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We present an experimental study of the magnetic behavior of dilute CuX (X = Mn, Cr, Fe) and AuFe alloys
using superconducting electron tunneling. Superconductivity is induced by overlaying the normal alloy film
with a superconducting Pb one. The most important result of this study is the existence of localized states,
within the superconducting energy gap of the sandwich, their position in energy being characteristic of the
nature of the impurity and their amplitude being related to its concentration. This localized band had been
predicted from the Miiller-Hartmann and Zittartz (MHZ) theory which calculates, going beyond the first
Born approximation, the scattering of conduction electrons by magnetic impurities. Initially this paper
emphasizes the conditions in which a quasi-BCS approach, neglecting the spatial variation of the order
parameter, can be used in the tunneling experiments. The characteristics of the impurity band are discussed
systematically in the CuCr case. Systematic results on materials of various Kondo temperatures are presented.
The agreement with the MHZ approach deteriorates as the Kondo temperature increases and strong-coupling
effects should be considered. The possibility of using this technique as a new tool for sensitive spectroscopic

analysis is suggested.

L INTRODUCTION

Superconductivity is a very sensitive tool for the
study of dilute magnetic impurities in various
matrices, since magnetic interactions destroy the
superconductive pairing. Excellent reviews, both
experimental'»® and theoretical,'® can be found on
this subject. The superconducting proximity effect
obtained by overlaying a nonsuperconducting film
with a superconductor makes it possible to induce
superconductivity in nonsuperconducting alloys.?
In a first article,® measurements of the critical
temperatures of CuX-Pb bilayers (X=Cr, Mn, Fe,
Co) have led to a determination of the magnetic
depairing energy of the impurities: I'(c,7T). A
detailed description of the metallurgical and nor-
mal-state properties of these systems has been
given in this first paper. We extend here the prox-
imity method to the study of the tunneling density
of states obtained on the alloy side of similar bi-
layers. In a recent letter,* we have shown that
tunneling can show the existence of an impurity
band due to localized excited states (LES) within
the superconducting gap. This article reports an
extended discussion as well as systematic experi-
ments centered around this point. The existence
of LES was first predicted by theoretical analysis
beyond the level of the Abrikosov and Gor’Kov
(AG) first Born approximation.> However, experi-
mental tunneling studies previous to our work! and
using homogeneous superconductors alloys with
3d or Ce impurities, have only shown that the den-
sities of states within the gap were larger in that
case then predicted by AG. This enhancement
agrees with the yT' term observed in the specific
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heat of those alloys.'®

Woolf and Reif® were the first to observe such a
deviation in their tunneling experiments on homo-
geneous alloys of the 3d transition elements, al-
though their results with Gd impurities followed
well the gapless density of states predicted by
AG. The enhancement of the gapless behavior for
concentrated alloys can be understood as a limit
of the localized bands formed when the LES wave
function overlap strongly. In our experiments,
with a large enough resolution and using low-con-
centration alloys, we have been able to see the
development of localized-band states. The prox-
imity effect permits the study of the superconduct-
ing properties of various alloys (covering a wide
range of T, values) and also provides an original
tool to vary the effective superconducting critical
temperature for a given magnetic alloy while
keeping the magnetic properties and concentration
constant. Comparison is made with the Muller-
Hartmann and Zittartz theory.!® Great attention is
paid to the control of the quality of tunneling sam-
ples (Chap. II) and to the validity of the approxima-
tion made in the application of a theory, introduced
for homogeneous alloys on inhomogeneous proxi-
mity effect sandwiches (Sec. III).

We devote an appreciable part of this article to
these preliminary considerations which are funda-
mental for the quantitative analysis of our results.
The reader interested only in the impurity bands
study can go directly to Sec. IIIE. A rather com-
plete study of the CuCr-Pb system (Chap. IV) al-
lows us to describe experimentally the character-
istics of the impurity bands within the gap: its
height and width which grow as the concentration
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increases; its location, related to the ratio of the
Kondo temperature Ty, characteristic of the mag-
netic alloy to the effective critical temperature

¥ characteristic of the induced superconductivity.
In Chap. V we present results on materials of dif -
ferent Ty. In the conclusion, we discuss the valid-
ity of the Muller-Hartmann and Zittartz theory
used throughout the experimental discussion.

II. PREPARATION AND CONTROLS OF SAMPLES

Figure 1(a) shows a section of a typical tunneling
junction. The first electrode, 1, is normal (Al
above 1.5 °K; Mg ; Al-5-at.% Mn) or superconduct-
ing (Al below 1.5 °’K) film. The second electrode,
2, is a magnetic alloy film, CuX, overlayed by a
Pb film which induces superconductivity in the
CuX. The preparation and control of the sand-
wiches, discussed in our previous work (3), will
be summarized in Sec. IIA. We shall discuss in
more detail the preparation (Sec. IIB) and control
(Sec. IIC) of tunneling junctions.

A. CuX;CuX-Pb: Preparation and properties

CuX films are prepared by evaporation in ultra-
high vacuum (pressure less than 10°® Torr) of the
alloy. We use a single-ingot source for CuCr and
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FIG. 1. (a) Transverse view of a typical junction used
for the study of the normal-side-tunneling density of
states of bilayers. (b) Top view of a sample (four pairs
of junctions)—strips of SiO (shown only on one pair of
junctions) define windows on the oxide barrier.

CuFe. The concentration is uniform across the
film thickness. CuMn shows a strong distillation
effect if it is prepared from a single source. A
flash evaporation technique has been used in the
present experiments. Pellets of & mm? of the
alloy are evaporated one by one. Each grain con-
tributes for about 15 & to the total film thickness.

Resistive measurements of the films lead to a
determination of thickness and impurity concentra-
tion. The low-temperature variation of the resis-
tivity shows the resistance minimum associated
with the Kondo effect, exactly as in the corre-
sponding bulk alloys. It is very reasonable to as-
sume that the bulk magnetic properties, and in
particular the Ty values, persist in our films.
Unlike the films prepared from a single source
(see Ref. 3), CuMn films prepared by flash evap-
oration technique show the correct bulklike be-
havior.

The Cu-Pb pair is a good candidate for the prox-
imity effect (no interdiffusion at room tempera-
ture, no intermetallic compound). We have also
used the Au-Pb combination where the possible
formation of intermetallic compounds is pre-
vented by preparing and always keeping the sam-
ples at a temperature below-100 C. The residual
mean free path in the normal state of the films
studied here is always larger than the thickness
for all materials.

