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We extend the tunneling model of McMillan for the proximity effect in normal-superconducting sand-
wiches to the case when the normal metal film contains magnetic impurities. The excitation spectrum in
each film and the superconducting transition temperature of the sandwich are calculated as functions of the
impurity concentration and the film thickness. For a large range of impurity concentrations, the calcula-
tions predict that the density of states in both films is gapless, although the transition temperature of the
sandwich is nonzero. The calculations are considered in relation to experiment, with reference to possible
experimental probes for the Kondo effect in alloys which are nonsuperconducting in the bulk.

I. INTRODUCTION

HE literature dealing with the superconducting
proximity effect is extensive for both experiment
and theory. The major theoretical difficulty is that the
superconducting order parameter in a normal-super-
conducting (NS) sandwich is spatially dependent. It is
therefore only possible to perform a detailed calculation
based on Gor’kov’s equations! at temperatures 7" near
the superconducting critical temperature 7', of the
sandwich. The de Gennes-Werthamer theory? calcu-
lates T, for “dirty” NS sandwiches from Gor’kov’s
equations by imposing certain boundary conditions.
This calculation explicitly involves the effective
coherence length £ in each film, and it is assumed that
in each film the electronic mean free path / is much
smaller than ¢ and the film thickness. The excitation
spectrum in dirty NS sandwiches has been computed
only near 7.3
However, using a tunneling model for the proximity
effect, McMillan* has been able to calculate for all tem-
peratures 7'< T, the tunneling density of states in each
film of “clean” NS sandwiches, for which I ~ film
thickness. In this model the electrical contact is replaced
by a potential barrier and tunneling through this barrier
is described by the transfer Hamiltonian of Cohen et al.®
For the model to be applicable the thickness of each film
must be smaller than the corresponding coherence
length, so that the properties of each film may be con-
sidered constant across its thickness. Hence calculations
for the McMillan model do not involve the coherence
lengths.
Experimental measurements made on clean NS
sandwiches have yielded at least qualitative agreement
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with the McMillan model. Adkins and Kington® have
measured the tunneling densities of states for both films
in Pb-Cu sandwiches. They find that the McMillan
model accounts for the main features of their observa-
tions. In addition, reasonable agreement with theory is
obtained for the dependence of the induced energy gap
on normal film thickness.” ® Finally, we show in Sec. V
below that the McMillan model gives a very good fit
to Minnigerode’s measurements® of the dependence of
of T, for Pb-Cu sandwiches on the thicknesses of the
Pb and Cu films.

In this paper, we present the extension of McMillan’s
calculation? to the case when the normal side contains
magnetic impurities. The Hamiltonian of the total
system therefore is identical to that of McMillan except
for the inclusion of an s-d exchange term!? describing
the spin exchange scattering of electrons in the normal
film by magnetic impurities. Such s-d scattering is
treated in the Born approximation only! and therefore
does not include the Kondo effect.’* As in McMillan’s
paper the transfer Hamiltonian is treated self-
consistently up to second order in perturbation theory.

The advantage of the superconducting proximity
effect as a probe for dilute magnetic alloys is twofold:

(i) Superconductive tunneling is a very sensitive
probe and the proximity effect, by inducing super-
conductivity into normal magnetic alloys, makes
possible the experimental investigation of a large range
of magnetic alloys which are nonsuperconducting in
the bulk, e.g., AuFe, AuV, CuFe, AuCo. (See Mihalisin
et al.*? for proximity experiments with 4«Fe.)

(ii) Tunneling into a dilute magnetic alloy is com-
plicated by the possibility of tunneling anomalies due
to spin scattering of electrons by magnetic impurities
near or in the barrier. This is avoided by tunneling into
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the superconducting side of an NS sandwich in which
the normal film is a dilute magnetic alloy. Such an
experiment may lead to an accurate investigation of
gaplessness in superconductors (see Sec. IIT) and the
relation of the Kondo effect to superconductivity (see
discussion below).

