three alternating deter-
minations of the bolometer signal obtained with the
shutter closed. The resulting ratio is called Ps or Py,
depending on whether the cavity was in the super-
conducting state or the normal state, respectively. Each
chart recording is taken for a period of about six time
constants of the lock-in amplifier. The time constant
ranges from 10 sec for the quietest signals to 120 or even
240 sec for the noisiest signals. This entire process is
repeated a number of times, ranging usually from 3 to 8
for each wavelength, some of the repetitions occurring
on different runs.

For two of the samples, numbers 6 and 10, the
maximum field available, 3000 Oe, was insufficient to
completely quench the superconductivity according to
the infrared measurements, so for these we obtained
significant data only with the sample superconducting.

We attempted to measure the residual resistances of
our samples at 4.2°K in a field of 3000 Oe by using some
of the wire samples which were cast and annealed with
our cavity samples. One would expect the residual
resistances of the samples to increase linearly with
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TasLE II. Sample compositions and characteristics.

Sample at.% 2A o L £
No. Solute Solute cm™! Qcm A A wr NE K
1 thallium 1.00 21.654+0.3 0.61 1700 580 1.3 0.73 4,673
2 thallium 3.08 21.5 +0.3 1.91 560 380 0.42 1.3 2.950
3 thallium 5.3 21.6 04 3.25 330 280 0.25 2.0 5.263
4 thallium 7.7 21.2 0.3 471 230 220 0.17 2.8 3.774
5 thallium 10.0 19.6 +0.3 6.00 180 180 0.13 3.5 1.808
6 thallium 50.0 cee 23.8 44 55 0.034 21. 0.948
7 bismuth 0.01 21.8 £0.5 0.0113 94 000 780 71. 0.51 6.803
8 bismuth 0.2 21.7 +£0.3 0.226 4700 690 3.5 0.57 4878
9 bismuth 6.0 22.0 0.3 6.77 160 160 0.12 4.0 2915
10 bismuth 16.0 22.3 £0.3 16.0 66 79 0.050 12. 2.398
11 tin 4.0» 21.4 £0.3 1.1 970 480 0.73 0.94 8.130
12 tin 10.02 21.5 £0.3 .. e eee e oo 6.329

a Probably precipitated to 3.5 at. % tin in lead.

alloying. However, we found that most of our samples
had low-temperature resistances which were lower than
that of our almost pure lead sample (Number 7, 0.1
at.9%, Bi in Pb). Moreover there was no apparent
systematic variation of the measured residual resistance
as a function of alloying. Since a chemical analysis which
was made on a portion of two of our samples has shown
that the intended compositions were in fact achieved,
this discrepancy cannot be blamed on unexpected
sample compositions. It seems certain that some super-
conducting filaments were present in our alloy samples,
even in the presence of the applied magnetic field, and
that these filaments masked the change in normal-state
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Fic. 3. Absorption curves for samples 1 through 6. Sample
compositions are given in Table II. For samples 1 through 5, P is
plotted. For sample 6, no normal-state data could be obtained,
so P* is plotted. P and P* are defined in the text (Sec. ILE).
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dc resistance which alloying produced. Such filaments
have been noted in superconducting alloys by many
investigators.

E. Data Analysis

The data for a sample are processed in the following
way to yield an absorption curve. From the values of
Ps(v) obtained for a given wave number » in different
runs, we compute an average value [Pg(v)]s. The
values of this average for different » are then normalized
so that Pg(33.33 cm™)=1, to yield the normalized
values [Pg(v)]4,» Then the same process is carried out
for the normal-state data. Finally, each ‘“super-
conducting” value [Ps(v)]4,» is divided by the corre-
sponding “normal” value [Py(v)]a,». The resulting
ratios are plotted as a function of », and a curve is drawn
through the points. The energy at which the curve
seems to have a discontinuity in slope is taken to be the
width of the energy gap, 2A.

To facilitate comparison of the shape of the various
absorption curves, the following final normalization is

[P S (V)]A,n

made. We calculate
e — 1} ,
I N(V) IA,n

P(r)=K [
where K is chosen so that the height of the absorption
curve at the energy gap is unity. The values of K used
in this process are listed in Table II. The absorption
curves then show how P(») depends on ».

The above procedure was carried out for all of the
samples, except that for numbers 6 and 10, [Py () ]4.n
was taken to be unity for all the values of », since we
have no normal-state data for these samples, as ex-
plained above. The ordinates of the absorption curves
for these two samples are labeled P* to call attention to
this. Also, since the absorption data for sample 6 did
not allow the clear assignment of an energy gap value,
the curve is arbitrarily normalized to have unit height
at 12.0 cm™.

