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Numerous experiments' performed over the
last few years show that superposition of nor-
mal and superconducting metal films can alter
the superconducting properties of the films
which are in contact. So it was shown that the
transition temperature Tc of such a system
depends on the thickness D~ and D& of the su-
perconducting and normal film, respectively,
and theoretical investigations by de Qennes
and Quyon' and Werthamer' are in good quan-
titative agreement with experiments. We are
here primarily concerned with another sort
of experiment with such contacts, as performed
by Reif and Woolf, 4 in which the tunneling den-
sity of states of a superconducting film backed
by a paramagnetic film is measured.

In order to get a theoretical understanding
of such a situation, we first determine the tun-
neling density of states for a superconducting
film in contact with a nonmagnetic normal film
assuming that the mean free path in the metals
is small compared with the coherence distance.
Our calculations, which are done in the vicin-
ity of the second-order phase transition point
where the order parameter is small, show that
the tunneling density of states of such a contact
is similar to the one found for superconductors
containing paramagnetic impurities. This re-
veals that the essential influence of a metallic
contact on superconductivity is a tendency to
break electron pairs. We should like to point
out that we have here, quite unexpectedly, an
example of gapless superconductivity which

is not caused by an interaction which breaks
time-reversal symmetry. In fact, even for
large order parameters where our expressions
do not hold, we expect a tunneling character-
istic similar to the one for superconductors
with paramagnetic impurities. Interesting ex-
periments -for example, tunneling measure-
ments —to prove this point are suggested. Sec-
ond, our calculations are extended to the case
of contacts between superconducting films and
paramagnetic metals. No qualitative difference
arises in that case, but quantitatively para-
magnetic metals exert an order of magnitude
larger pair-breaking effect upon the supercon-
ducting electrons as compared with nonmagnet-
ic normal metals.

We express the tunneling density of states
N(r, &u) in terms of the Green's function G(r, r„&u)
as

where G(r, r', &u) formally can be written up
to terms of second order in the order param-
eter h(r) as

G = (Gj +(GOAGO 4, Gj
Here t"0 is the Green's function for a normal
metal, and ( ~ ~ )~s indicates that an average
over randomly distributed scattering centers
has to be taken. This averaging process can
be carried out by using a renormalization pro-
cedure developed by one of the authors (K.M.).'
We find
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where $p =P'/2m-p and p is the chemical potential. Furthermore, we have set

( i ((
i ( 7 7u 'q ') ' 6

z and 7tr are the collision time and the transport collision time, respectively. Setting the above ex-

pression for Q into Eq. (1) we obtain

2
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(4)

where

q, = —7 v 'v. '/6.j trFj (5)
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where a is a normalization factor. T&, kn, ks
are determined from

)t($'k ') =ln(T /T ), (7a)

For simplicity we assume in the following
that the electronic density as well as the pro-
duct vF27 is equal in both metals brought into
contact. The extension to the more general
case is straightforward though algebraically
more complicated. If we have two films of thick-
ness Ds and Dn, with transition temperatures
Tcs, Tc„(Tc„/Tcs« I) and electron interac-
tion parameters Vs and Vn occupying the re-
gions 0 &x» Ds and -Dn»x & 0, respectively,
then for temperatures just below the transition
temperature T~ of the metallic complex the
order parameter h(x} is given according to
reference 3 as

-)((-]'k ') =ln(T /T ),n C

k tank D =k tanhk Ds s s n n

(7b)

(7c)

Here l((z) is defined by y(z} = g(z +z/2)-l()(&)
and $ =vF rtr/6zT& Inse. rting the above ex-
pressions for 6 into Eq. (4), we obtain for the
tunneling density of states of a superconduct-
ing film backed by a nonmagnetic normal film

N(r, (u) =N(O) 1+ ) S(r) P (d'-a'
GO + Q'

(8)

where

a =r v 'k '/6.trF s

This expression is equivalent to the one obtained
in gapless regions for superconductors with
paramagnetic impurities or type-II supercon-
ductors with n characterizing the strength of
the depairing effect. ' %e want to remark that
because of the appearance of n our expansion
of N(r, &u) in powers of A is justified for suf-
ficiently small . By analogy with the para-
magnetic impurity case we expect that the ex-
pansion breaks down and the gap appears for
b, ~n. The right normalization factor for b,

can be obtained from the generalized Ginzburg-
Landau equation which we write according to
(M) as
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where $T'=vF'rtr/6vT. From this equation one can derive

~'(T T)-
&I&'l), =7

(&) 2, ,(T)&
Pg '(P)[l-g(P)],

where (. ~ ~ )av indicates a spatial average over the superconducting film and
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K was calculated by Gor'kov' and is given by

3@1 27/&1
7 (3)

277 ei I j)

For the definition of the temperature-depen-
dent parameter v, (T) we refer to (M). The
quantity P is found to be limited by 2 & P & 1.

In the case of a contact between a supercon-
ducting film and a paramagnetic metal we ob-
tain a set of equations similar to Eqs. (7) with
the only difference that in (Vc) k„ is replaced
by kp while Eq. (Vb) is modified as

( 1 ) I
—g k il= inE~TI' f ) I'

S C cP
(Vb )

Here Tz is the inverse of the spin-flip scatter-
ing rate due to the paramagnetic ions. From
our calculations it is apparent that the pair-
breaking effect caused by a metallic contact
has its physical reason in the space dependence
of the order parameter which is seen from the
form of A-Hge~te~k~). Thus the situation is
analogous to the current-carrying case9 with
the only difference that in our case the finite
momentum k is introduced into the system by
matching at the boundary awhile in the current
case it is introduced externally.

In order to measure the depairing effect caused
by the contact we note the following points:

(a) It is seen from Eq. (Va) that the strength
of the pair-breaking effect, which is charac-
terized by n, is larger the greater the decrease
of the transition temperature I'c due to the
metallic contact.

(b) In order to see the quantatitive difference
in e for superconducting films backed with
nonmagnetic and paramagnetic metal films,
we note from Eq. (Vc) that ks is a monotonic

function of k~ (or kp). Since, due to Eqs. (7b),
(Vb'), k„and kp are limited to 0&k ~( ' and

0&kg ~
$ (1+1/m1'T&)~~2, it follows that for

1/mTrs of the order of 10, the effect of a para-
magnetic metal contact is an order of magni-
tude larger than that of a nonmagnetic metal
contact having the same dimensions.

(c) Expressions similar to Eqs. (8) and (9)
are obtained for the tunneling density of states
on the normal side of the contact. In that case
o. is of the form a =rtrvF'k„'/6.
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We have observed low-Q heliconlike reso-
nances in the intermediate state of high-pur-
ity indium. ' These resonances have a line shape
which is similar to that observed in the nor-
mal metal; however, important differences
exist between the intermediate- and normal-
state resonances. In attempting to interpret
our resonance results, information is obtained

which is complementary to that found from
other observations of the intermediate state
of indium. ' Because of the recent development
of the flux-tube model of the intermediate state,
it is of interest to compare our results with
its predictions. 3 Some aspects of the data are
consistent with this model, but there are al-
so discrepancies which need further study.