II. GAP EQUATION

The physical system under consideration is repre-
sented in Fig. 1. The superconducting film is usually a
Pb film (because of the high transition temperature),
of thickness ~1000 A. The normal film in contact with
the Pb film is taken to be a dilute magnetic alloy with a
thickness of the same order of magnitude. Both films
must be clean, i.e., the mean free path / is of the same
order as the film thickness, and the coherence length £
is larger than the film thickness. The purpose of this
section is to derive self-consistent equations for the
renormalized superconducting energy-gap functions in
each film. These gap functions determine the nature of
the one-electron excitation spectrum in the super-
conducting state.

The Hamiltonian for such a sandwich in the McMillan
tunneling model* is given by

H=H+Hy+Hy. 1)

(a) H, is the total Hamiltonian of film S and is
given by

Hs=H03+HssBCS~ (23,)

H,, is the noninteracting Hamiltonian for the super-
conducting film and H %S is the BCS interaction be-
tween superconducting pairs with coupling constant Ag.

(b) Hy is the total Hamiltonian for the dilute
magnetic alloy film and is written

Hy=Hoxy+Hy'+Hy*. (2b)

Hy is the noninteracting Hamiltonian for the alloy.
Hy® is the s-d exchange interaction between the spins
of the conduction electrons and the impurities in the
alloy film and is written

N
Hyl=—J3% > (0:S)ss
i=1 n,n’, s,s’
X\bn*(R'i)\bn’(Ri)ansTan’s’ ) (ZC)
where & is a Pauli-spin matrix, S is the spin operator for
the sth impurity with position R;, and J is the coupling

constant of the s-d exchange interaction (assumed to be
a & force at the impurity site). a.,' creates an electron

«—dg— «—dy—

F1c. 1. Geometry of the NS films. Film S is
a BCS superconductor, film N is a dilute mag-
netic alloy. The films have thicknesses ds and
dw, r;:lspectively, and both films have the same
area A.
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F1c. 2. Self-energy equations in diagrammatic form in films
S and N. Gs(w) and Gy(w) are the full electron propagators in
films S and N, respectively; 7" is the tunneling matrix element;
Dg is the BCS electron-phonon interaction in film S; and the
crosses represent scattering from a magnetic impurity.

in a one-electron state (labeled by %) with spin s and
with wave function y,(r). The coupling constant of the
BCSinteraction on the normal side is taken to be zero.
Hy' is the Hamiltonian describing the nonmagnetic
scattering of the magnetic impurities and has coupling
constant U.

(c) The electrical contact between these films is

described by the transfer Hamiltonian Hy given by

Hyp=T Z, (@nttbpt+b_pita_n)+He.,, (2d)
bns' creates an electron in state # and spin s in the
superconducting film. 7, the transfer matrix element, is
assumed independent of # and #'.

The Hamiltonian A in (1) is treated self-consistently
to second order in both 7 and J in the Nambu-Schrieffer
formalism for superconductivity.’® The equations for
the 2X 2 matrix self-energies £y (w) and £5(w) of super-
conducting electrons in the normal and superconducting
films are presented in diagrammatic form in Fig. 2. The
double lines represent the full matrix propagators
Gan(w) and Ggar(w) for electrons in the normal and
superconducting films, respectively, and are given by
the ansatz

GNn(w)z [ZN(‘*’)‘*’I~fn7'3“¢N(w)Tl:l—l; (33)
G (w)=[Zs(w)wl—ewrs—¢s(w)r1 ],  (3b)

where 1 is the 2X2 unit matrix, r; and 73 are Pauli
matrices, Z(w) is the renormalization function, and ¢(w)
is the unrenormalized gap function in terms of the
frequency w. The quantity e, is the energy of the nth
one-electron state. Substitution of (3) into the equations
represented by the diagrams of Fig. 2 gives, after
averaging over impurity sites,’® the following self-
consistent equations for ¢g, ¢n, Zs, and Zy:

¢s(w)=As?"+T'spn(w)[dn(w) —ZyH(w)* V2,  (4a)
Z3(w)=14TsZn(w)[pn2(w) — Zx*(w)w? ]2, (4b)
dn(w)=Tyds(w)[ps*(w) —Zs*(w)w? ]2