The uncertainty indicated by the vertical line drawn
through each point determining the absorption curves
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indicates plus and minus one standard deviation S(»),
as computed from a statistical analysis® of the relative
scatter in values of P from data obtained on six of the
samples.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. The Data

The absorption curves are presented in Figs. 3 and 4.
The meaning of P or P*, and the manner in which the
experimental uncertainties were estimated, is discussed
above. It can be shown® that P is approximately
proportional to Ry—Rs, where Ry and Rg are the
surface resistances of the sample in the normal and
superconducting state, respectively. The numerical
data from which the curves have been plotted are
tabulated elsewhere.?

All the absorption curves except that for sample 6
show sharp absorption edges. (The interpretation of
the absorption curve for sample 6 is difficult, since we
have no normal-state absorption data.) The absorption
curves all show at least one small absorption peak below
the main absorption edge. This structure will be
discussed in Sec. IILE.

The energy gap 2A is taken to be the energy at which
the absorption curve seems to have a discontinuity in
slope. Uncertainties were assigned to the gap values by
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Fic. 4. Absorption curves for samples 7 through 12. Sample
compositions are given in Table IL. All of the plotted points
indicate values of P, except for sample 10. For the latter, no
normal-state data could be obtained, so P* is plotted. P and P*
are defined in the text (Sec. ILE).
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passing possible curves through the error bars. The
gap width values and their uncertainties are listed in
Table II.

B. Comparison of Gap Widths with
Other Experiments

For the lead-thallium system, our energy gap values
can be compared with reliable critical temperature
measurements. Finnemore and Mapother® have made
magnetic measurements on some of the wire samples
which were cast and annealed with our cavity samples.
Their measurements yield the difference between T, of
an alloy sample and that of a pure lead reference sample.
Using the critical temperature value for pure lead
obtained by Franck and Martin,* they then obtain the
critical temperatures indicated by Fig. 5. In this
Figure, we have compared the effect which the thallium
impurity has on 2A with its effect on T, by plotting

B S e e e e ESELAE e me m
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[(2A/21.8 cm™)—17] and [(7./7.193°K)—17] versus
at.%, thallium, where 21.8 cm™ and 7.193°K are the
pure-lead values of 2A and T.. As evidenced by the plot,
the reduced gap width 2A/kT, remains approximately
constant up to 7.7 at.9), thallium, within the uncer-
tainties of the experimental results. (The uncertainty
in T, is negligible compared with that in 2A.) However
for 10 at.9, thallium, the fractional decrease in energy
gap is significantly larger than the fractional decrease
in critical temperature. There is some evidence,'
although not conclusive, that we may have crossed a
band edge in going from 7.7 to 10 at.9, thallium. If this
is the case, it might account for the sudden change in
20/kT..

In Fig. 6 we have plotted [ (24/21.8 cm™!)— 1] versus
impurity content for our lead-bismuth and lead-tin

13D, K. Finnemore and D. E. Mapother (to be published).
1 7. P. Franck and D. L. Martin, Can. J. Phys. 39, 1320 (1961).
15 A, V. Gold, Phil. Mag. 5, 70 (1960).
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samples. Unfortunately, we know of no reliable critical
temperature measurements for either of these alloy
systems to compare with our gap values. Meissner et al.1®
obtained critical temperature data for lead-bismuth and
lead-thallium alloys by measuring the resistive transi-
tion, but this is now known to be an unreliable method.
In Fig. 6, the energy gap appears to be increasing
linearly with the amount of bismuth impurity. Meissner
et al. found an increase in the critical temperature as
lead is alloyed with bismuth, but their fractional
changes in T, are about five times larger than our
fractional changes in energy gap.

The concentrations of our two lead-tin samples are
shown in Fig. 6 as 4.0 and 10.0 at.9, but there is strong
evidence from magnetic data of Livingston!” that all
but about 3.5 at.9, of the tin in these samples precipi-
tated out of the solid solution before the infrared
measurements were made. Therefore, these two samples
most likely have a composition of 3.5 at.%, tin in lead,
with different amounts of precipitated tin. It is interest-
ing that the absorption curves for both of these samples
have sharp gap edges.

The trends shown by the data of Figs. 5 and 6 are
similar to those noted by Serin and coworkers'®® in
an extensive and systematic set of measurements of the
critical temperatures of tin and aluminum alloys. They
observed that large concentrations of solute impurities
with higher valence than the host metal tend to raise 7'
more than those of the same valence, which in turn
tend to raise 7', more than impurities of lower valence.

