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Cu Alloys Backed by Pb
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We present tunneling experiments on Cu:X (X stands for Cr, Fe, or Mn) thin alloy films
in superconducting proximity with Pb. For cases of Cr and Mn, with Kondo temperatures

Ty 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 (Ty/T,~5) do
not show such structure and disagree with theory.

The problem of magnetic impurities in super-
conductors 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 7, measurements, which support
this description. Anomalies in the superconduct-
ing density of states have also heen predicted.
Zittartz, Bringer, and Miiller-Hartmann (ZBMH)?
have calculated the density of states at finite con-
centration ¢ for different alloys characterized by
their Kondo temperature 7'y, Under certain con-
ditions, an impurity band develops inside the en-
ergy gap: At finite ¢, 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,* 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® 7 or were done on sys-
tems (Au:Fe-Pb)® which are not metallurgically
clean. 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
dg; impurity concentration ¢; metallurgical con-
trols in particular with respect to the absence
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of intermetallic diffusion'©),

The samples are prepared in ultrahigh vacuum
(<5X%107° 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 O, 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 7.’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 7, data
and in particular to measure the change of depair-
ing as the ratio 7,/T varied (T, ~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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ment, The transmission coefficient at the normal-
superconducting interface introduced in the Mc-
Millan model has a larger value, in the present
measurements as well as in our T, ones, than in
the Adkins-Kington case, probably because our
samples are prepared in better vacuum.

The density of states at low energy is charac-
terized at any given temperature by the energy
V, [such that the conductance D(V,) is equal to
its normal value D, =1] and by the conductance
at zero bias, D,. A typical experiment on a d,
=240-A Cu film backed by a 2000-A thick Pb film
indicates the following values: V;=0.800x0.,010
mV and 1/D,~175 to 200 at the lowest tempera-
ture of our experiments, 7=0.95°K. This result
is very close to the case of a BCS superconduc-
tor: For A,=0.800 mV and T,=A,/1.76k; =5.3°K,
one expects 1/D,=180. In the following analysis,
we assume that a thin and clean Cu film in prox-
imity behaves as a homogeneous BCS supercon-
ductor with a gap A obtained from the value of V,
at the lowest temperature.’®* When dilute impuri-
ties are introduced in films of the same thickness
prepared under the same conditions, we assume
that they experience a characteristic pairing en-
ergy equal to the value A, obtained at zero con-
centration. We also assume that the magnetic
properties (in particular the value of Ty) of the
Cu:X alloys are retained.

The tunneling data, given in the figures, indi-
cate structures below the gap A, in the Cu:Cr and
Cu:Mn cases. Before analyzing them, we mention
the different tests performed on the junctions as
this is the critical part of the experiment: Junc-
tions prepared under similar conditions have re-
sistance of the same order (within 50%). The
relative increase of tunneling resistance from
room to low temperature was the same (within
+2%) for all “good” junctions. Good junctions on
thin Cu-Pb sandwiches have a very low zero-bias
conductance, as mentioned above., Finally we
have an excellent reproducibility over two junc-
tions of a pair, over different runs when similar
proximity samples are prepared, and when using
the two different types of barriers. This point
also indicates that the effects reported are not
due to the barrier or to the first electrode, We
estimate the nontunneling current of the good
junctions (over 75% of the junctions prepared) to
be less than a few percent of D,

Cu:Cr-Pb: The Cr concentration ranged be-
tween 25 and 300 ppm; the thicknesses were kept
constant in all the experiments: d,=240+10 A;
dg =2000 A. The variation of conductance (Fig. 1)
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FIG, 1, Experimental normalized conductance of
Cu:Cr-Pb sandwiches of variable Cr concentration. A,
is the quasi-BCS gap measured on a Cu-Pb test sample.
The inset uses an extended vertical scale. y, is the en-
ergy of the one-particle bound state. The dashed lines
give the corresponding band calculated from the ZBMH
model. Curve 1, ¢ =25 ppm, £=0.033; curve 2, ¢ =55
ppm, ¢=0.070; curve 3, ¢ =170 ppm, ¢=0.225, where
C=c/2rNA¢ with Ny=0.15 states per atom eV Cu spin.

shows the following behavior: (1) The degree of
“gaplessness” (measured by D,) increases regu-
larly with impurity concentration, (2) The con-
ductances have a maximum inside the gap at an
energy V,;~0.25 to 0.3 mV between two minima
at V=0 and V,. The width of the structure is al-
so controlled by thermal smearing (~0.4 mV).
(3) The voltage V,, which characterizes the rapid
increase of the density of states, moves towards
larger energies as ¢ increases. The effect is
much larger than that given by the uncertainty in
dy. (4) The variation of shape when c increases
suggests a broadening of the band. For larger
concentrations, the structure disappears.