+ Tagpn(w)[pn*(w) —Zn*(w)w? ]2, (Sa)
Zy(w)=1+TxZs(w)[¢s*w) —Zs*(@)w? ]2

+ T Zy(w0)[pn*(w) —Zn*(w)w? ]2, (5b)

where Ag?? is the order parameter of the superconduct-

18 J, R. Schrieffer, Theory of Superconductivity (W. A. Benjamin,
Inc., New York, 1964).
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ing film given self-consistently by

arna [ do Relbslbs2(e) 2T
0 Xtanh[w/2kT], (6)

where wp is the Debye cutoff frequency for the super-
conducting film.

In these equations, I'y and T'g are defined in terms
of the tunneling matrix element 7" as follows:

Ty=7T%4dsNg (0)=#%/27y, (7a)
T's= rTzAdNNN'(O) = h/ZTS , (7b)

where N»'(0) and 7y are the density of states (per unit
volume for one spin orientation, at the Fermi level)
and the relaxation time in film NV of thickness dy and
area 4, and similarly for film .S. Hence,

I‘N/I‘s= ds]Vsl(O)/dNNN,(O) . (8)

This relation implies that the numbers of electrons
crossing the barrier in opposite directions are equal, as
required.
The relaxation time is given by* 7xy=2Bdy/(V pno)
so that!
PN= hVFNU/(4BdN) 5 (9)

where V gy is the Fermi velocity, o the probability that
an electron incident on the barrier from film N will be
transmitted, and 2Bdy the length traveled in film N
between successive collisions with the barrier.
McMillan* suggests that for clean films B is constant
with value ~2. Hence I'y is inversely proportional to
dn+ and similarly T's is inversely proportional to ds.
Thus we may calculate the dependence of the properties
of the NS sandwich on film thicknesses dy and ds.

T'; and T'; are related to U and J, the coupling con-
stants in the normal film of the nonmagnetic and s-d
exchange interactions, respectively, as follows:

%(Pr}— I‘2)=n11rNN(0)u2, (103.)
30=3(T1—T9)=1nmNy(0)J2S(S+1), (10b)

where 77 is the number density of impurities in film ¥
and Ny(0) is the density of states (per atom for one
spin orientation, at the Fermi level). We define the
renormalized energy-gap functions Ay and Ag as
follows:

An(w)=on(w)/Zn(w), As(w)=¢sw)/Zs(w). (11)

From (4)-(6) we obtain the following equations for Ay
and Ag:

An(w)=TsAs(w)[As*(w) —w? ]2
X{1+ Iyl As*(w) —w?] /2
+ AN (w) —w? ]2}, (12a)

14 Note that this expression for I'y differs by a factor of 2 from
that of McMillan (Ref. 4) which was used by Adkins and Kington
(Ref. 7). This difference arises because the numerical factors 2
and = in (7) appear to have been omitted in Ref. 4.
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As(w)= {As?"+T sAn(w) [Ax?(w) —w?] 12}
X{14+Ts[An*(w) —w?T 12}, (12b)
where I'=T';—T'; and
Asph’:)\s/‘wb dw Re{As(w)/[As2(w) —w2:|1/2}
’ X tanh(w/2kT). (13)

The gap equations (12a) and (12b) are analyzed in the
next section.

III. EXCITATION SPECTRUM

Equations (12) have been solved by computer using
an iterative procedure, with Ax(w), As(w), I'n, I's, T', and
o all expressed in terms of the order parameter Ag?*.
(Note that, in general, Ag?* depends on Ty, I's, and
T.) The selection of the sign of the square roots in (12)
is not simple. We must choose those square roots
which lead to positive real parts in the square
roots of (4) and (5). This is done by assuming a sign
for the square roots in (12), then calculating Zy(w)
and Zs(w) and checking whether the correct choices have
been made. When the signs of ImAy and ImAg are
different (see Fig. 3), no solution of (12) is obtained if
the positive real square roots are taken.