B. Preparation of the tunnel junctions

A longitudinal film [see Fig. 1(b)] is first evap-
orated on the glass substrate. The tunneling bar-
rier is formed by glow-discharge oxidation of
this first electrode, during a few minutes, ina
dry atmosphere of pure oxygen at a pressure
around 5% 1072 Torr. The area of the tunneling
junction formed on this barrier is limited by a
window obtained by the evaporation of strips of
SiO. Spurious effects arising from the improper
superposition of the Cu X and Pb films which are
wider than the opening of the window, are thus
eliminated. We have also noted an improvement
in the quality of the junctions made by this tech-
nique (suppression of the edge effects on both
electrodes). A typical sample, illustrated in Fig.
1(b), consists of four pairs of junctions. The two
junctions of a pair are identical. The four pairs
differ in the second electrode (different Cu X ma-
terial or normal film thickness). Three different
tunneling samples can be prepared in a single run.
They differ, for example, in the material for the
first electrode (Al, Mg, Al-5-at.% Mn). On the
fourth sample, we prepare the test films (CuX or
Pb single films) and the sandwiches used for re-
sistive T, measurements.
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C. Control of the junctions

The usual measurement of the junction resis-
tance R, uses the four branches of the two films
as the four electrodes. This is a correct four-
terminal measurement if the resistance of the
films is much smaller than the junction one,’
which is the case, within a 1% accuracy, for our
junctions on Al and AIMn at all temperatures (R,
=~100 2). For Mg junctions of smaller resistance
(R;~0.1 Q), a typical error of less than 5% can
be introduced. In the following, we call o(V,T) the
normalized conductance of a junction at a bias V
and temperature 7. It is the ratio of the dynam-
ical conductance R(V)"!=(dI/dV) in the supercon-
ducting state, to the value at low temperature with
both the electrodes in the normal state.

The tunneling conductance 0,(V, T) can differ
from the measured conductance o,(V, T) because
of the spurious conductance o0,(V,T). In order to
estimate the accuracy of o4, it is important to
have an upper limit for 0,. It is generally ad-
mitted that the origin of 0, is the existence of
partially superconducting metallic bridges in par-
allel with the tunneling path. Their superconduct-
ing part can become normal by a critical current
effect, when V increases. From this picture, it
is obvious that ¢,(V,T) is a decreasing function of
Vand T. An upper limit for o, is 0,(0,T,,),
where T, is the lowest temperature of the ex-
periment.

(a) If the tunneling conductance has a strong
minimum at zero bias, the value 0,(0,T,,) gives
an accurate upper limit for o,. This is the case,
if S has a true energy gap at T',, <T_: for ex-
ample, if S is a BCS superconductor, o,(0, T)
=~1072, when T=0.25 T,. We speak of “good junc-
tions” when 0,< 1072,

(b) When the density of states of S exhibits only
small variations, as in the gapless-limit situa-
tion, this test is not sensitive enough. We have
developed the following method: we measure ac-
curately the junction resistances at room tempera-
ture R, and at low temperature in the normal state
Ry; the ratio P=R,/R, is larger than 1: the ther-
mal excitation effect, which contributes to the cur-
rent at high T, disappears at low T while the tun-
neling current remains independent of . For
a given series of “good” [as defined in (a)]
junctions, prepared and studied simultaneously,
P is constant within 1%, independently of R,
(10<R, <100 Q) and of the nature of X in CuX
(in the concentration range used, ¢ <500 ppm).

P varies with the nature of the first electrode (it
varies typically from 1.25 to 1.30 from pure Al to
Al-5-at.% Mn and weakly with ageing, but in the
same way for all the junctions of a series. In

“bad” junctions of a given sample, P is smaller
because the resistance of the metallic bridges is
an increasing function of T. A “good” (criterion
a) test junction is used to give the value of P, for
a given sample. If another junction has a value of
P smaller by more than 2%, it is considered as
“bad” and is not used. This second test can only
be used for large enough tunnel resistance (case
of Al and A/Mn) and turns out to detect “bad” junc-
tions which have a conductance in parallel o,
larger than 0.03. Another obvious test of quality
is the reproducibility in the two identical sand-
wiches of a pair. From the different controls on
the junctions, we can estimate the absolute ac-
curacy in the normalized conductance results to
better than 0.03.

III. TYPICAL RESULTS AND MAIN LINES OF ANALYSIS

The dynamical resistance of the junctions is ob-
tained using a standard current modulation tech-
nique.®? Figure 2(a) gives the general shape ob-
tained for Cu X-Pb sandwiches. The strong varia-
tion of (V) around 1 mV is associated with an in-
duced energy gap in CuX. Outside the gap, struc-
tures of magnitude (2-3)% are observed around
the Pb phonon energies. This shows the nonlocal
character of the superconducting interaction: the
Pb phonons are seen by “transparency” through
the CuX film.® The shape above the gap is identi-
cal for CuX-Pb and Cu-Pb and we have not been
able to detect any significant additional structure
above the gap in the Cu X-Pb case. Figure 2(b)
shows R(V) inside of the gap of a CuCr-Pb sand-
wich. The original feature, as compared with the
Cu-Pb case [see, for example, o(V) on Fig. 4] is
the existence of a resistance minimum within the
gap. We shall briefly recall in Sec. IITA the con-
nection between o(V, T) and the superconducting
density of states. In Sec. III B we present experi-
mental proofs that the observed structure is a
bulk density-of-states property and not a barrier
effect. We shall summarize in Sec. IIIC the Miil-
ler-Hartmann and Zittartz theory (homogeneous
alloy with a BCS matrix). We give in Sec. IIID the
approximation made in the application to the prox-
imity effect geometry.

A. Tunneling conductance and density of states

The tunneling conductance using a normal first
electrode is related to the normalized density of
states D(E, T) at energy E by

1 .d

W13 aen

r D(E, T)[tanhB’ (E +eV)
(1]
—tanhB’(E - eV)]dE,

@
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FIG. 2. (a) General shape, outside the gap, of the
tunneling resistance R(V)=dV/dI(V) at 0.95°K, on Cu-
Pb or CuX-Pb sandwiches. The resistance of the junc-
tion in the normal state of both the electrodes, Ry, is
deduced within 1% accuracy from the interpolation of
the background at high voltage. (b) Dynamical resis-
tance of a junction Mg-MgO-CuCr (150 A, 10 ppm)/Pb
(1000 A) at 0.95 K. Curve (1) details the gap edge and
gives accurately V,[R (V,) =Ry]; curve (2) shows the
minimum of the resistance at Y, associated with the
impurity band. The curve is symmetric in positive
and negative bias.

where B’=3k,T; kjy is the Boltzmann constant. At
zero temperature o(V, 0) is identical to D(V, 0).
For T#0, o(V,T) is approximately an average of
D(V+AE,T), where -3k ,T< AE< 3kzT. The use
of a superconducting first electrode of gap A re-
duces the Fermi-distribution effect and the resolu-
tion at a given temperature is improved.!® In this
work however we have not used this possibility
much, because other structures can be observed
below the gap in tunneling between two supercon-
ductors (subharmonic structures, Josephson ef-
fect).

B. Results are free of barrier effects

The previous formula (1) is valid for purely
elastic tunneling and neglects deviations (like
inelastic tunneling effects) caused by inhomogen-
eous distribution of impurities close to or inside

the barrier.!! The connection of the so called
zero-bias anomalies around V=0 with an energy-
dependent magnetism, has been established ex-
perimentally without ambiguity only in a few
cases. The use of these results for the better
understanding of magnetism has been rather lim-
ited and frustrating. This was due in part of the
difficulty of controling, with enough accuracy, the
exact distribution near the barrier of the impuri-
ties which, as discussed theoretically,’? is an es-
sential factor.

