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The presence of paramagnetic impurities in a super-
conductor introduces spin-dependent interactions
which are expected to inhuence appreciably the cor-
relations between superconducting electrons. Indeed,
such impurities are known to have pronounced effects
on the observed transition temperature T. of the
metal. "More recent experiments' have also pro-
vided evidence that, if the impurity concentration is
suKciently high, such a superconducting metal does
not exhibit a well-defined energy gap even though it
has zero resistance and a, definite transition tem-
perature. The theoretical description of the situation
is of considerable interest, but more dificult than
that of ordinary nonmagnetic impurities. Several
different theories have been proposed. The following
paragraphs give a brief review of the present experi-
mental situation.

Most of our experiments have been performed on
quenched thin film samples evaporated in situ on to
quartz substrates at O'E. Two kinds of measure-
ments can be made on these samples: (a) The dc
electrical resistivity of the sample Glm can be meas-
ured to determine the superconducting transition
temperature and (b) the tunneling current across a
dielectric junction into a reference metal can be
measured to determine the energy gap or density of
states. Two types of samples have been studied:

(1) Samples of superconducting films containing
small amounts of paramagnetic impurities. The ad-
vantage of the quenching technique in this case is
that good homogeneous film samples can be pre-
pared readily without the requirement of mutual
equilibrium solubility of the alloy components.

(2) Samples of pure superconducting films upon
whose back surface (i.e., the side opposite the tunnel-
ing junction) there is superimposed a film of pure
paramagnetic metal. Although the pure supercon-
ducting films have been deposited at room tempera-
ture in some cases, the paramagnetic films have al-
ways been evaporated af terwards in situ at 1'K. The
advantage of this procedure is that diffusion of the

* Work supported in part by the U. 8. 0%ce of Naval Re-
search.

I B. Y. Matthias, H. Suhl, and E. Corenzwit, Phys. Rev.
Letters 1, 93 (1958);J. Phys. Chem. Solids 13, 156 (1960).

2 See, for example, K. Schwidtal, Z. Physik 158, 563 (1960).
s F. Reif and M. A. Woolf, Phys. Rev. Letters 9, 315 (1962).

paramagnetic atoms into the pure metal can then be
pretty well ruled out.

The superconducI;ing transition temperature T', of
our quenched alloy samples shows the usual rapid
linear decrease with increasing impurity concentra-
tion c as is found for most bulk alloys. ' This is in
agreement with the observations on thin films of the
Gottingen group. ' Experiments on superconducting
lanthanum films containing Gd impurities4 have also
verified that the effect of the Gd impurities, measured
by dT, /dc, is the same in such films regardless of
whether they are quenched or annealed.

Some experimental details and preliminary results
have been reported in an earlier publication. ' The
main alloy system investigated in this work was In
containing small concentrations of Fe impurities.
Here the data show an initial linear decrease of the
energy gap with increasing impurity concent, ration c,
this decrease being more rapid than that of the
transition temperature T,. At concentrations larger
than c = 0.2 at. %, the tunneling curves no longer
indicate the presence of a well-defined energy gap,
but suggest an increasing number of states within the
gap. Finally, when the concentration c reaches ap-
proximately 0.8'Po, the tunneling curves are essen-
tiaHy straight as though the gap in the impure super-
conductor had disappeared entirely. Nevertheless,
electrical resistivity measurements show that the
sample is still superconducting with a transiI;ioli
temperature of about 2.2 K. Indeed, it would require
a concentration of about 1.7%%uq to reduce 7, to zero.
Measurements on lead containing Gd impurities also
showed no noticeable energy gap in the tunneling
characteristics despite superconducting behavior
with negligible resistance and well-defined transition
temperature.