The density of states N(w) corresponding to gap
function A(w) is

N()/N(0)=Re{w/[w*—A%w)]'?}.  (14)

Typical examples of the gap functions and densities of
states are illustrated in Figs. 3 and 4, with the gap edge
shown in greater detail in Fig. 5. The curves for I'=0
are for a pure normal metal film, as given by the simple
McMillan* model. The energy gap is the value of w at
which Ay and Ag first become complex. Keeping
T's/As?* and T'y/AgP* constant, the energy gap is
reduced as the impurity concentration #; increases.

As T increases, at some critical value I', we find that
Ay and Ag are complex right down to w=0, the cusp in
their real parts disappears, and the density of states is
gapless. When T' is large, the density of states in film V
is essentially normal, while the density of states in film
S is also gapless but still shows the peak near AgP* and
is reduced below unity for small w. An expression for I,
may be obtained by solving (12) analytically at w=0:

An(0)=0=A45(0), r>r, (15a)

Ay(0)= I:AsphI‘N—P(Asph+ Fs)]/
[As?"+Ts+Tn], I'ST.. (15b)

The energy gap disappears when Ax(0) first becomes
zero. Hence,

.= PN/(1+ PS/ASph) ) (16)

for I's= PN=0.3Asph, I‘c=0.23As”h (see Flg 5).

If film S is thick (i.e., T's<KAg?"), (16) reduces to
T'.=I'y. Hence as dy is varied, z.dy= const, where 7, is
the critical impurity concentration corresponding to I'..



232 A. B. KAISER AND M. J. ZUCKERMANN 1
10
A ==
oh ==
Sost 7
7" Re g
/
06— /
] /
4
&
04 \\/ ———Tr=0052"
——r=o03a"
0.2
o1
\
=
-0214\ \ -
N, Imag =T :
-04+ ~== 05 /-__“
< Ve
3 0.23 0.05 °
Bylw) 0 } } t t
ph
A EefA" == \ (o} 0.06 0.2 018 onn 0.24
o2+ - P i Sl :
m~ /// =~~~ Fre. 5. Detail of gap edge showing production of gaplessness as
-~ the magnetic impurity concentration increases. The figures beside
° ~__——— the curves are the values of T'/Agrh, As in Figs. 3 and
Im Ay 4, Ts=Tn=0.3Ag7%,
-02 et
0 02 .04 06 08 10 12 14 16

e

F16. 3. Gap functions in films S and N for I's=T'y=0.3Asq4".
The density of states if gapless for I'=0.3A 57",

Therefore the total number of impurity atoms which
must be added to film NV to eliminate the energy gap
is a constant.

To prove that for I'>T', the sandwich exhibits gapless
superconductivity, we must verify that the order
parameter Ag?* and transition temperature 7. are
nonzero. In Sec. IV it is shown that, provided film S is
not thin, the magnetic impurities produce only a small
reduction in 7. This is illustrated in Fig. 6 for 's=Ty
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Fic. 4. Effect of magnetic impurities on the density of states
for Ts=Tx=0.3Ag7". N y(w) is the density of states for tunneling
into film N, Ns(w) for tunneling into film S.

=0.23Ap, where Ap is the order parameter of the bulk
material of film .S. (T'y, I's, and I" are expressed in units
of Ap rather than Ag?* in calculating T..) For com-
parison with the reduction of the energy gap, it may
therefore be assumed in this case that Ag?* is unchanged
by the addition of magnetic impurities. In consequence
the value Ag*=0.76Ap (at T=0) from Ref. 4 may be
used. Hence I's=T'y=0.23A5=0.3A5?". In Fig. 6 the
reduction of the energy gap w, is plotted as a function
of T for I's=Ty=0.3As"", where w, is computed
numerically from (12). We see that the addition of
magnetic impurities to film V has a marked effect on
w, but a much smaller effect on 7, i.e., a very large
region of gapless superconductivity is obtained.

For comparison we show in Fig. 7 the excitation
spectrum for the case where there is no magnetic
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F1c. 6. Reduction of energy gap w, at =0 and critical tem-
perature 7' by magnetic impurities forl's =Ty =0.3A57"=0.23Ap.
Ag is the order parameter of the bulk superconductor; 7°,° and w,°
are the values of T, and w, when I'=0, i.e., when film & is a pure
normal metal.
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Frc. 7. Reduction of energy gap by resonance scattering and
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moment associated with the localized states at the
impurity sites.!

