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The nucleation fields for superconducting-normal (s-n) double layers are calculated for arbitrary thicknesses

of the s and n layers when the applied magnetic field is parallel to the s-n interface. One boundary condition

was left undetermined in the calculation. Experiments were performed on Pb-Cu and Pb-Sn double layers for
various thicknesses of the s and n layers. The boundary condition was extracted by comparing the theoretical
and experimental results. It is found that the effective pair potential is approximately continuous across the s-

n boundary for a large range of temperatures and all thicknesses of the s and n layers. A simple model is

proposed to explain this continuity in terms of an effectively induced pair potential in the n metal near the s-

n boundary which is controlled by an electron-phonon interaction different from that in the bulk of the n

metal. The nucleation fields of the Pb-Sn double layers as a function of temperature are "S-shaped" when Pb
is thin, whereas those of Pb-Cu are well behaved. It is proposed that the coherence (extrapolation) length of
Sn is magnetic field dependent.

I. INTRODUCTION

The largest magnetic field Ho up to which super-
conductivity exists in superconducting-normal
(s-n) double layers has been studied both theo-
retically and experimentally for s-n sandwiches
of arbitrary thickness. The direction of Ho is
parallelto the s-n interface at which the proximity
effect controls the amount of superconductivity.

The model of the proximity effect considered by
the Orsay Group' and Deutscher' applies to the
dirty limit' and does not include explicitly the
thickness of the n layer. The proximity effect is
taken into account by an extrapolation length" b

of the pair potential of the s region into the n

region at the s-n interface.
In Refs. 6 and 7 a model was developed in which

the extrapolation length b does not appear explicit-
ly. The upper critical field Ho was calculated when
both the n and s regions are thick' compared to the
coherence lengths of the superconductor $ and the
normal metal

~ $„~, and when the n region is very
thick and the s region of finite thickness' d, . Both
calculations" are general and include both the
dirty and the clean limits. The n metal may be a
normal metal or a superconductor above its bulk
transition temperature T,„. One of the boundary
conditions at the s-n interface is left indetermined
in the calculations and it can be related directly
to Gor'kov's' microscopic theory and also to the
measured critical field Ho. Thus by measuring the
upper critical field one obtains information con-

cerning the boundary conditions at the s-n inter-
face.

There are a number of experimental results
of the upper critical field H, for s-n systems. ' "
The most recent experimental results on Pb-Ag
and Pb-Cu sandwiches by Todd et aI,.""have
been analyzed by the above model. " They show
that the most satisfactory boundary condition
which describes the experimental results is a
boundary condition obtained by Zaitsev" for spe-
cular electron reflection at the s-n interface,
namely, the continuity of the pair potential h~.
Similar conclusions were reached by Fink' when
analyzing experimental results by Jain and Tilley"
of Cu-Pb-Cu triple layers for thick Cu layers.

It is the purpose of this work to study both theo-
retically and experimentally the superconducting
nucleation field H, of s-n double layers for arbi-
trary thicknesses of the normal and superconduct-
ing layers (generalization of the model of Refs. 6
and f) over a wide range of temperatures when the
applied magnetic field is applied parallel to the
s-n interface. The boundary conditions at the
s-n interface, which are of great theoretical and
practical importance, are left adjustable in the
theoretical part of this work. In the experimental
part of this work, various theoretical boundary
conditions are tested by the experimental results.
One set of specimens consists of two supercon-
ductors with different transition temperatures T', „
and T„, the other of a superconductor and a nor-
mal metal (Cu). Preliminary results of the second
set of materials were reported" recently.
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II. THEORETICAL MODEL

A. Preamble

We consider a superconducting-normal double
layer in a magnetic field H, applied parallel to the
s n-interface (Fig. 1). The n layer is of thickness
d„and the s layer of thickness d, . Theother dimen-
sions are assumed to be very large in comparison
to d„and d, . The coordinate perpendicular to H, is
x or in the below normalization g. The n metal is
either a superconductor below its transition tem-
perature T,„, which is lower than that of the s
metal T„, or it is a normal metal. g„may be in-
terpreted as an imaginary &@I& coherence length
for T&T,„.

