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FERRELL: To what extent can you establish the abrupt-
ness of the drop in the apparent gap and to what extent do
these various theories predict any abruptness&

F. REtF, /iniversity of Calijornia: At the present time I
cannot establish the abruptness too well. One thing I can
say is that the negative resistance region disappears at a
rather small concentration range. Beyond this it just seems
to broaden out. In order to get better information we would
have to plot in detail the density of states. The Suhl theory,
if I understand it correctly, would not predict anything
terribly sudden. I think the other theory predicts some-
thing more'sudden.

MEIssNER: I would like to caution that even if you
evaporate at low temperatures, you may during the
evaporation of the second film actually shoot atoms into the
first film. The atoms are coming from a fairly high tempera-

ture source and if the metal underneath is something as soft
as indium, then the atoms could penetrate for quite some
distance.

G. v. MINNIGERODE, University oj Gottingen: We did an
experiment superimposing two films of tin and indium. In
such a system of indium and tin, an alloy of the two com-
ponents has a higher transition temperature than either of
the components. These films were superimposed at helium
temperature and the transition temperature of the sand-
wich was between pure tin and pure indium. There was no
alloying effect. If we warmed up this sandwich to a tem-
perature of about 200'K, suddenly the alloying process
starts and then we found a transition temperature of about
5.6 . We are sure in the low-temperature region there is no
alloying eRect. We tried another system too—lead and bis-
muth.
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Despite the scarcity of published work on supercon-
ductivity in semiconductors, degenerate semicon-
ductors have been examined for superconducting
properties both experimentally and theoretically.
The results of these investigations have not on the
whole been encouraging.

The main reason for finding a degenerate semicon-
ductor with superconducting properties is to use this
semiconductor as a tool for investigating electron—
electron and electron —phonon interactions in both
the normal and the superconducting states. A semi-
conductor of this type could also be used to give
further information about the band structure of semi-
conductors and might possibly yield new insight into
the phenomenon of superconductivity.
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The band structures of many semiconductors have
been determined quite accurately, and the effects on
the band structure arising from uniaxial strain,
hydrostatic pressure, and alloying are also known.
By using these methods, the band structure of a
semiconductor can be changed for a 6xed concentra-
tion of impurities, and if the small effects of the
doping on the band structure are neglected, the num-
ber of carriers can be changed for a given band struc-
ture by changing the doping. The carrier concentra-
tion and band structure of a degenerate semicon-
ductor can therefore be varied independently of one
another and, if a semiconductor were in a supercon-
ducting state, the superconductivity could then be
observed as a function of band-structure changes and
changes in the number of carriers alone.

The band-structure model used for previous the-
oretical investigations was that of a single-valley con-
duction band and valence band. Because this model
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yields a very small density of states at the Fermi en-

ergy for electrons, the primary aim of these investi-
gations became the determination of the conditions
under which the largest intravalley electron —phonon
interaction would exist to maximize the "X(0)V"
parameter of the BCS' theory. It was concluded that
a very strong intravalley electron —phonon coupling
was necessary to produce a transition into a super-
conducting state. '

We have reopened this problem and have used a
many-valley model for the semiconductor band
structure. Intervalley phonon processes were ex-
pected to be even more important than intravalley
phonon processes, since these involve large momen-
tum transfers and would therefore not be screened
appreciably; also, the existence of a larger number of
valleys in a degenerate semiconductor would give a
larger number of states into which an electron could
scatter through an intervalley process.

To obtain a quantitative understanding of the con-
tribution of intervalley and intravalley phonon
processes to superconductivity in semiconductors, we
have examined degenerate Ge with a carrier concen-
tration n = 10" carriers/cc. We assume the BCS
theory and solve the BCS gap equation after making
the appropriate changes to include both intravalley
and intervalley processes.

For the attractive phonon interaction we assume a
Bardeen —Pines' interaction and the repulsive Cou-
lomb interaction is computed by using a dynamic
dielectric function modeled after the dielectric func-
tion first derived by Lindhard. This dielectric func-
tion is also used to evaluate the screening of the intra-
valley phonon modes. The intravalley electron-
phonon matrix elements appearing in the Bardeen-
Pines interaction are computed by expressing them
in terms of the crystal deformation potentials which
are then taken from experiment. The intervalley
electron —phonon matrix element is evaluated by ex-
pressing this interaction in terms of an intervalley
electron —phonon coupling constant $ which is ob-
tained from an analysis' of the temperature de-
pendence of the semiconducting energy gap.

