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Tunneling Study of Impurity Bands in Kondo Superconducting Systems:
Cu Alloys Backed by Pb

I. Dumoulin, E. Guyon, * and P. Nedellee
Laboxatoixe de Physique des Solides, f Vniversite Paris Sud, 9&405 Oxsay, Prance

{Received 19 August 1974)

We present tunneling experiments on Cu~ (X stands for Cr, Fe, or Mn) thin alloy films
in superconducting proximity with Pb. For cases of Cr and Mn, with Kondo temperatures
TK lower than the critical temperature T„we observe an impurity band inside the quasi-
BCS gap, in agreement with theoretical predictions. Our results on Cu:Fe (T /KT -5) do
not show such structure and disagree with theory.

The problem of magnetic impurities in super-
eonductors originally discussed by Abrikosov and
Gor'kov (AG)' has been theoretically reconsider-
ed to include the Kondo effect. ' The greater part
of the experimental work is devoted to critical
temperature T, measurements, which support
this description. Anomalies in the superconduct-
ing density of states have also been predicted.
Zittartz, Bringer, and Miiller-Hartmann (ZBMH)s
have calculated the density of states at finite con-
centration c for different alloys characterized by
their Kondo temperature TK. Under certain con-
ditions, an impurity band develops inside the en-
ergy gap: At finite c, the wave function of the
bound states localized around the impurities over-
lap and the bound states merge in a band. We
present the first (to our knowledge) experimental
observation of such localized bands, from tunnel-
ing measurements on the normal side of Cu:X-
Pb proximity-effect sandwiches (the solute X
stands for Mn, Cr, Fe, or Co) with typical re-
sults shown in the figures.

Following the pioneering work of Woolf and
Reif, 4 several experiments on homogeneous al-
loys have shown the existence of a density of
states in the superconducting gap larger than pre-
dicted by AG.

Inducing superconductivity in normal Kondo al-
loys by proximity effect clearly increases the
number of well-studied Kondo-alloy candidates.
The previously published tunneling results were
done on relatively concentrated alloys and could
not resolve any structure' ' or were done on sys-
tems (Au:Fe-Pb)s which are not metallurgically
elean. This work follows extensive T, measure-
ments' in the same systems to which we refer
for a detailed description of the control measure-
ments on the sandwiches (film thickness d„and
ds; impurity concentration c; metallurgical con-
trols in particular with respect to the absence

of intermetallic diffusion" ).
The samples are prepared in ultrahigh vacuum

(& 5x10 ' Torr during evaporation). We use films
of either Mg or Al+ 5 at.% Mn as the first nor-
mal electrode. The tunneling barriers are formed
by glow-discharge oxidation in dry 02 at low pres-
sure. Each sample consists of four pairs of junc-
tions having the same geometry deposited on a
glass plate. The two junctions of a pair are iden-
tical and the pairs differ only by the nature or
the concentration of impurities in the normal
side. There is always also a test Cu-Pb pair of
the same d~. The Cu:Cr and Cu:Fe films are
evaporated from a single source and the Cu:Mn
films from flash evaporation of small pellets of
the alloy (a strong distillation takes place in the
evaporation of this alloy). We have checked the
excellent homogeneity of the thickness and con-
centration of the films on single-film test sam-
ples. In particular, the Kondo resistive behavior
of the alloy films is similar to that of bulk mate-
rial and is used to determine c.

Our analysis of T,'s in proximity systems was
based on a generalization by Kaiser and Zucker-
mann (KZ)" of the McMillan tunneling model of
proximity which included the effect of magnetic
impurities in the normal-side film. The model
implies a constant order parameter in the film
and long mean free paths. These conditions are
well satisfied here. The Cu:X film thicknesses
range from 140 to 750 A and the electronic mean
free path is always larger than d„. Under these
conditions, we were able to interpret the T, data
and in particular to measure the change of depair-
ing as the ratio T,/TK varied (TK = 1000, 30, 1,
and 0.01'K for Co, Fe, Cr, and Mn in Cu, re-
spectively). The McMillan model has also been
used successfully in the tunneling experiments of
Adkins and Kington" on Cu-Pb. Our tunneling re-
sults on the same system indicate a similar agree-
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Here dN =150 A and 4, =1 mV. The behavior is
different from the AG case and we see the exis-
tence of an inflection in the conductance whose
energy decreases as c increases. We tentative-
ly relate the structure to the lower edge of an
impurity band which broadens when c becomes
larger. Let us also note that the voltage V, is
larger than the Cu-Pb value. Using TK=0.01'K
and $ = —,

' for Mn in Cu, we get, from the ZBMH

model, an impurity-band state centered at y,
=0.5740 =0.57 mV, in qualitative agreement with
these results. We also studied the upper limit of
hs T/6, beyond which the inflection structure dis-
appears. For a thicker film d„=240 A, this
takes place above T =0.95'K.

We will develop these studies to lower tempera-
tures to obtain a better resolution of the struc-
tures. It will also become possible to decrease
the value of b,, and of the ratio T, /T„with suf-
ficient resolution.
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