Zero-bias anomalies are observed in the normal
state of the electrodes. Here the resistance mini-
mum peak is intrinsically related to bulk super-
conductivity: (i) no tunneling structure was ob-
served in tunneling on single CuX films of low
enough concentration of X to prevent segregation
of the alloy'®; (ii) the structure disappears when
superconductivity is quenched (above T, or in a
large enough magnetic field); (iii) the structure
is no longer resolved above a temperature (still
smaller than T,) which depends on the induced
energy-gap magnitude. Thus, an interpretation
in terms of a barrier anomaly is not possible.

An interdiffusion of the two materials in prox-
imity can cause some anomalies within the gap
in bad sandwiches.!* We have never observed any
anomaly below the energy gap of Cu-Pb sand-
wiches. The shape of the curves with CuX-Pb is
not modified after a long storage (a week) at room
temperature.

Let us note finally the identity of the results
when the same second electrode was deposited at
the same time on junctions formed on Mg and Al-
5-at. % Mn. This again shows the nature of the
tunneling barrier is unimportant.

C. Miiller-Hartmann and Zittartz theory (Ref. 1¢)

This theory represents the most complete de-
scription of the density of states, within the frame
of perturbation treatments, of the -JS*S Hamil-
tonian in superconductors. It is consistent with
other theoretical description.!®> We shall use it
to analyze our experimental results.

The starting point assumes a spin S at the im-
purity site with an infinite lifetime and describes
its interaction with the conduction electrons of
spin § by an Hamiltonian —-J3*S, where J is an
exchange energy. The perturbative treatment of
this interaction to order J%, made by Abrikosov
and Gorkov™'® (AG) is the basic description of a
superconductor with paramagnetic impurities.

The matrix is a BCS superconductor characterized
by only one parameter A2(0), which is the value

of the order parameter as well as the energy gap
at T=0. The alloy is described by an order pa-
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rameter A which differs from the energy gap w,.
Both are temperature and impurity concentration
dependent via a depairing energy parameter

T,=2McNJS(S+1).

¢ is the concentration of impurities of spin S and
N, the electronic density of states at the Fermi
level. Figure 3(a) gives the shape of the density
of states for different concentrations. The gapless
situation is shown. .

The treatment of the interaction —J5*S to or-
ders higher than J? gives significant deviations
from the above results. It leads to the existence
of localized excited states in the gap (LES) as
pointed out by Shiba'? using a classical spin
(S = =, JS finite) treatment or starting directly
from the Anderson Hamiltonian.'® Shiba’s ap-
proach does not include the Kondo effect since it
neglects transverse part of the moment. In a
Kondo superconducting alloy, the electrons are
influenced by two competitive mechanisms: the
screening of the spin which involves the charac-
teristic energy N,J and the pairing characterized
by the energy N,V of the superconducting matrix.
Below T, this latter term replaces kT which
controls the temperature dependence of the mag-
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FIG. 3. Density of states a superconductor with dif-
ferent concentrations of magnetic impurities: (a) in the
AG picture, from Ref. 16; (b) in the Miiller-Hartmann
and Zittartz picture from Ref. 19: a localized band
around the energy E=y,A is predicted. Here y,=0.5.

netism in the normal state of the alloy. In this
description, T, is defined by

TK=TFe1/"o" J<.0).

As a result of the above competition, the param-
eter 7=1In(T,/T,) will play the central role.

The scattering amplitude of quasiparticles by
one impurity has two poles at energies +w (w,
=9,4). The corresponding density of states n(w)
expressed as a function of the energy w is given by

n(w) =-3[8(w - a)+5(w+ )]
+3a[0(w - we) + 8(w+ W) +70p (W) . (2)

Half a state per impurity is taken from each gap
edge and 2 @ states appear at energies = w,, while
a continuum contribution . is added to the BCS
distribution. The density of states is symmetric
around the Fermi level. The location y, of the
LES was calculated analytically (T — T, limit) and
also numerically (T =0 limit): y, is close to 1
when J is positive or when it is negative but with
an absolute value much smaller than the pairing
potential V. The latter case, which corresponds
to Ty < T, is nothing but the AG limit in which
the LES is indeed indistinguishable from a de-
pression of the gap edge towards low energies.

In the limit T—-T_ and J<0, y, is given by

1-92=72S(S +1)/[In(T,/T ) +7*SES +1)].  (3)

When the ratio T,/T, increases, the LES crosses
into the gap: it is in the middle of the gap for
Tyx=T,. In this calculation (T—~T,), @ in formula
(2) is equal to 1. Figures 12(a) and 12(b) give the
calculated values of y, and @ in the limit 7' =0 for
S=3. The terms neglected in the 7'~ T, limit de-
pend on A(T)/kzT. Because most of variation of
A with T is near T,, the T =0 limit is obtained not
too far below T, and would be the more realistic
situation for comparison with experiments,
carried out at low temperature to reduce the ther-
mal smearing. However, the simpler T, limit
gives good account for the main features of the
impurity band and we shall use it as a first ap-
proach.

At finite concentration, the wave functions aris-
ing from the different impurities overlap and give
a band of allowed states within the initially for-
bidden energy range. The shape of the bands was
calculated by Zittartz, Bringer, and Miiller-Hart-
mamn'® (ZBMH) for T~ T,. It is completely de-
termined by 4, y,, andT=c/(27N,A). Typical shape
of the density of states is given Fig. 3(b). A must
be renormalized to take into account the effect of
the finite concentration c. At low ¢, the density
of states N(w) is

N(w)=32(1 -p9)=/12c(1 -92*/2 - (v -92]*/2, @)
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so that the width and the height of the band are
both proportional to Vc. The solution for all val-
ues of € was obtained using a computed calcula-
tion provided to us by Bringer.

D. Quasi-BCS-approximation

The ZBMH calculation summarized above ap-
plies to a homogeneous alloy with a BCS matrix.
At the present time, there is no similar calcu-
lation in the proximity effect situation. Such an
extension was made by Kaiser and Zuckermann®®
using the MacMillan model for the proximity ef-
fect,* but applied only if the impurities in the nor-
mal film follow the AG description. As far as the
depression of the critical temperature is con-
cerned,® it is possible to discuss the deviation
from the AG predictions in terms of an effective
pair-breaking parameter I',,, and to compare it
with the Miiller-Hartmann and Zittartz theory.

Here we are dealing with a qualitatively new ef-
fect as compared with the AG result—the pres-
ence of LES within the gap—and it is no longer
possible to use a similar extension.