With an intervalley coupling constant $ = 8eV,
we find that the largest contribution to the attrac-
tive electron —electron interaction arises from the ex-
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change of intervalley phonons and this contribution
is larger than the repulsive Coulomb interaction and
hence induces a transition into a superconducting
state. A rough estimate of the transition temperature
for Ge with n = 10" carriers/cc and $ = 8eV is 5
mdeg, indicating that Ge is not a promising choice
of a semiconductor for observing a superconducting
transition. However, the calculation for Ge serves to
point out'the important properties required of a good
choice. In particular, a large number of degenerate
valleys are desired to enhance the attractive inter-
valley phonon contribution.

We have therefore investigated the case of a Ge—Si
alloy with ten degenerate valleys as an example of a
more promising semiconductor. We again solve the
BCS gap equation after making the changes sug-
gested by Anderson' for the case of a "dirty" super-
conductor with nonmagnetic impurities. Although
the Anderson theory predicts essentially no change
in the transition temperature of Ge between the
"dirty" and "clean" cases, it does have a large effect
in the case of the Ge—Si alloy and therefore must be
considered.

The results of this analysis appear in Fig. 1 where
we have plotted isotherms for three values of the
transition temperature V'. : T, = 0.002'E,
T. = 0.16'K, and T. = 1.5'K. The transition tem-
perature is a strong function of the carrier concen-
tration n and the average intervalley coupling con-
stant $, as is expected. For g = 8eV and n = 10"
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FIG. 1. Approximate isotherms for the superconducting
transition temperature T, of the Ge—Si alloy are drawn as a
function of the carrier concentration n and the intervalley
coupling constant g.

carriers/cc, which were the values we chose for Ge,
the transition temperature of the Ge—si alloy is
0.16'K. Although these values of T, should be con-
sidered to be approximate, we note that in the high
concentration region, 7.', is still in the 0.01'K to
0.1'K range for an average coupling constant P, 25%
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less than that expected for Ge. This indicates that
at high concentrations of impurities, the Ge—Si alloy
is a promising choice for a superconducting semi-
conductor.

Our analysis of Ge and the Ge—Si alloy yields a
knowledge of the important properties required of a
semiconductor in which a superconducting transition
is expected to occur. These properties are best illus-

trated by discussing the band-structure parameters
of the semiconductor and considering them adjust-
able variables which, when maximized, enhance the
superconducting transition temperature.

A maximization of the carrier concentration n is
essential. The larger n, the larger the density of states
at the Fermi surface, X(0). A large N(0) is im-

portant for two reasons: (a) It increases the number
of states available for scattering and this is equiva-
lent to effectively increasing the "X(0)V" parameter
of the BCS theory, mainly through the increase of
the attractive intervalley phonon contribution; and

(b) it makes the dielectric screening more complete,
reducing the repulsive Coulomb interaction.

The number of degenerate valleys should also be
maximized in order to contribute as many inter-
valley processes as possible. The presence of more
valleys also increases the density of states at the
Fermi energy which, as we have stated, is desirable.

The density of states and the screening of the
Coulomb interaction are also increased by maximiz-

ing the effective mass of each valley and the static
dielectric constant.

Finally, to enhance the attractive intervalley
phonon contribution, the intervalley coupling con-
stant and the number of intervalley phonons should
both be as large as possible. The latter can be de-
termined by a group theoretical analysis' of inter-
valley scattering in the crystal. The intervalley
coupling constant is diKculI; to measure but can be
obtained' from measurements of the temperature de-
pendence of the semiconducting energy gap.

"M. Lax and J.J. Hopfield, Phys. Rev. 124, 115 (1961).

As we have shown, the Ge&i alloy is an example
of a semiconductor having some of the desired prop-
erties. A few other examples of semiconductors hav-
ing some of these properties are: (a) the GaAs —GaP
alloy with eleven degenerate valleys, (b) n-type or
p-type Bi2Te3 which is a many-valley semiconductor
with a large static dielectric constant, and (c) hexa-
gonal SiC which is of the many-valley type with a
large effective mass. ' This short list of examples is in
no way intended to represent the result of a complete
study of semiconductors which may exhibit super-
conductivity.