IV. TRANSITION TEMPERATURE
A. Pure Normal Metal

This subsection is included in order to obtain values
of Ty and I's derived from experimental data. This
information indicates the order of magnitude of these
parameters to be used in the calculations for dilute
magnetic alloys.

The McMillan? formula for the transition tempera-
ture 7. of an NS sandwich in which the N film is a pure
normal metal is

In(T2/T) ( L's )w(PNHS) arn
ni\f. c) = )
I'nv+Tgs kT,

where ¥(x)=y(3+3ix)—y¢(), ¢ being the digamma
function,* and 7'.F the transition temperature of the
bulk material of film .S.

15 C, F. Ratto and A. Blandin [Phys. Rev. 156, 513 (1967),
M. Kiwi and M. J. Zuckermann [7bid. 164, 548 (1968)], and
M. J. Zuckermann [4bid. 140, A899 (1965)] have calculated the
effect of resonance scattering from localized d states on super-
conducting properties, including the effect of Coulomb correlations
between d electrons at the same impurity site. In a similar way
to the magnetic case, we have computed the effect of nonmagnetic
localized states in film IV on the excitation spectrum in each film
(IFig. 7) using the formalism of Kiwi and Zuckermann. If Ag?h~1.3
meV (appropriate if film S is lead), the parameter values used
correspond to a d level of width 0.1 eV at the Fermi surface, with
a d-d Coulomb interaction U =10 eV. As the impurity concentra-
tion %7 in film N is increased, the energy gap decreases. However,
in contrast to the magnetic impurity case, there is no region of
gapless superconductivity. So long as the order parameter Ag?* in
film .S is nonzero, a finite gap w, exists. This behavior is expected
since nonmagnetic localized states in a bulk superconductor do
not produce gapless superconductivity [A. B. Kaiser (unpub-
lished) ], in contrast to the Kiwi-Zuckermann result. The postula-
tion of gaplessness in their paper was due to nonself-consistency
in the calculation of the order parameter.
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Minnigerode® investigated in detail the dependence
of T; on dg and dy for Pb-Cu sandwiches in which the
electronic mean free paths were of the same order as
ds and dy, and the coherence length £~ 10002000 A.
He concluded that the de Gennes~Werthamer? theory,
which holds in the dirty limit, did not account for the
results, although an extension for cleaner films'® gave
good agreement.

Figures 8 and 9 show that the McMillan model (full
lines) gives a very good fit to Minnigerode’s data. In
the McMillan model, from (9),

AB/P,g:ds/Cs, AB/FN=dN/CN, (18)

where ¢y and ¢y are constants. The data in Fig. 8 show
the variation of 7', with dg for a thick Cu film (dy
~3100 A). For dy large, I'y should be small; for best
fit we find I'y=0.15A5 Ts=ApX1604/ds (..,
cs=160 A). As expected, there is some deviation from
the McMillan model when dg is large. The data of
Fig. 9 show how 7', varies with dy for ds=270 and
350 A. For these values of dg, Ap/Ts=1.7 and 2.2,
respectively (using ¢g=160A). The choice cy=250 A
gives a good fit with the McMillan model. The fit is not
as good as when dy is varied, probably because the Cu
films are dirtier (bulk mean free path =200 A&).
From (8) and (18),

CN/CS=N5’(O)/NN,(0). (19)

Experimentally, cy/cs=1.6, with error up to 159,
because the fits in Figs. 8 and 9 are interdependent. The
ratio of electronic heat capacities per unit volume is'
¥eb/vou=Ns'(0)/N 5'(0)=1.67, in good agreement with
the value of cy/cs. Note that N g'(0) and N »/(0) include

10
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o t } +
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Fic. 8. Critical temperature 7' of sandwich as film thickness dg
is varied. The McMillan theory is compared with experimental
data of Minnigerode (Ref. 9) with cs=160 A. The normal film
thickness is constant at 3100 A.