Nucleation of superconductivity occurs by a
second-order phase transitions at the largest
magnetic field Ho (defined as the nucleation field)
and is controlled by the free surface of the s layer.
If d, is very large in comparison to the bulk co-
herence length f(T) of the s metal, the proximity
effect due to the n metal at the interface at x =0
(see Fig. 1) will be of no consequence concerning
the nucleation process near the free surface at
x =d, . The amount of superconductivity induced in

or transferred to the n metal will have an insig-
nificant effect on the nucleation process. How-

ever, if d, is of order of magnitude of $(T), the
relative amount of superconductivity transferred
to the n layer can become significant, in particu-
lar if d„ is small in comparison to („. On the other
hand, if d„ is large and d, is small, the proximity
effect 3t x =0 will act upon the superconducting
nucleation process near the free surface in a
detrimental way such that it may inhibit nuclea-
tion of superconductivity altogether. Further-
more, a decrease in the thickness d, has the in-
herent tendency, as for a thin superconducting
layer not in contact with a normal metal, to in-
crease the nucleation field of that layer due to the
favorable gain in the magnetic field energy as the
thickness is reduced. Thus, we expect that a
complicated interplay between the proximity ef-
fect, the nucleation processes and the size depen-
dences of the s and n layers will determine the
parallel nucleation field H, .

We follow, in principle, a method similar to
that used in calculating H~ for a n-s-n triple
layer. 2~

SZ

FIG. 1. Effect of the proximity effect on the order
parameter is shown schematically for a s-n double layer
of thickness d„+ d, . g, has a maximum away from the
free surface if d, is large in comparison to $(T). If
d, & $(T), the maximum of g, is at the free surface.
has always a minimum at the free surface if the n metal
is in the normal state. Solutions of P» obtained from
Eq. (1) are similar to those of g„obtained from Eq. (2),

1), the appropriate equations for the amplitudes
of the order parameters are"

—„,' + (g —1')'g, = e g, for 0' ~ g ~ g, ,

We make the following assumptions and use the
following definitions: For the order parameters
we write 4, (x, y) =g, (x) exp(-iky) and 4„(x,y)
= g„(x)exp(- ik„y). The coordinate perpendicular
to the s-n boundary is written in normalized di-
mensionless units as

where $0 is the fluxoid quantum. The eigenvalues
of Eqs. (1) and (2) are

e =-H„/H, = y, /2sH, ('

B. Eigenvalue equations and their solutions

Nucleation of superconductivity follows closely
that of surface superconductivity. Therefore,
we may assume that we are dealing with a second-
order phase transition and may neglect the cubic
term in the first Ginzburg-I. andau equation. As-
suming that the s-n interface is at x =0 (see Fig.

We choose a gauge such that the vector potential
is zero at x =0. The locations of the normalized
nucleation centers measured from g =0 are
& = (P,/2', )+k and &„=(P,/2sH, )~'k„The nor-.
malized slopes of the order parameters for the
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s and n layers are (see Fig. 1}

d4. (t)/4. (0 )
df

o+
(6)

0.4

At the free surfaces the boundary conditions are

S =0 at g=g, , (6)

S„=0 at f = -(~„, (9)

and S and S„are indetermined as yet at f =0' and

0, respectively.
The linear equation (1) was solved numerically

by first selecting the values of the normalized
thickness of the s layer, (&,. A value of I' was
chosen, $, (0 }was made equal to unity, and the
slope S at &

=0' was chosen a fixed value. Then
the function g, (g) was generated and e was varied
until boundary condition (8) was satisfied at gq,
This was done for different values of I' until e
reached an absolute minimum while S was kept the
same. The distance of the nucleation center in the
s layer in conventional units, x„, from the s-&
boundary is x„/g = I'We and the renormalized thick-
ness of the s layer is d, /g = gq, v~e.

This minimum value of e (=H„/Ho, largest nu-
cleation field Ho) is shown in Fig. 2 as a function
of the square of the renormalized thickness of the
s layer, (d, /$)', for various values of the nor-
malized slope of the order parameter S at &

=0'
[Eq. (6)]. Since negative values of S may lead to
negative values of &, this kind of plot includes
also, implicitly, the general results for the n

layer as is apparent from Fig. 1.