C. Comparison of Gap Widths with Theory

We know of three detailed calculations of the effect
of the electron mean free path on the superconducting
energy gap. One of these® is limited to much smaller
impurity concentrations than are present in our
samples. The other two?? predict a decrease in the
gap width which is an order of magnitude larger than
that observed in the thallium-doped alloys. However,
these two calculations seem to be made invalid by the
following theoretical considerations. Mattis and
Bardeen® and also Anderson® have pointed out that the
pairing in the presence of impurities should be between
exact time-reversed eigenstates of the normal-state
alloy. Anderson has also emphasized the importance of
carefully handling the energy cutoff of the electron-
phonon interaction. He has shown that the limitation

16 W. Meissner, H. Franz, and H. Westerhoff, Ann. Physik 13,
505 (1932).

17 J. D. Livingston (private communication).

18 E. A. Lynton, B. Serin, and M. Zucker, J. Phys. Chem. Solids
3, 165 (1957).

1B E. A. Lynton and B. Serin, Phys. Rev. 112, 70 (1958).

2 D. J. Kenworthy and D. ter Haar, Phys. Rev. 123, 1181
(1961) ; see erratum: D. J. Kenworthy, M. J. Zuckermann, D. M.
Brink, and D. ter Haar, Phys. Letters 1, 35 (1962).

2 H. Suhl and B. T. Matthias, Phys. Rev. 114, 977 (1959).

2 K. Nakamura, Progr. Theoret. Phys. (Kyoto) 21, 435 (1959).

2 D. C. Mattis and J. Bardeen, Phys. Rev. 111, 412 (1958).

# P. W. Anderson, J. Phys. Chem. Solids 11, 26_(1959).
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of the electron mean free path L by the addition of
impurities should not change the gap width or critical
temperature if one starts the calculation with an
electron-phonon interaction which is isotropic in the
pure superconductor. The experimentally observed
initial decrease in T', which is brought about by small
amounts of impurities'®® is attributed by Anderson to
a washing out of the anisotropy which is actually
present in the pure superconductor.

The solutes are also expected to bring about changes
in other parameters which affect the critical tempera-
ture and energy gap. These are evident in the relation
which BCS derive? for the pure isotropic superconductor
(in the weak-coupling limit)

2A=3.5kT;=4.0hw, exp(—1/NV). 1)

In this equation, %w, is some average phonon energy,
N is the density of states at the Fermi surface in the
normal metal, and V is the electron-phonon coupling
constant. Unfortunately, there are neither experimental
data nor convincing theoretical results which tell us
how the phonon spectrum is changing as one adds
impurities to lead. Also, there are conflicting claims,?—27
based on experimental measurements on other alloy
systems, concerning the question of how, or even
whether, the coupling constant ¥ changes with alloying.
There is some evidence! that the density of states V
may be increasing as one adds bismuth to lead, and
decreasing as one adds thallium to lead, and this would,
according to Eq. (1), lead to a change in gap width of
the observed sign. In the present circumstances, it
would be premature to make a quantitative comparison,
however, particularly in light of indications from mag-
netic measurements?® that N does not change with the
addition of bismuth or thallium to lead.

2 R. I. Gayley, Jr., E. A. Lynton, and B. Serin, Phys. Rev. 126,
43 (1962).

26 C. H. Cheng, K. P. Gupta, E. C. Van Reuth, and Paul A.
Beck, Phys. Rev. 126, 2030 (1962).

271, J. Morin and J. P. Maita, Phys. Rev. 129, 1115 (1963).
28 J. D. Livingston, Phys. Rev. 129, 1943 (1963).
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D. Steepness of the Absorption Edge

In Fig. 7 we have plotted the absorption edges of six
of our samples. The absorption edges of the remaining
samples have been omitted for clarity, since they fall
between the curve for 10 at.9 tin and that for 10 at.%,
thallium. Following Richards and Tinkham,® we can
show that the absorption curves measure approximately
the frequency dependence of Ry— R, where Ry and Rg
are the surface resistances in the normal and the
superconducting states, respectively. For comparison
with the observed absorption edges, we have plotted
the curve showing Ry— Ry derived from the Mattis-
Bardeen conductivity values® in the manner described
by Richards and Tinkham.