A phenomenological description of the data (which
has some theoretical justification in terms of a re-
duced quasi-particle lifetime r) can be obtained by
considering the density of states o.(e) of the impure
superconductor to result from an ordinary BCS den-
sity of states where each quasi-particle energy level s
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is broadened by a Lorentzian of width y = r '. That
is

v/~
(e —e )'+ V' ('. —~')*

— tv(~ —a)'+ lel(f + a)'], (1)v'2b

where a —= (e' —6' —y'), 5 —= (a' + 4y' e)', and
2h is the full energy gap of the superconductor. One
can try to represent the tunneling data by first cor-
recting for the broadening caused by the finite tem-
perature and then fitting the data with suitable
choices of the two parameters 6 and y. Our actual
data on these alloys have, up to now, not been suf-
Gciently accurate to warrant detailed quantitative
comparisons with (1). It can be said, however, that
the alloys which show no measurable gap must be
characterized by 6 less than 20% that of the pure
metal value Ae, or by y such that, y/A ) 1.

Quenched alloy films containing nonparamagnetic
impurities behave like ordinary superconductors and
confirm that the effects observed in the present ex-
periments are due to the spin-dependent properties
of the impurities. Additional experiments involving
layers of paramagnetic metals superimposed upon
pure superconducting films are of interest intrinsi-
cally; they also provide a check that the effects ob-
served in the alloy samples are not due to inhomog™
eneities. In the first experiments of this kind, the
tunneling characteristic of a 500-A-thick pure In film

0
was found to become nearly straight when a 15-A-
thick layer of Fe was evaporated on its back surface.
More recent experiments have used Mn as the back-
ing material since it has the advantage of not being
ferromagnetic. It is found that very thin layers of
Mn cause a remarkably large amount of broadening
of the observed density of states in the supercon-
ductor. ' For example, only 15 A of Mn quench-
evaporated onto a 3000-A annealed Sn film yield a
density of states curve whose best fit to (1) is with
6/Ae ——0.8 and y/Ae ——0.4. (The transition tem-
perature is lowered by 0.7'E in this case.) Similar
effects are found when quenched Sn or Pb films are
backed by Mn; and in all cases no further effect on
the density of states is found when the thickness of
the superimposed Mn is increased beyond that at
which the marked broadening first appears. ' It has
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As a check on these results, it was found that the tunneling
characteristics of a 3000-A Sn film are only slightly affected
by the superposition of a 40-A Au layer. However, an addi-
tional 15-A layer of Mn deposited behind this Au has a pro-
nounced effect.

been found that 5000 A is the limiting thickness of
Sn above which the Mn no longer has this pronounced
effect; at this Sn thickness, as much as 100 A of Mn
produces only a small broadening.

All these experiments are still rather exploratory
in nature and need to be made more quantitative.
We are now working on experiments designed to ex-
plore in detail the actual density of states in care-
fully chosen superconducting samples containing
paramagnetic atoms. In these experiments we meas-
ure directly the derivative of the tunneling current
against a normal reference metal at the lowest ac-
cessible temperature (0.3'K, if necessary). After nu-
merically correcting for the remaining temperature
broadening (by the Fourier convolution theorem or
an iteration procedure), these data should yield di-
rectly the density of states of the superconductor and
can then be compared with an expression of the type
(1).

The various theories dealing with superconductors
containing paramagnetic impurities all focus atten-
tion on the exchange interaction between the para-
magnetic atoms and the conduction electrons. The
work of Abrikosov and Gorkov' treats the case of
impurities with static randomly oriented spins and
arrives at the remarkable conclusion that, in the re-
gion where c ) c' (where c' is a concentration about
90 jo of that necessary to suppress superconductivity
entirely) a well-defined energy gap no longer exists.
Earlier criticisms of this work have now been with-
drawn. This investigation, and extensions thereof, ' "
predict qualitatively results similar to those observed
in the present experiments; they also show that it is
possible to have a consistent theoretical model
exhibiting a persistent current in the absence of a
well-defined energy gap. However, the observed ef-
fects are more pronounced than those predicted.
Phillips" has speculated that magnetic impurity
bands may account for the quantitative discrepancy.
On the other hand, Huhl and Fredkin" have sug-
gested that dynamic effects associated with the re-
orientation of the impurity spins may be predom-
inant in reducing the lifetime of quasi-particle states
and may account for the tunneling results in the re-
gion of concentration c & c'.
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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.

THEORY
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The Existence of a

Superconducting State in Semiconductors
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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