C. Matching at boundary and the nucleation field of the s-n

double layer

The appropriate boundary conditions at the s-n
interface, "assuming that the superconducting
phase current density is continuous at the s-n in-
terface, are

(10)

r = (~./~. )P, (0')/F„(0 ).
m„and ~, are the effective electron masses on the
n and s sides, respectively. The value of y is
indetermined at this point and will be determined
by the experiments below. y is a measure of the
relative strengths of superconductivity at the
boundary. Both parameters n(T) and y ean be re-
lated to microscopic properties and are therefore
of physical significance. We, therefore, express
H, as a function of n(T) and y for various thicknesses
d, and d„of the s and n layers, respectively. This

-0.8

-3 -2 -1 0 1 2 3 4 5 6

was done the following way.
From an extensive plot like Fig. 2 curves of &

vs S were constructed with d, /$ or d„/$ equal to a
constant value. Note that in both cases ( is the
bulk coherence length of the s metal. For con-
stant values of d, /g and y we choose an arbitrary
value of S, determine from this S value the value
of s = H„/H, from— the above graph, and calculate
S„from Eq. (10). Since a negative value of S in

Fig. 1 for the s layer solution has the same mean-
ing as a positive value of S„ for the corresponding
solution in the n layer, one may obtain from the
above plot (Fig. 2) for a fixed value of S„and a
fixed value of d„/g the corresponding e„value
which may be positive or negative. If e„ is nega-
tive, the n metal is at a temperature T which is
between ~en an Tc ' If &„0, then T ~ Tcn ~ ~c ~

With this e„value, the value of n{T) is calculated
from Eq. (5). This is repeated for different S
values, and Ho/H„vs a{T) is plotted for d, /g,
d„/5, and y constant. The results for y=1 and

d„/( equal to 1.0 and 2.0 are shown in Figs. 2 and

4, respectively. The graph for d„/g =1.5 is shown
in Ref. 22 and that for d„/g = ~ in Ref. V. It ean
be seen from Fig. 2 that for negative values of (d, /$)
(that is for T & T, „and certain values of S) e can
be double valued. Only solutions which lead to the
largest magnetic fields (lowest energy) were
plotted.

Sometimes it is more convenient to have a plot
of H /H, 2 vs n(T) for different y and d, /$ values,

FIG. 2. Lowest eigenvalues of Eq. (1) as a function of
the thickness d, of the s layer for various boundary con-
d tion 8 as defined by Eq. (6). Note that eg~ = (d, /$) .
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all for constant d„/(. Figure 5 shows such a
plot when d„/$-~. This plot is approximately
correct for d„/(a 2.5. From it one can obtain y
values when the n region is thick. From plots like
this one can readily obtain y values from a mea-
sured set of experimental values H„n(&), d, /t,
and d„/$.

In order to obtain a value for y it is necessary
to know the ratio of m„g(0')/m, g'„(0 ) in Eq. (11).
Essentially, we have to know the boundary condi-
tion for the order parameters at the sn interface.
Or if we were able to obtain y from experiments
we could determine the ratio of the order param-
eters at the s-n interface.

D. Boundary condition

0.5
1.0 0.5 -0.5 -1.0 -1.5

3.0

FIG. 3. Nucleation field Hp of a s-n double layer,
normalized by the bulk nucleation field H, 2, for various
thicknesses d, of the s layer as a function of the range
parameter n(T) [Eq. (5)] for a strength parameter y=1
[Eq. (11)]. The thickness of the n layer d„=$. d, and
d„are normalized by the bulk coherence length ((T) of
the s metal. 0.(T) &0 corresponds to temperatures such
that T,„&T&T„and ~(T) &0 to a n layer in the super-
conducting state such that T &T«. The solid dots are
points where S =0 [Eq. (6)] at the s-n interface. The
curves shown correspond to S & 0 in Fig. 1.

The continuity of the phase current density at
the s nbo-undary leads to relations (10) and (11)
with y unspecified. Our solution would be com-
pletely specified if y were known. Thus, a more
detailed discussion of the y parameter is appro-
priate.

Gor'kov' found a relation between the order
parameter 4' =pe' and the pair potential 4~ near
T, which is

where n is the total electron density and X(1, T) is
a function' which depends on the mean free path
of the electrons when measured just above T, .
However, such a relation will not be useful for a
metal which is intrinsically a normal metal
(ho„=0 in the bulk) unless we interpret n. s„near
the sn boundary as an effective pair potential
arising from the proximity effect.

When the transition temperatures T„and T,„

2.5

H0/HC

2.0

o "c

2.0

7=2

s, i('= &.s

1 ~5-
1.5

0.707

1.0-
1.0 0.5

-0.5 -1 -1.5 -2 Cl (Tj

0.5
1.0 0.5

a(T)
-0.5

FIG. 4. Similar to Fig. 3 except d„/$ =2.0.