It is seen from the Figure that the absorption edges
for the various lead alloys are much closer to each
other than they are to the theoretical curve. This is the
same conclusion drawn by Richards and Tinkham from
data for other superconductors.® It should be noted,
however, that none of our samples strictly satisfy the
conditions for the validity for this application of the
theory. These conditions are N/£K1 and wr<<L/\,
where N is the penetration depth, ¢ is the coherence
length, w is the angular frequency of the radiation, L is
the electron mean free path, and 7 is the mean-electron
scattering time. (See Table II. The manner in which
some of the entries were determined is described in the
Appendix.) However, the samples which come closest to
doing so have absorption curves which are among the
most deviant from the theoretical curve. It is interesting
that the observed curves agree with each other as well
as they do, in light of the large variation in the im-
portant parameters which should characterize the
samples, as shown in Table IT. We have not made any
calculations of the theoretical shape of the absorption
edge for our samples. This would require an extensive
theoretical analysis, since they are expected to be
neither in the extreme anomalous limit nor in the
classical limit.

E. Structure on the Absorption Curves

The absorption curves in Figs. 3 and 4 all show a
small subsidiary absorption peak at an energy of about

# P, B. Miller [Phys. Rev. 118, 928 (1960)] has improved on
the Mattis-Bardeen calculation by a more precise mathematical
treatment of the long-wavelength Fourier components of the
currents, for tin and aluminum. His correction in each case makes
the theoretical absorption edge slightly less steep. This worsens
the agreement with the experimental results of Richards and
Tinkham for tin, and also yields a low-temperature absorption
edge for aluminum which is slightly less steep than that observed
by M. A. Biondi and M. P. Garfunkel [Phys. Rev. 116, 853
(1959)]. Miller’s calculation has not been carried out for lead.
P. L. Richards has observed [Phys. Rev. Letters 7, 412 (1961)]
that the absorption edge in tin becomes more steep as one alloys
small amounts of indium with the tin, although his results do not
show whether the initial onset of absorption is sharp. Richard’s
samples were electropolished, and it is possible that our purest

specimen (No. 7) would have shown a less steep absorption edge '

than our other samples if the surface had been electropolished to
reduce diffuse electron scattering at and near the surface.
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0.8 of the gap width. (This statement does not include
sample 6, for which an energy gap could not be
assigned, and sample 9, for which this region of the
absorption curve was not measured.) Some of the curves
also show possible structure at about 0.65 of the
energy gap.

Such a subsidiary infrared absorption peak has been
observed previously in pure lead and mercury,*® and it
was stated that it might be due to either anisotropy or
collective states in the gap. Our results seem to weaken
both of these possibilities. On the one hand, Anderson?
has shown that significant anisotropy should be present
only in samples in which the electron mean free path
is not short compared to the coherence length in the
pure superconductor. Table IT shows that many of our
samples do not satisfy this criterion, so anisotropy
seems to be ruled out as a possible cause of the observed
structure. On the other hand, Maki and Tsuneto®® have
calculated the effect of impurity scattering on exciton-
like collective states in the gap, and find that scattering
should drastically shift the energy of the collective
excitation. Since we observe no appreciable shift of
this kind, this would indicate that these collective
excited states are not the cause of the observed struc-
ture. However, it has been suggested® that collective
excitations might still explain the structure, if the
energy dependence of the gap parameter A were taken
into account.

To check that the structure was not an instrumental
effect, we measured the far infrared absorption of a
“dummy sample” cavity made of brass. At any wave-
length the absorption ratio “Ps” (magnet off) was
found to be equal to the absorption ratio “Px”’ (magnet
on). This confirms that the structure which we observe
in the superconducting samples is not due to a field-
induced change in the wavelength dependence of the
bolometer’s absorption characteristics.

Rowell et al%® have measured electron tunneling
between two superconducting lead films. They have
found structure in their tunneling curves which they
believe is directly related to the observed far infrared
structure.

Townsend and Sutton® have also found some struc-
ture on tunneling curves for lead. They interpret this
as resulting from anisotropy. They find two gap values,
4.30 kT, and 4.67 kT,. We find a gap width equal to
4.37 kT, in our measurements on almost pure lead
(sample No. 7). If we saw their second gap in our
measurements, it would occur at approximately
23.8 cm™L. According to Table II, three of our samples
1,7, and 8, have values of L/, large enough to observe
anisotropy according to Anderson’s criterion.?* How-

3 K. Maki and T. Tsuneto, Progr. Theoret. Phys. (Kyoto) 28,
163 (1962).

3 1,. P. Kadanoff (private communication).

2 J, M. Rowell, P. W. Anderson, and D. E. Thomas, Phys. Rev.
Letters 10, 334 (1963).

3 P, Townsend and J. Sutton, Phys. Rev. 128, 591 (1962).
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Fi1c. 7. Absorption edges. The curves
indicate values of P except in the case
of 16.0 at.% bismuth in lead. For the
latter, no normal-state data could be
obtained, so the curve indicates values
of P*, P and P* are defined in the text
(Sec. 1L.E). The absorption edges of
the other samples fall between that of
10 at.%, tin and that of 10 at.9, thal-
lium. The theoretical curve of Mattis
and Bardeen was calculated in the ex-
treme anomalous limit, which none of
our samples strictly satisfy.