16 W. Moormann, Z. Physik 197, 136 (1966).
1 C. Kittel, Introduction to Solid State Physics (John Wiley
& Sons, Inc., New York, to be published), p. 212, 3rd ed.
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F16. 9. Critical temperature T of sandwich as film thickness dy
is varied. The McMillan theory is compared with experimental
data of Minnigerode (Ref. 9) for ds=270 and 350 A, with ¢y
=250 A. The dotted lines show the effect of magnetic impurities
fOI' AB/I‘S = 1.7.

the mass renormalization due to the electron-phonon
interaction, which is large for Pb.18

In addition, we note that the value obtained for cy is
in close agreement with the value deduced by Adkins
and Kington” from measurements of the decrease with
dy of the induced energy gap in the Cu film of Pb-Cu
sandwiches. From (9) and (18)

CN= ﬁVpNo/(4BAB) . (20)

Using'” Vpy=1.6X10% cm/sec, we get o/B=0.12, the
same value as Adkins and Kington,” taking account of
the different formulas used.*

We conclude that the McMillan model gives a very
satisfactory account of Minnigerode’s data for Pb-Cu
sandwiches, with reasonable values for the adjustable
parameters cy and cg.

B. Dilute Magnetic Alloy

Next an expression for 7', for an NS sandwich, in
which film ¥ is a dilute magnetic alloy, is obtained. It
is convenient to make the transformation w— iw, in
(12) and (13), where w.=2u-+1)7k7, n being an
integer. Further, only terms linear in Ag and Ay are
retained in the calculation for 7'.. Hence (12) becomes

Ax(ewn)=As(wn)Tx/(Jos|+Tx+T), (21a)
As(wn)=[As*|wn|+Ax(wn)Ts]/(|ou|+Ts), (21b)
and the integral in (13) becomes a sum:
Ah =Ntk T S AIS(‘”‘”—) . (22)
W

18W, L. McMillan and J. M. Rowell, Phys. Rev. Letters 14,
108 (1965).
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The following equation for 7', is obtained from (22):

(AS(w”c) 1> . (23)

AgPh
where we have introduced the Debye cutoff at frequency
wp using
1 1.14wp
2 = ln< )
n, |wnt|<wD Iwn"'] kTg

and the BCS coupling constant Ag has been expressed by
1/)\3=ln(1.14wD/TcB). (25)

In these equations |w,¢| = (2n+1)xkT,, and 7B is the
transition temperature of the bulk material comprising
film S.

From (21) an analytic expression for Ag(w,¢)/As?* is
obtained which, substituted in (23), gives

T2
ln<*—> = 7I'chI‘ S

c

In(TB/T.)=nkT. Y n

|oa?]

(24)

14T/ |wn|
" |0a| 2+ (DT s+ T) | wat| +TTs

In terms of digamma functions, (26) becomes

T2 T's r Ay
()= e M )
T.) (4—A) A, 2k T,
(1 P) ( 4- N
— 2+2Tch)]—¢<§>, @)
where

Ar=3(T+Tx+Ts)
+[3(I+Tv+Ts)2—TTs]V2. (28)

As I'— 0, (27) reduces to the McMillan expression (17).

From (27) we obtain an expression for T'y, the value
of T' at which the superconductivity of the sandwich is
quenched entirely. As 7,—0 the asymptotic limit
Y(x) —>Inx as x—x may be used. Then 7T, cancels
from (27) leaving the following equation for T',:

(14Ty/A) Indy—(1—To/A_) InA_
=[(4+—4-)/Ts]In(345), (29)

where Ap=1.76kT E. In (29) A, and A_ are functions
of Ty via (28), so the equations mut be solved numeri-
cally by computer.

When I' > in (26) the McMillan expression for 7',
is obtained with I'y=0. Thus the dashed curve for
T'n=0 in Fig. 8 is also the curve for I'—>w. This
limiting curve shows the maximum depression of T, at
different values of d; this maximum depression may be
approached by increasing the normal film thickness
dy, or alternatively by adding magnetic impurities to
the normal film of constant thickness dy. Physically,
this limiting curve represents the case where electrons

leaving film S lose all superconducting correlation in
film V.