-1.0

FIG. 5. Theoretical nucleation field Hp for a s-n
double layer as a function of u(T) [Eq. (5)] for constant
values of y [Eq. (11)] and constant thickness of the s
layers d, /$ provided the thickness of the n layers d„& 2$.
$ is the bglk coherence length of the s metal and H, 2

the bulk' nucleation field.
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are not too far apart, Zaitsev" finds that 4G is
continuous for specular and mv~4~ for diffuse
electron reflections at the s-n boundary such that

and

= (m„/m, )(n, /n„) y, /)(„ (13)

(14)

de Gennes" derived that &c/N(0) V is generally
continuous, where N(0) is the local density of
states per unit energy and per unit volume at the
Fermi level and V is the effective BCS electron-
phonon interaction constant. With this condition
one obtains

y = (N, (0)V,/N„(0)V„) y (15)

We shall investigate below our experimental re-
sults with regard to the various y values (13}-
(15).

III. EXPERIMENTAL TECHNIQUE

Our experiments were performed on Pb-Cu and
Pb-Sn double layers which are good proximity
systems. Tin was chosen because it was inter-
esting to study the proximity effect of a supercon-
ductor on a metal which is a weaker supercon-
ductor (T,„=3.8'K for Sn).

Our samples were vapor deposited from heated
boats onto glass substrates in a standard bell jar.
The vacuum was approximately 10 ' Torr. The n
material was evaporated on 3 of the left-hand side
and the s material on 3 of the right-hand side of
the substrate (Fig. 6). To avoid edge effects the
films were scribed under a microscope. The
mean free paths l were determined by the resis-

tance ratio between room and helium temperatures
of the test films in the normal state.

Typical mean free paths at ambient and helium
temperatures for Cu, Sn, and Pb were 450, 1600
A; 110,1600 A; and 50, 1500 A, respectively.

The critical magnetic fields were determined
resistively. The current density did not exceed
100 A/cm' and did not affect the value of the criti-
cal field and critical temperature. The resistive
transitions were sharp and the critical magnetic
field was determined as the magnetic field corre-
sponding to R/R„=0.5, where R„ is the resistance
in the normal state. The thickness of each layer
was monitored with a calibrated quartz crystal
oscillator and measured optically within an ac-
curacy of +8%.

The samples were mounted in a variable tem-
perature cryostat. Temperatures below 4.2'K
were obtained by pumping over the helium bath.
Temperatures above 4.2 'K were obtained by heat-
ing resistors inside the substrate holder. Tern-
peratures were measured with a calibrated cryo-
cal germanium resistor with an accuracy of ~1%.

IV. RESULTS AND DISCUSSION

A. Determination of H, 2, $, and $„

The value of H„used in the normalization of the
upper critical magnetic field H, was obtained by
measuring the parallel nucleation field H(~ of the
test film. We have used the Saint-James-de
Gennes"" curve H„/H„vs H~~/H, (Fig. '7). The
magnetic fields are normalized by the reference
field H„= $0/2vd2, where Q, =kc/2e is the flux

Hc2/ Hr

H~2/H„= (H],/H„j /12

Rz~ n

IW

maw

ns

FIG. 6. Sequence of evapoation of the n and s materials
and sample geometry. The substrate is glass. First the
left-hand ~ of the substrate were coated by the n mater-
ial. Then the right-hand 3 of the substrate were coated
with lead. Then the films were scribed. On the left is the
test n film, in the middle the s-n proximity system and
on the right the test s film. The contacts for the elec-
trical leads are also shown.

0 I I I I

0 2 4 6 8 10 H/// H„

FIG. 7. Parallel nucleation field without proximity
effect H~~(s) as a function of the bulk nucleation field
H&2 =Q p/2n$ normalized by the reference field H„=Q p/
2nd2, where d is the thickness of the superconducting
layer. Note that H~2/H„=(d/(), where ( is the coher-
ence length as measured in the s bulk. The equations
shown give good approximations for d/$ & 1.6 and d/(
& 2.4.
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quantum. The coherence length of the s metal is
determined from the experimental value of H„
using the relation P =P,/2vH„.

The coherence length of the nox mal metal was
obtained from'8 P = —(r(~r/3 with (r Kv——z„/2zkT
and gi, 'r=(3)r) '+l„'. For Cu we used vrc„=1.13
X 10' cm/sec.

For tin, ( EJ=0.74($ $r)'~~/(t —1)~' for t =T/T, „
», and ih„)=0.74(gk )'"/(1 —t)'" for t&1 win

$0 =2300 A (U» -0.76x10' cm/sec) and g~' = g'
+0.754/ '.