P(or P®)
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ever, our results do not permit us to confirm the higher
gap width found by Townsend and Sutton, which has
also been absent in other tunneling measurements.3

IV. SUMMARY

Far infrared absorption measurements for bulk
superconducting alloys of lead containing thallium,
bismuth, or tin provide for the first time direct experi-
mental evidence of a sharp gap edge in superconducting
alloys. We believe this is characteristic of highly
homogeneous alloys without trapped magnetic flux.

For each sample, the energy gap width is taken to be
the energy at which the absorption curve seems to have
a sharp change in slope, and the resulting values are
given in Table II. The gap width in almost pure lead
(sample 7) is in good agreement with the gap width in
“pure” lead which has been found in tunneling
measurements.

We have compared the energy gap values for the
lead-thallium alloys with observed critical temperatures.
For up to 7.7 at.9, thallium, alloying decreases the
critical temperature and gap width, but the ratio
2A/kT. remains approximately constant at a value of
about 4.37. However, at 10.0 at.9, thallium, the
decrease in gap width is significantly larger than that
in the critical temperature, since 2A/kT, is about 4.07.
This may indicate that one crosses a band edge on
going from 7.7 to 10.0 at.%, thallium.

The increase in gap width caused by putting bismuth
in lead and the decrease caused by putting thallium in
lead call to mind previously observed correlations
between solute valence and changes in critical tempera-
ture. The absorption curves for both samples composed

31, Giaever, H. R. Hart, Jr., and K. Megerle, Phys. Rev. 126,
941 (1962).

of tin in lead are quite sharp, so precipitated tin does
not seem to have any drastic effect on the far infrared
properties of the superconducting alloy.

The structure on the absorption curve below the gap
edge, which has been seen previously in pure lead and
mercury, is present in all the alloy samples. This would
seem to eliminate anisotropy as a possible cause of the
structure. Present theoretical calculations indicate that
if the structure is due to exciton-like collective states
in the gap, alloying would cause it to shift drastically
in energy, contrary to our results.

The steepness of the absorption edge is roughly the
same in all of the samples. It is considerably steeper
than a theoretical prediction, which however, has been
made only in the extreme anomalous limit, which none
of our samples strictly satisfy.
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APPENDIX: DERIVATION OF SOME OF THE
PARAMETERS IN TABLE II

Values for the residual resistivity p, which enter into
the calculation of some of the parameters in Table II,
were obtained for the lead-thallium system by inter-
polation from data obtained by Goodman.?® These agree
quite well with measurements made by Livingston®s

% B, B. Goodman, IBM J. Res. Develop. 6, 63 (1962).
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at 20.4°K if Matthiessen’s rule® is used to find from
these the expected residual resistance values. Residual
resistivities for the lead-bismuth and lead-tin samples
were estimated from measurements made by Living-
ston?® on these alloy systems.

The electron mean free path L has been calculated
by using the residual resistivity estimates in Chambers’
relation?” for lead,

(pL)'= (9.440.7) X 10" QL cm2.

The coherence length £ in each alloy sample was
calculated from Gorkov’s equation as simplified by
Goodman,3

=g (1.320) 7,
36 A, H. Wilson, The Theory of Metals (Cambridge University

Press, New York, 1953).
3 R. G. Chambers, Proc. Roy. Soc. (London) A215, 481 (1952).
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using a value of 780 A for £,. This is the value given by
using Bardeen and Schrieffer’s value? for the Fermi
velocity o, 5X107 cm/sec, and our value of A for
sample 7, in the BCS equation &,=7%v/7TA.

The electron scattering time 7 has been estimated
from the relation 7=L/v. In Table II, the angular
frequency of the radiation w is that for a wavelength
of 500 u, which is approximately its value at the gap
edge. .

The penetration depth is estimated from relations
given by Pippard,® which are in approximate agreement
with the BCS theory. We calculate his A\, from his
Eq. (15), and use our value for £ and Lock’s value®
for X. Pippard’s Eq. (14) then yields a value for A. We
can then compute A from his Eq. (13) or (15), or we can
obtain A from his Fig. 2.

38 A. B. Pippard, Proc. Roy. Soc. (London) A216, 547 (1953).
3 J. M. Lock, Proc. Roy. Soc. (London) A208, 391 (1951).