We use a quasi BCS approximation which as-
sumes that: (i) Cu films in proximity behave as
BCS superconductors, in particular as far as the
excitation spectrum measured by a tunneling ex-
periment is concerned. (ii) If we add dilute mag-
netic impurities, the Cu X alloy retains its usual
Kondo temperature. This second point is rather
obvious. The interaction between impurities and
conduction electrons is local. In the normal state
of the bilayer, it is insensitive to the presence of
Pb in contact with the Cu matrix.

The first point may appear as a drastic approxi-
mation because of the spatial variation of the order
parameter in proximity effect geometry. How-
ever, this approximation is reasonable in our
present experiments because of the following:

(a) The normal films N are much thinner than
the characteristic length of the induced supercon-
ductivity. Thus, the superconducting order pa-
rameter in N is nearly constant across the thick-
ness: all impurities experience the same order
parameter.

(b) The films are clean (the residual electronic
mean free path is larger than the thickness) and
we are interested by tunneling results in N. Tun-
neling in clean materials is rather selective in
direction and measures a nearly-one-dimensional
density of states corresponding to excitations
travelling perpendicular to the barrier. It is in-
sensitive to the anisotropy of the excitations.

(c) The tunneling density of states for Cu-Pb is
close to the BCS one.

Figure 4 shows the dynamical conductance o(V)

Cu~Pb
T = 0.95°K

dg= 2000
d,= 75R
dy= 160R
2| .
d, =

|
0 0.5 1 15 V[my)

FIG. 4. Tunneling conductances on Cu-Pb sandwiches
of the same Pb film thickness and various Cu films
thicknesses.

obtained on a series of samples of a given thick-
ness d, =2000 A with dy varying between 75 and
400 A. This set of curves is similar to conduc-
tance curves of BCS materials of various energy
gaps. This point will be seen later with the dis-
cussion of Fig. 6. Let us note that the observa-
tion of a true energy gap in clean proximity sys-
tem?®? is due to the directional selectivity of the
tunneling. In a clean case, very low-energy ex-
citations exist, which propagate parallel to the
NS interface.?* We follow Adkins and Kington®*
for the determination of the energy gap A,(T) in
Cu-Pb systems. For a given temperature 7', we
measure 0(0, 7). We choose Ay(T) as the value
which would give the same ¢(0, T) on a BCS super-
conductor.

4,(T) is represented Fig. 5(a). At high tempera-
tures, we observe an increase of Ay (T), when T
decreases, typical of a BCS superconductor. At
low temperatures, this determination gives de-
creasing values for A,(T) which arise from the
nontunneling part of the junction conductance. The
maximum value of A,(T) is taken as 4,. We call
the BCS superconductor of gap 4, the equivalent
BCS (EBCS). We also introduce the EBCS criti-
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FIG. 5. Energy gap in Cu-Pb measured from the value
of the BCS conductance at zero bias: (a) vs temperature
for (1) Cu (150 A)/Pb(2000 &), (2) Cu(280 A)/Pb(2000 3),
(3) Cu(250 A)/Pb (300 A); (b) vs Cu film thickness dy for
a large Pb film thickness dg; (c) vs dg at a given dy.

cal temperature T#=4,/1.76k.

Figure 6 gives a comparison of the conductance
curves o(V,T) measured on Cu-Pb and calculated
for the EBCS. We distinguish two cases: (i) d,
> £, (the coherence length on Pb~ 800 A). The
EBCS describes well the observed density of states
at energies lower than 4. At higher energies,
in Cu-Pb, the BCS singularity at 4, is replaced
by a broad maximum, whose location is remini-
scent of the Pb energy gap. (ii) d,<<&,. The
EBCS describes well the conductance observed
on Cu-Pb at all energies.

The MacMillan model for the proximity effect?':3
gives an excellent account of the above results.
Qualitatively, when both films are very thin com-
pared with their coherence lengths (Cooper limit),
a BCS-like behavior is expected with an effective
interaction parameter®®

(NV)ope= N3 Vydy + N2V d,)/(Nydy +Nd,) .

Figures 5(b) and 5(c) gives our A, results ver-
sus dy and d,. We find values larger than those
of Adkins and Kington’s because we have a larger
transmission coefficient between N and S as al-
ready discussed in Ref. 3.

o(v)

m
1

/
/T =275%%
/

o -
Y V(mV) 0 1 V(mV)
dy=2808 d.= 20008 dy= 2508 d= 3008
b, = 0.78 mV A= 0.525mv

FIG. 6. Comparison at different temperatures between
the measured conductance (solid line) on Cu-Pb and the
calculated BCS conductance (crosses). The agreement
is excellent when both films are thin (Cooper limit).

E. Conclusion

Superconductivity induced by proximity is uni-
form across the thickness of thin and clean Cu
films. The density of states is close—notably in
the low-energy range considered in the following —
to that of a BCS superconductor with a gap 4, and
a critical temperature 7. When magnetic im-
purities X are introduced in Cu, their interaction
with conduction electrons is not perturbed, in the
normal state, by the proximity effect and remains
characterized by the value T'; for the Cu X alloy
film alone. In the superconducting state, we com-
pare our tunneling density of states with predic-
tions done for an homogeneous alloy of Kondo tem-
perature T, and BCS matrix of critical tempera-
ture T%.

IV. STUDY OF THE CuCr-Pb SYSTEM

Here we discuss in detail the effect of: tem-
perature (Sec. IV A); impurity concentration (Sec.
IVB); and T /T, (Sec. IVC). CuCr was chosen
because the Ty value~ 1K is of the order of mag-
nitude of accessible TF. Our results are com-
pared with the ZBMH calculation (see Sec. IIIC)
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at the end of each section and discussed in detail
in Sec. IVD.

A. Temperature dependence
1. Experimental results

Figure 7(a) gives the tunneling conductance at
different temperature T for one CuCr-Pb sand-
wich having the following parameters: d, =250 A,
¢ =17 ppm, d,=2000 &, A,=0.8 mV, and T*
=5.3 K. We can distinguish three domains of T:

(i) Low temperature (T <0.8 K in this experi-
ment). The presence of a localized impurity band
within the gap is clearly shown by a maximum of
conductance o0, at an energy which is weakly tem-
perature dependent (5% decrease between 0.4 and
0.8 K).

(ii) Intermediate domain (0.8<7<1.3 K). An
inflexion point (0;,y,) is seen on the conductance
curve. The energy y,; can be determined accurate-
ly using a second-derivative technique. We see
that y,=y,,+10%.

(iii) High temperature (7>1.3 K). No anom-
alous structure is observed. However, the con-
ductance at low energy is large. Its shape and
amplitude disagree strongly with the KZ model
based on the AG picture (even if we take an en-
hanced value I',,, for I', as was done in our pre-
vious work?).