We must show that the structures reflect a bulk
behavior: (1) No structure is observed in isolated
Cu:Cr films™ prepared in similar conditions on
normal tunneling barriers. (2) The tunneling
structures on the Cu:Cr-Pb sandwiches disap-
pear when superconductivity is quenched by a
magnetic field. (3) They also disappear when we
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decrease the effective gap A, by increasing the
thickness of the Cu:X film or when the concen-
tration is increased. This feature is difficult to
understand in terms of a barrier effect but agrees
with the ZBMH model. (4) We have prepared a
sandwich Cu(100 A)-Cu:Cr(150 A, 50 ppm)-Pb.
The structure has the same shape as on the Cu
:Cr(250 A, 50 ppm)-Pb samples but the amplitude
is reduced by typically a factor of 1.5 to 2.5.
Such three-layer samples can be useful in study-
ing the range of magnetic effects in tunneling and
possibly size effects in the Kondo problem.

Points 2 and 3, which differ markedly from the
AG predictions, are in qualitative agreement
with those of ZBMH. A quantitative comparison
can also be made using the parameters T, =1°K,
T,=5.3°K, With this set of parameters, a one-
impurity bound state is predicted at y,=0.274,
~0.215 mV, Using form (12a) of Ref, 3, valid
at low concentration, we calculated quantitative-
ly without any adjustable pavameter the predicted
band expected at finite concentration. The agree-
ment is satisfactory for the lowest concentration,
considering the approximation involved.'® At
higher concentrations, exact calculations are
needed but at this temperature interactions be-
tween the Cr. impurities should be considered.

When T is increased, the inflection in the curve
washes out beyond a value dependent upon ¢ and
kgT/A,. This effect can explain in part why such
a structure has not been observed in previous
works. This takes place above 1.3°K for the ¢
=25-ppm sample, We can still see the anomaly
with respect to the Cu-Pb case, using a first
superconducting Al electrode (7,=1.5°K) but, in
this case, a deconvolution of the conductance
curve is needed to eliminate the effect of the Al.
Using a thinner d, =140 A (A,=1 mV) film of the
same concentration, the' structure with a first
normal electrode disappears only at 1.7°K, On
this sample at 0.95°K the decrease of conductance
at V,, is sharp and shows more clearly the upper
gap above the bound-state band.

Cu:Fe-Pb: The experimental conditions are
the same as the previous case. The concentra-
tion ranged from 30 to 300 ppm. The Cu:Fe case
is interesting for a comparison as the value of
T,~30°K is larger than 7,, Moreover the im-
purity spin S=3% is the same as in Cu:Cr. The
value of |In7,/Ty| being nearly the same, the
ZBMH predicts the same effect in both cases,
However, (1) we never observed structures in
the gap. (2) For a given value of ¢, the zero-
bias conductance is lower than in the Cu:Cr case.
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(3). The decrease with V of conductance below the
gap edge is slower and, at high concentrations,
the increase of conductance at low energy is fast-
er. (4) V, is lower than the value in Cu-Pb, It
‘decreases as ¢ increases.

These points are illustrated in Fig. 2. The be-
havior is reminiscent of the AG one, although in
the Cu:Fe case we are farther from the free-spin
situation. As pointed out by ZBMH, when the
bound-state band is very close to the gap edge,
the shape is similar to the AG case.

The ZBMH model is certainly less valid below
Tg. Inour previous T, work, we mentioned a
disagreement with theory in Cu:Co-Pb sandwiches
(in Cu:Co, Tx~10°°K) but not in Cu:Fe-Pb, The
rapid deterioration of the agreement with theory
just below Ty observed in superconducting-tun-
neling experiments is remarkable. Such mea-
surements may provide a sensitive test of the oc-
currence of strong-coupling effects in Kondo sys-
tems.

Cu:Mn-Pb: Preliminary data with concentra-
tions ¢=50 and 500 ppm were obtained (Fig. 2).

1 1

Mg/Mg0/CuX/Pb

d,=150A
d;=20004
T=.95°%

D(V)
Cu Fe 300 ppm

CuMn 500 ppm ‘\

CuMn 50 ppm

FIG, 2, Tunneling conductance of Cu:Fe-Pb and
Cu:Mn-Pb, The gap A, was obtained from the Cu-Pb
test sample.
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Here d, =150 A and A,=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 ¢ becomes
larger. Let us also note that the voltage V, is
larger than the Cu-Pb value, Using Tx=0.01°K
and S=3 for Mn in Cu, we get, from the ZBMH
model, an impurity-band state centered at y,
=0.57A,=:0.57 mV, in qualitative agreement with
these results, We also studied the upper limit of
kyT/A, 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 A, and of the ratio T,/Ty with suf-
ficient resolution.
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