X2 (26)
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We see from Fig. 8 that, if the normal film is thick,
addition of magnetic impurities can produce little
additional decrease in 7', (except if Ap/T's is slightly
less than 2, as illustrated in Fig. 9 for Ap/T's=1.7).
When the normal film is thin, as in Fig. 10, the addition
of impurities produces a much larger decrease in T',.
The superconductivity of the sandwich cannot be
destroyed unless dg is smaller than some critical
thickness defined by Ap/T's=2; (29) has no solution
for I's<0.5A3.

The depression of 7', shown in Fig. 10 is qualitatively
very similar to that produced by magnetic impurities
in the de Gennes-Werthamer theory and observed
experimentally for dirty films.!® However (27) derived
in the McMillan model is valid only for clean films
(mean free path ~film thickness).

V. CONCLUSION

In this paper we have investigated the induction of
superconductivity in a dilute magnetic alloy by the
proximity effect using the McMillan model.# The
excitation spectrum falls into two categories: (a) with a
finite energy gap and (b) with no energy gap (i.e.,
gapless superconductivity). The gapless regime is given
by I'.<I'<T,, where I'; and T', are defined in (16) and
(29), respectively. In order to quench superconductivity
in the NS sandwich, the superconducting film must be
quite thin (Ap/T's<2). For example in Pb-Cu sand-
wiches ds<300A (see Sec. IV). When Ap/T's>2 the
superconductivity cannot by quenched by adding
magnetic impurities to the normal film, i.e., gapless
superconductivity occurs for all impurity concentra-
tions for which I'>T, (see Fig. 6). However the model
breaks down when the impurity concentration is large
enough to reduce the electronic mean free path drasti-
cally. In contrast, in the case of the bulk superconduct-
ing magnetic alloys, the Abrikosov-Gor’kov model?
predicts gapless superconductivity for only a small
range of concentrations, i.e., for 0.46<I/Ap<0.5,
where Ap is the order parameter of the pure super-
conductor.

Mihalisin ef al.'? have made tunneling measurements
into NS sandwiches, in which the N side is 4#-Fe and
the S side is Pb, with temperature range from 1.4 to
4.2°K. Their results for the excitation spectrum indicate
that the region of gapless superconductivity is large in
terms of Fe concentration, as predicted by our calcula-
tions. More detailed comparisons with experiment
require the experimental curves for the excitation
spectra at lower temperatures and at more values of
magnetic impurity concentration.

Mihalisin ef al.}? observe an anomalous peak in the
superconducting density of states for a concentration
of 1500 ppm of Fe in Au at 4.2°K, the zero bias con-

. J. Hauser, H. C. Theuerer, and N. R. Werthamer, Phys.
Rev. 142, 118 (1966).
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Fie. 10. Effect of magnetic impurities on 7' as ds is varied, for
T'xy=2Ap, i.e., the normal film is thinner than for the case illus-
trated in Fig. 8.

ductance being greater than the normal state value.
These authors suggest that this peak may be a mani-
festation of the Nagaoka singlet bound state20:2! at the
Fe impurity site. Such a bound state may occur in a
superconducting magnetic alloy when 7', <7k, where
Tk is the Kondo temperature'! and 7', the transition
temperature of the alloy. Mihalisin ef al. take Tk to be
7°K for Au-Fe. However, recent measurements of
resistivity by Ford et al.22 show that Tx=0.27°K for
Au-Fe, and also that interaction effects dominate over
Kondo-like behavior in AU-Fe at 4°K and 1500 ppm.
In consequence, this anomalous peak may not be due
to the Nagaoka bound state. To determine the condi-
tions in which the Nagaoka bound state may be ob-
served for the regime of induced superconductivity, the
work reported in the present paper is being extended
to the Kondo problem.

Gapless superconductivity in NS sandwiches has also
been observed by Woolf and Reif?® and by Hauser.?*
However, our analysis cannot be directly compared
with their results since the normal film was a pure
ferromagnetic metal rather than a dilute magnetic
alloy.
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