2. Comparison with the ZBMH calculation

Fig. 7(b) shows the ZBHM density of states com-
puted with y,=0.34, A=4,=0.8 mV, ¢ =17 ppm.
The value of y,, discussed later in Sec. IVD, has
been adjusted to reproduce the experimental lo-
cation of the conductance maximum at the lowest

(V) M T
Cu Cr—Pb ZBMM THEORY
C = 17ppm C=T7ppm
dy = 250 % o) =0.8mv
Ok o 20008 1 o2 ¥, =034

Q

temperature [ Fig. 7(a)]. It is the only adjusted
parameter. The value 4 has been taken from
Cu-Pb sandwiches having the same geometrical
parameters (see Sec. IVD). We take A=A, be-
cause, at very low concentrations, the renormal-
ization of the order parameter is negligible. The
concentration c is obtained from the slope of the
logarithmic dependence of the resistivity at low
temperature on a test film prepared at the same
time as the junction.> We also give in Fig. 7(b)
the tunneling conductance computed at finite tem-
perature using formula (1). The comparison of
Figs. 7(a) and 7(b) leads to the following remarks:

(i) The experimental shape and height of the
band agree with calculation.

(ii) The degradation of the resolution as T in-
creases is explained well by the thermal smear-
ing effect alone. There is no need to introduce
any temperature dependent shape for the impurity
band (see Sec. IIIC) in the low-temperature range
(when 4, does not vary any more with T).

(iii) In order to characterize any discrepancy
between experiment and theory in the height of
the band, we calculate theoretically a conductance
curve and take the inverse ratio K of its conduc-
tance peak to that observed experimentally at the
same temperature. We find this ratio to be tem-
perature independent (within 5%). In this experi-
ment K~1.25. This value will be discussed in
Sec. IV C4.

B. Impurity concentration study

1. Experimental results

We present a series of experiments on CuCr-Pb
sandwiches: ¢ varies from 25 to 300 ppm. The

FIG. 7. (a) Experimen-
tal tunneling conductance
vs bias. At the lowest tem-
perature, the impurity
band is well resolved. The
thermal smearing washes
out this structure at high
temperature. (b) Theore-
tical density of states
(dotted line) computed with
the parameters of the ex-
periment reported in Fig.
7(a). y, was adjusted to
give account for the experi-
mental location of the band.
The solid lines give the
conductance calculated for
various temperatures.
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geometrical parameters dy =250 A, d,=2000 A
were kept as constant as possible through the
samples: thus 4, and T are constant. The Fig.
8 gives the general results at 0.95 K, while Fig.
9 describes in greater detail the density of states
within the “gap.” The thermal smearing is im-
portant at 0.95 K. However, with concentrations
larger than 25 ppm, we are still in the low tem-
perature domain, defined in the previous para-
graph, in which a maximum of conductance can
be observed. Then, y,, is a good indication of the
energy location of the top of the band and o,, an
indication (within 25%) of its height.

2. Analysis of the results and comparison with theory

When the concentration increases the following
result:

(i) o, increases. The inset in Fig. 8 shows that
0, varies as Vc. This agrees with theory as one
can see from formula (3), valid in the low con-
centration limit.

1 1 1

0.5 1 15 V(mv)

FIG. 8. Conductance curves obtained at 0.96 °K on
sandwiches of identical geometry (identical Ay and T;")
for different Cr concentrations. The edge of the “gap”
shifts towards the high energies and the band develops
as c¢ increases. The inset shows that the height of the
impurity band (g,,) varies as Vc.

(ii) ¥,, moves slightly towards the high energies.
The exact calculation accounts for this fact:
starting at low concentration with a parabolic
shape centered around v,A [formula (3)] the
band develops asymmetrically, its maximum
moving towards higher energies [see Fig. 3(b)].

(iii) The conductance peak at y, becomes less
marked and finally disappears. However, the
low-energy conductance remains remarkably large
and flat as compared with AG predictions. For in-
creasing concentration, the theory predicts that
the band also widens, touches the gap edge and
finally gives a flat continuum inside the initial
gap [see Fig. 3(c)]

(iv) The fast increase of the conductance near
4, is still observed. We call this region “edge
of the gap.” Its characteristic energy V,[o(V,)
=1] moves towards large energies. Inthe KZ
model®® based on the AG picture, an opposite vari-
ation of V, towards low energies would be ex-
pected.

(v) The “singularity” above 4, is softened. If
we compare with the Cu-Pb case, it appears

Cu Cr-Pb dN=2503:& .
d,=2000
Ofy ) T=0.95°K
04+ N + -
NP ¢
\170 ppm
+y=0.21mV
0.3( .
02t <

.55 ppm
+y=023mV

+
01 + . \ZSppm 4

N * . +y=0.25 mV

Alo
i i i 1 i
0 0.2 0.5 Vi mvV)
FIG. 9. Details of the conductance curves of Fig. 8
within the energy gap. Crosses give theoretical con-
ductance. Calculation is made by adjusting only the lo-
cation of the LES y=y,4; y, is constant and the varia-

tion of y is qualitatively accounted by that of A(c) < 4,
(renormalization of the order parameter).

- i i

-
>
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a(v)

qualitatively that the area lost below the curve

at high energy is still recovered in the low-energy
states. The agreement between experiment and
theory on the first three points is illustrated quan-
titatively in Fig. 9.

The last two points are difficult to analyze quan-
titatively: near the gap edge, the conductance
depends crucially on the renormalization of A,
not calculated yet. In addition, the quasi-BCS
approximation is poor above and around the en-
ergy-gap edge. We can, however, indicate a
qualitative agreement with theory in which: (a)
The edge of the continuum moves towards high
energy in A units when ¢ increases. This is op-
posite to the AG result where the gap w, de-
creases faster than the order parameter A. (b)
The singularity above A is softened. The states
which appear in the gap are taken from the gap
edge [see formula (2)].

C. Effect of the variation of T ¥

The proximity offers a means to vary indepen-
dently the superconducting critical temperature
on the same Kondo alloy. This is done by adjust-
ing dy and d, (see Sec. IIID).

(a) Large T¥ values (7>T*>4.5 K) are produced
by covering with the same thick Pb film (2000 &)
several thin CuCr films of variable thickness
(75-400 A). For these values [see Fig. 2(b)] the
localized states can be resolved in experiments
at 0.95 K.

(b) Low T values (4.5>T*>2 K) are obtained by
coating soeveral CuCr films of the same thickness
dy =250 A and obtained in the same evaporation

FIG. 10. (a) Solid lines
give the tunneling conduc-
tance for four sandwiches
made with identical CuCr
films and Pb films of dif-
ferent thicknesses. Thus,
we vary the induced energy
gap in CuCr and study the
effect of Tx/T} for the
same alloy. (b) Theoreti-
cal conductances associ-
ated with the experimental
curves (a)-y, is adjusted
for each curve in order to
carry out its experimental
variation with T x/T,.

ZOMH THEORY
T = 0.4°K

¢ = 17ppm
..... - ¢ =10ppm

1 15 V)
(»)

with thin Pb films of different thicknesses (150-
250 ). The sample were studied at 0.4 K as the
structures are not resolved as well as with high
T%*. Typical conductance results are shown on
Fig. 10(a).

Case (b) provides the best way to vary T,/T%, as
the same alloy film is used in the experiments.
Moreover, the use of thin Pb films is a good limit
for the validity of a BCS approximation (see Sec.
aiD).