We hope our work will encourage experimental in-
vestigation of many-valley semiconductors. High im-
purity concentrations' "have been achieved in these
semiconductors and superconductors have been
found" below 20 mdeg suggesting that the experi-
mental techniques involved in observing supercon-
ductivity in semiconductors are probably among
those presently available.

A more detailed description of the calculations dis-
cussed in the present work will be published else-
where.
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HULM: As Dr. Marvin L. Cohen said, his theoretical work
stimulated our interest in the possibility of obtaining a
superconducting semiconductor. In collaboration with Hein
and Gibson of the Naval Research Lab and Miller at West-
inghouse, I recently examined two highly doped semicon-
ducting compounds for superconductivity, namely SnTe
and GeTe. We chose these compounds primarily because
they can be obtained in a very highly doped state; doping
levels can be gotten up to about 10 ' carriers per cc. Both

materials were tested magnetically down to a few milli-
degrees. We obtained no eRect in SnTe, but in GeTe what
seems like superconducting behavior was found in two
samples. Unfortunately the transition temperature of the
two materials are quite different —one is at 90 mdeg and the
other at 270 mdeg. GeTe is rock-salt-type structure with a
carrier concentration in both the samples of close to 9 )& 10
p-type. We were unable to detect any other extraneous
phase or impurity present which could be responsible for
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the superconductivity. Purity of the starting material for
the Te was 5—9's or better and the Ge was semiconductor
grade; spectroscopic analysis both before and after revealed
nothing else. We are very hopeful at this time that we in-
deed are seeing superconductivity in GeTe.

GooDMAN: Would Dr. Hulm care to tell us what the
GeTe was doped. with&

HULM: Self doping. The composition is actually GeTey, p~.
The solid solution formation of the compound is with ex-
cess Te and this produces p-type behavior. The way it
forms you have a deficiency of Ge and for every Ge vacancy

you have 2 p-type carriers. So there is nothing in there but
Ge and Te. I would be unhappy if there were some other
doping material present.

AUrLER: What is the normal resistivity of your GeTe
samples&

HULM: The resistivity has a constant term which is about
60 pQ cm for this particular doping level plus a term pro-
portional to T' which at room temperature adds another
60 pQ cm. The conductivity, of course, varies as you vary
the doping.
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I. INTRODUCTION

There is an extensive body of experimental facts'
suggesting that certain impurities have inBuences
upon the interactions responsible for superconduc-
tivity which cannot be encompassed within a theory
based on the assumption of "normal" alloying be-
havior. '

Alloys which behave "normally" are defined as
those for which the simple band and phonon pictures
remain valid when supplemented by nonresonant im-

purity scattering, as in the Anderson theory of dirty
superconductors. ' Deviations from normal alloying
behavior can thus occur in two obvious ways: (1) In-
stead of a smooth variation of the band structure with
concentration, impurity resonances can occur at low
concentrations" which can merge into impurity
bands at higher concentrations. (2) Similarly, im-

purities can produce resonant local modes in the
phonon spectrum of the host material. "The purpose
of the present paper is to discuss the implications of
the first of these two deviations from normal alloying
behavior for superconductivity.
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A more subtle deviation from normal alloying be-
havior in superconductors arises from the series of
impurities Cr through Co. These can cause either (a)
impurity resonances in the spin —density wave and
spin —rotation wave spectrum of the conduction elec-
trons, or (b) stable local moments. Because the pres-
ent theoretical understanding of stable local mo-
ments' "and of their infiuence on superconductivity"
is relatively satisfactory, we have confined our at-
tention to the impurity resonances (a). We have
found significant consequences of spin-dependent im-

purity resonances for superconductivity. Time does
not permit the reporting of our treatment of such
resonances and their consequences here. We do,
however, indicate the circumstances in which the
spin-independent resonances cannot be important,
whereas the spin-dependent resonances can.

II. RESONANT IMPURITY LEVELS

We are concerned here with impurity-induced
changes in superconducting transition temperatures
for impurity concentrations of less than 10%.We
suppose that superconductivity arises from interac-
tions between pairs of Landau quasi-particles which
consist of a phonon-induced part and a dynamically
screened Coulomb part. Changes in the transition
temperature thus arise from changes in the corre-
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