1. The location of LES

The energy location of the maximum or of the
inflection in the conductance curves, provides
good estimates of the LES position (see Sec. IV A).
The values, reported in Table I, show a shift of
the LES towards the edge of the continuum when
T* decreases.

As seen on Fig. 10(a), there is no inflection
point on the conductance curve relative to the

TABLE I. Summary of localized-states data on CuCr-
Pb. The energy location of the LES measured from the
maximum (y,,) or point of inflection (y;) of the conduc-
tance is given as a function of the gap Ay=1.76kgT ¥.
We give also y, from the best fit with theory y, =y,

(or ¥7)/Ag and c, the concentration used for the experi-
ment.

Ay(mv) 12 10 0.8 0.69 046 04 0.3
T%(°K) (7.9) 6.25 53 45 3.0 26 2.0
Ymouy 030 031 030 0.28 0.24 0.20 0.15
yo (expt.) 0.24 0.3 034 0.38 045 047 0.50
C (ppm) 10 10 17 10 17 17 17
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T=095%
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we calculate the ZBMH density of states and the
corresponding tunneling conductance at . We
proceed as in Sec. IVA2; ¢ is given by the resis-
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FIG. 11. Sandwiches
identical to those of Fig.
10 are studied with a

a,.- 4, —n a, superconducting Al first
dy= 150 1 electrode. The location of
L the gap and of the localized
o as states in case of (a) can be
done using the semicon-
R(V) d,=250R ¢z 17ppm ductor diagram (). In
1 other cases (c) adeconvolu-
tion is needed due to ther-
© A'.t“ dy= 2008 mal smearing.
o a5
sample having the lowest T¥ (d,=150 A). The 15 "
thermal smearing (related to the value A,/K,T) . s=h A 120
is still too large at 0.4 K. In this case, the value I Y APt K
¥m has been obtained using a first superconducting (a) T=Te f
Al electrode of gap A,, on an identical sandwich. osL_ . : N ) 05
Figure 11 shows experimental results. When 24,, 7 10 10 v 100 10? T
+9,.> 4, [case of Fig. 11(a)] the evaluation of the 1 1
LES position is straightforward as seen from the ]
semiconductor diagram [Fig. 11(b)]. In the other ]
cases [Fig. 11(c)] a deconvolution program is L] 1
needed.?® In both cases, the location of the LES 0 .
agrees with the determination using a normal first ~ by L ; ~ s
electrode . 10 10 10 1 10 10 I"Tc
2. Height of the band ﬂyf +
+
+
In the theory, the height 7 of the band is an in- 04L - k\
creasing function of T = ¢/(27N,A) (see Sec. IIIC); R ﬂ
h is proportional to VZ at low concentration. In L + o 2
Fig. 10(a), we see that, keeping the concentration (c) . -'7_.
constant, the amplitude of the band (characterized 02 .
by o, or o;) increases as A decreases. —_—— !
3. Quantitative analysis of the above results 0
For each sandwich studied at a temperature T, 0.2 04 171-

FIG. 12. (a) and (b) Theoretical dependence (from

tivity of a test alloy film, 4, is the tunneling gap
of a Cu-Pb sandwich of identical geometry, and
Yo is adjusted to get the correct maximum or in-
flexion of the experimental curve. The values of
¥, are given Table I and plotted Fig. 12(c). A

text).

Ref. 2) of the spectral weight o and location of the LES,
Yo, in the T— T, limit (half-broken line) and T =01limit
(solid line). (c) Experimental results on CuCr-Pb. K
is obtained from the band height and related to a (see
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good agreement is found between the theoretical
conductance curves [Fig. 10(b)] and the experi-
ments of Fig. 10(a).

The ratio K =0, (or 0,) experimental/o,, (or o;)
theoretical (Sec. IV A2) increases as T} decreases
[see Fig. 12(c)].

4. Interpretation of the dependence of K with T*

Until now, we have used the ZBMH calculation
(T~ T, limit). However, our experiments are
closer to the T =0 limit (see Sec. IIIC). The height
of the band at finite concentration at 7=0is a
complex (uncalculated at present time) but cer-
tainly increasing function of the spectral weight
(density of states brought by one impurity alone).
In the T-T, limit, @=1. Inthe T =0 limit, @ de-
pends on T ,/T* [see Fig. 12(a)]. The variation of
K with T/T¥ is thus connected to the expected
variation of a.

D. Discussion

Throughout this chapter we have compared our
results with theory using adjusted values of the
location y, of the LES. We compare now the y,
values with theoretical predictions [see Sec. IIC
and Fig. 12(b)].

The experiments described in A and B corre-
spond to T¥=5.3 K and an adjusted value y,=0.34.
It is currently agreed that the T, of CuCr is about
1 K. For this value of the ratio T,/T, the theo-
retical estimate is y,=0.27, in agreement with the
experimental determination (Ref. 4). However, the
variation of y, with T/T* (if T, =1 K) observed in
Sec. IV C [Fig. 12(c)] is opposite from the pre-
dicted one [Fig. 12(b)]. A comparison of these two
figures shows that the CuCr experiments should

correspond to Ty >T,. This result is also obtained
from a comparison of K [ Fig. 12(c)] and a [ Fig.
12(a)] variation with 7,/7T,. Our results would be
well described with a large value T, ~20 K.

We do not think that T, in our films should be
strongly different from the bulk®® T, ~1 K; the
low-temperature resistivity of films agrees with
bulk results (3). Figure 13 also gives negative
magnetoresistance measurements on a CuCr film
(compared to measurements on bulk*”) Ap,(T, H)
=p,(T,H=0) - p,(T,H). The positive magnetoresis-
tance of a pure Cu film of same thickness is negli-
gible because the electronic mean free path is
strongly reduced by surfaces. In a first approxi-
mation [ p,(T)/ap,(T,H)]*/? is proportional®” to
X™, where X is the magnetic susceptibility of im-
purities. We find a Curie-Weiss law between 1
and 4 K. The intercept of the straight line, x"(T),
with the T axis gives the order of magnitude of
28T ,: we see again that T, values in CuCr films
much larger than 1 K are excluded.

We conclude that the theory gives the main fea-
tures of the impurity band phenomenon but fails to
predict its exact location in the CuCr-Pb case.

We will come back to this point in the conclusion,
after a comparative study of alloys of different
Tg.

V. IMPURITY BANDS STUDY IN OTHER SYSTEMS
A. AuFe-Pb system

A T value of about?® 0.5 K is generally accepted
for dilute AuFe alloys. The Au-Pb sample is
metallurgically poor for proximity effect. In order
to avoid the interdiffusion and formation'* of

H
B o) oo
( ?i 15 c=200ppm
(cr b.un.) B o Bulk ( Friederich and Monod )
a Film (250 4)

FIG. 13. Negative mag-
netoresistance Ap; of a
CuCr. The results show a
Curie-Weiss behavior and
lead to a Ty value near 1 K
for bulk and films. (We

3 thank A. Freiderich and
}/ * P. Monod for the use of
St Tk 09 ¥ 0.2 their results before publi-
cation.)
1 | A 1
- 0 1 2 4

Temperature (°K)
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AuPb, and AuPb, it is necessary to maintain the
sample at low temperatures.

1. Experimental procedure

The AuFe films are evaporated at room tempera-
ture. Then substrates are cooled down to —-100 °C
and the alloy film is covered by the Pb film. The
samples remain in contact with a cooling source
up to the time where the sample is put in the pre-
cooled helium cryostat. We estimate that the sam-
ples remain at most one to two minutes at a high-
est temperature of -50 C.

2. Quality of samples versus tunneling results

The normal side tunneling conductances mea-
sured at 0.95 K with a first normal electrode are
shown in full line on Fig. 14. The curves have a
point of inflection within the gap. At higher ener-
gy, they are very similar to those of Cu-Pb of the
same geometry. We can use the same analysis;

0.05

Au Fe—Pb

C=20ppm
ds=2000A 1

T=0.96°K

.-

> —JO
Vimv)

FIG. 14. Tunneling conductance of three Ax Fe-Pb sand-
wiches kept at low temperature before study (solid lines).
The arrows give the exact location of the point of in-
flection obtained from second derivative @4/dV?). The
dotted line (curves 1') was obtained on sandwich (1)
after 2 h at room temperature: the interdiffusion had
reduced the gap and put out the band structure. (1) d N
=150 A&; (2) dy250 &; (3) dy 325 A. Note the different
conductance scales on the two sets of corresponding
curves.

0 05 i

in particular 4 is well given by V,. On Fig. 14,
we have plotted in dotted line the tunneling con-
ductance of one Au-Fe-Pb sandwich after a 2-h
storage at room temperature. The gap is strongly
reduced and the structure at low energy has dis-
appeared. We can assume that diffusion in AuFe
has reduced the electronic mean free path (lower-
ing the gap next to the barrier) and has changed
the magnetic properties of the alloy (disappear-
ance of the impurity band).

3. Analysis of the impurity band

In this experiment, the concentration, deter-
mined by the logarithmic slope of the low-tempera-
ture resistivity of test AuFe films, is about 10
ppm of Fe. The resolution of the impurity band is
poor. We are in the intermediate domain of ex-
perimental temperatures (see Sec. IV Al): the
band is revealed only by a point of inflection on the
conductance curve which gives the location of the
LES (within 10% accuracy) and the height of the
band (within 30% accuracy). Another experiment?®
with 20 ppm of Fe in Au is consistent with a height
varying as Vc. Results on the location of the LES
9, vs Ty/T, are given in Table II. The shift of
9, with T,/T, agrees with theory. The experimen-
tal results would be exactly described if T, was 1.25
Kinstead of 0.5 K for thebulk; thisisa rather good
agreement.

Very recently, Claeson has reported® a value
¥,=20.6 for AuFe-Pb of estimated concentsation
100 ppm. We suggest that the larger y, value
could be due to a decrease of the “effective Kondo
temperature” of the alloy when the concentration
increases (interaction effect between impurities).3!

The AuFe-Pb system appears very interesting
in order to study a LES crossing the center of the
gap (it is easy to get T%~T)) and the appearance
of interactions effects at increasing concentration.

More detailed and systematic experiments are
clearly needed. Results using in situ measure-
ments in a cryogenic evaporation are in progress.

TABLE II. LES location for Ax Fe-Pb experiments
(presented as in Table I). The impurity concentration
is 10 ppm. We give the theoretical predictions for two
different values of Tg.

Ay (mV) 0.980 0.820 0.775
T* (°K) 6.45 5.40 5.1

¥y (mV) 0.25 0.175 0.145

yo (expt.) 0.25 0.21 0.19

¥, (theory) 0.38 0.36 0.35
Tx=0.5°K

¥, (theory) 0.25 0.23 0.22
Tx=1.25°K
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B. Study of the CuMn-Pb system

The T, value of CuMn (~0.01 K) is much smaller
than T} values. We have studied CuMn-Pb sand-
wiches at 0.4 K with different thicknesses but the
same concentration (between 10 and 20 ppm) of the
alloy film. The tunneling conductance curves are
shown Fig. 15. From the location of the inflection
point , we get a value y,=2 0.6 in excellent agree-
ment with theory (see also Table III).

1. Remark

On Fig. 15, the dashed lines reveal some anoma-
lies in the curves. The deviation is more clearly
seen when A/K,T increases and the resolution
improves. The first one at 0.3 mV could be inter-
preted by the presence of 0.1 ppm of Cr. The
other one, near 0.8 mV, is only visible on sample
1 of larger gap and could be due to uncontrolled
Fe (=~1 ppm) impurities (see Secs. IVC and IV D).

2. Effect of the concentration

We have studied, at 0.96 K, alloys of two con-
centrations 50 and 500 ppm, with the same set of
geometrical parameters indicated on Fig. 16.
Dashed lines give the ZBMH density of states cal-

Cu Mn=Pb
M T=04°K
¢ =20ppm
d=2000R
m - . ® j. -
-= 3 ®
NO;

@ dy=1008
® dy=150R
® dy=250R

1
0 05 1 15 V(mV)
FIG. 15. Tunneling conductance on very dilute
(<20 ppm) CuMn-Pb sandwiches. The additional struc-
tures around 0.3 and 0.8 mV could be due to very
dilute uncontrolled impurities (see text).

TABLE NI. LES for CuMn-Pb experiments (presented
as in Table I). Note the good agreement with theory for
Tx<<T¥.

Ay (mV) 1.1 1.0 0.81

T * (°K) 73 6.6 5.4

yr (mV) 0.7 0.63 0.48

¥o (expt.) 0.63 0.63 0.59

¥, (theory) 0.65 0.64 0.63
Tx=0.01°K

culated using the theoretical value for the location
of the LES: y,=0.64. In the 500-ppm case, the
band is no longer localized in energy and merges
with the continuum. The corresponding calculated
conductance at T =0.96 K agrees well with the ex-
perimental results. However, the ratio K intro-
duced above (Sec. IV A) is smaller than 1. This

is an agreement with the fact that @ is smaller
than 1 (in the limit 7 =0) when Tx<T, [see Fig.
12(a)].

C. Study of the CuFe-Pb system

Here T,(~30 K) is larger than T}. We have
studied CuFe-Pb sandwiches for a wide range of
parameters (dy, dg, and c¢) corresponding to those
used for the previous alloys.

V) Cu Mn—Pb

dy =150
ds =20008
T =0.96°

05

‘

i
'

]

'

'
a9

0 1 V(mV)

FIG. 16. Concentration effect on C«Mn-Pb. Solid
lines: experimental conductance. Crosses: theoretical
conductance without any adjustable parameter. Dotted
lines: theoretical density of states. Note that, at high
concentration, the band merges into the continuum.
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1. Location of the band in CuFe-Pb system (Ref. 32)

Figure 17 gives the tunneling conductance ob-
tained at 0.07 K on a 10-ppm CuFe film backed by
Pb (the first AIMn electrode is normal). A LES
is clearly obtained here and its location, given by
9,=0.85, is very close to the gap edge. We have
studied a series of sandwiches differing only by
the normal film thickness, dy="75-500 A (a,
varies from 1.2 to 0.6 mV). When the gap de-
creases—that is to say when T /T increases—
the LES moves towards the gap edge (y, in-
creases). The band is not longer resolved, even

at 70 mK, when 4, becomes smaller than 0.8 meV.

This illustrates the difficulties in resolving the
band when it is close to the gap edge. The two
mechanisms giving a loss of resolution when de-
creasing A, for a given concentration are: (i) the
thermal smearing acting roughly as kzT/A,;

(ii) the size of the band, related to €= c/(27N,A)
(Sec. IIIC): the band merges into the continuum
when C increases.

2. Comparison with theory

The shift of the LES with T,/T} agrees with the
theoretical prediction in the situation T,>T,. The
size of the band agrees well with a spectral weight
of one state by impurity. However, its location
disagrees strongly with theory: we find y,=0.85
instead of 0.34 as predicted.

3. Concentration effect

Figure 18 gives a concentration study on CuFe/
Pb at T=0.96 K similar to that made on CuCr/Pb

vl_ v/ T T T 1 P
02¢ K X3
CuFePb
(12 ppm)
u "“{ 3
0) | 42
L 4
0 e A__..—-;——o—'—H"/ 1 1 J0
0 05 0.75 1 125 V(mV)

FIG. 17. Tunneling conductance on Cx Fe-Pb sand-
wiches (dy=1504, dg=2000 &) at very low temperature.

and reported Fig. 8. The experimental tempera-
ture is too high to follow the shape of the band.

(It is no longer possible to observe the LES very
close to the gap even when using a superconducting
first electrode). However, we can make the two
remarks:

(a) The impurity spin S and (InT/T,)? are the
same for CuCr/Pb and CuFe/Pb in the two series
of experiments and theory predicts the same re-
sults (Sec. IIIC). This theoretical prediction is in
disagreement with experiments.

(b) The set of curves of Fig. 18 is reminiscent
of an AG shape which would correspond to T /T,

- 0. In fact, we are in the opposite limit! This
remark leads to a word of warning when interpret-
ing tunneling conductance results carried on high-
concentration alloys and high-7T experiments if
one wants to deduce T values from the conduc-
tance shape.

D. On some possibilities of the tunneling study of Kondo
superconducting systems

Figure 19 gives the tunneling conductance ob-
tained at 70 mK on a Cu-Pb sandwich. The pure®?
Cu and contains nominally mostly 0.5 ppm of Fe
as residual impurities. We find two peaks in the
density of states within the gap. They can be il-
lustrated at 2.10"2 ppm of Cr (0.34-mV peak) and

a(v) T T T

Cu Fe-Pb
T = 095°K
ds =2000 &
dy=275t25%

1
0 05 1

1
15 (VmV)

FIG. 18. Concentration effect on Cu Fe-Pb at 0.96 °K.
The band does not appear except possibly on the most
concentrated alloy. A depression of the gap is obtained
with gapless when ¢ increases.
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a(Vv)
“Cu=-Pb
d, = 1508
1 L
ds =20008
T = 70mK
Fe
o b l
Cr
001l l
be
Q00! . 1 N
0.5 10 15 v(mV)

FIG. 19. Tunneling conductance observed at very low
temperature on Cu-Pb sandwich. The “pure” Cu film
contains 0.02 ppm of Cr and 1 ppm of Fe as estimated
from the size of the impurity bands observed at 0.34
and 0.85 meV.

1 ppm of Fe (0.85-mV peak). Possible contamina-
tion can arise from the Mo crucible used in the

Cu evaporation. The result is consistant with the
slow increase in the resistivity observed with de-
creasing temperature below 10 K on a test Cu
film. This illustrates the sensitivity of the tunnel-
ing approach. Its spectroscopic character gives
the appreciable advantage—compared to resistivity
for instance—for discriminating the contribution
of the impurity to be studied from those arising
from unwanted very dilute impurities. Let us
note, however, the need of very good tunneling
junctions. Here, the nontunneling conductance is
smaller than 1073,

VI. CONCLUSION

In Table IV, we have summarized our results
concerning the location of the LES and have com-
pared them with the theoretical results of Muller-
Hartmann and Zittartz. The agreement is good
for T, «<T}. It deteriorates progressively as T
becomes of the order and larger than T}. This
corresponds to the transition towards the low-tem-
perature strong-coupling limit, where the pertur-
bation theory is no longer valid. This degradation
of agreement has also been observed on other
properties of dilute magnetic alloys.3*

Recently, an exact numerical solution of the
Kondo problem, using renormalization-group tech-
nique, has led to determination of the complete

TABLE IV. The energy location of the LES for the al-
loys studied here. (When the equivalent BCS critical
temperature T ¥ of the sandwich alloy-Pb is 5°K.) The
arrows indicate the sense of variation of y, if Ty/T ¥
increases. We find agreement with theory when Tx<< TZ.

Yo
(for T#=5K)
Alloy Tk (°K) Expt. Theory
CuMn 0.01 0.6 + 0.62 +
Au Fe 0.5 0.2 0.35+
CuCr 1 0.34 ¢ 0.27 +
Cu Fe 30 0.851 0.271%

T dependence of resistivity and susceptibility of
normal Kondo alloys.®® However, a systematic
study of the intermediate regime in normal alloys
will not probably be very attractive to theoreti-
cians or experimentalists: it requires very elab-
orate and difficult numerical techniques and on the
other hand, gives only a simple interpolation be-
tween the well-known low-temperature and high-
temperature regimes. This is not so in the super-
conducting case. The crucial regime turns out to
be that where T and T, and, consequently, the
experimental temperatures of interest, are of the
same order of magnitude. The solution of this
“intermediate range” problem is probably very
difficult. On the other hand, experiments like the
tunneling ones reported here provide a very selec-
tive tool to approach it.

This study provides several points indicative of
the variation of y, vs T/T¥, and a systematic
study using the flexibility of the proximity in pro-
viding an independent T} variation should be avail-
able soon. It is of great interest to evaluate the
degree of universality of such a variation which
should also include the effect of the value of the
impurity spin S.

From such a curve, one could obtain directly
the T value of very dilute alloys (in particular
metastable alloys obtained by quench condensa-
tion). It is important to have several experiments
with different T} in order to discrimate between
the T, =T* behavior. The large sensitivity and
spectroscopic character of the method is also of
interest in the extreme dilution experiments where
several residual species may be present together.

Finally, it is clear that the quantitative analysis
rests heavily on the quasi-BCS approximation
which has been extensively discussed in the con-
text of our experiments. Despite the metallurgical
difficulties in the obtention of homogeneous super-
conducting alloys, it would be highly desirable to
have tunneling results on homogeneous systems.
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