Ho

(gauss)

HII CU-Pb

2000 — &HII(Pb)
~ H (Cu-0

oH (Cu-2

H

(gauss )

2 x 106

8. Pb-Cu experiments

We discuss here two typical experiments: (a)
[dp, =1450 A, dc„ =1380 A] and (b)[dr~ =840 A,
dc„=870 A]. The nucleation fields H, versus tem-
perature for these Pb-Cu sandwiches are shown
in Figs. 8 and 9, respectively.

Near the transition temperatures T„„ofthe
double layers the variation of H~ versus tempera-
ture is linear. This is a genex al result for paral-
lel nucleation fields near the critical tempera-
ture.

In experiment (a) (Fig. 8) the variations of Ho
versus temperature are linear at low tempera-
tures and the values of 00 approach the values of
the parallel nucleation field Il~, of the lead test
film. This indicates that copper does not affect
the nucleation process at the free surface of the

Ho(Cu- Ph)

HI(Pb)
(gauss)

csn

~n="
1000

n

- g=SBs

ds =14

5 x 10

cs

',i.'Is
6 T(K)

FIG. 8. Experimental results of the parallel nucleation
fields Ho of a Pb-Cu sandwich and that of the test Pb film

H~~ as a function of temperature T. Near the transition
temperature T~~ the H~& value is a linear function of
T„„-T.At low temperatures the thickness of Pb is
large compared to the coherence length $(T) and super-
conductivity nucleates unimpeded at the free surface of
Pb. Therefore the nucleation fields are nearly the same
for both specimens at low temperatures and close to
H~~, the surface nucleation field.

0 0
4 6 T(K)

FIG. 9. Experimental results of the parallel nucleation
field Ho of a Pb-Cu sandwich and that of the test Pb film
II) as a function of temperature T when the thickness Qf

the s film is small compared to $(T). Ho is a linear func-
tion of T~~-T near T~„. Note that Ho is always appre-
ciably smaller than H ~t.

0 2

s metal of the s-n systems. Due to the large thick-
ness of the s metal compared to the coherence
iength $(T) the nucleation processes near the sur-
faces of the s film are not correlated and the
upper critical field is determined by that of the
free Pb surface while that near the s-n interface
is suppressed in large magnetic fields. There-
fore, the values of Ho ax'e nearly the same as that
of the surface nucleation field II„."

In experiment (b), the thickness of the Pb film
is small compared to g(T) over the whole range of
temperatures. The nucleation process extends
over the whole thickness of the s metal and is in-
fluenced by the n metal. The parallel nucleation
field Ho is lower than H~] of the lead test film even
at low temperatures (Fig. 9).

With the data obtained and worked out as ex-
plained in Sec. IVA the experimental magnetic
field H, (Pb-Cu) is plotted as a function of d, /g in

Fig. 10.
The other curve in Fig. 10, which is denoted by

"theory, "was obtained the following way. Vhth
the n values obtained from ((/E„P, and the known

d, /( values, the theoretical H, (s —n)/HC2 values
were obtained from the calculated results as
shown, for example, in Figs. 3 and 4. Since the
latter plots are for constant y and d„/f, values, we
chose the plot y =1, d„/5 = ~ for the calculated
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Ho/ Hc2

2.0-

I
0

dpb =1450 A, dCu =1380 A

for various constant y values and constant d, /(
values when d„/$-~. The latter condition is
satisfied for practical situations when d„/(- 2.0.
From such a plot the y values were obtained from
the measured Ho/H, 2, n, and d, /( values when the
n layer was thick. The experimental y values thus
obtained are shown in Fig. 11 by the crosses.
From Fig. 11 it is clear that y =1.

1.0 2.0

FIQ. 10. Experimental (g) and theoretical (C) results
of the parallel nucleation field Ho normalized by H, 2
for the Pb-Cu proximity system whose critical fields
are shown in Fig. 8. At low temperatures Ho/II, 2 ap-
proaches 1.7. As d, /( decreases (T increases) the
value of Ho/H 2 first increases proportional to
goes through a maximum and then goes to zero at T
= T~s„. The theoretical results are for y = 1. See text
for details.

d„/E values larger than 2.5, and the other plots
corresponding to the closest experimental values
of d„/$. Plots for d„/g =0.707 and 0.5 were also
avail. able. The interpo1. ated points thus obtained
are shown in Fig. 10 for y=i. Vfe found that for
y =1 we could fit rea, sonably well all our experi-
mental data for Pb-Cu. Ne could improve the fit
by adjusting the thickness of the s and/or n layer
within the accuracy of the thickness measure-
ments. The agreement was fairly good consider-
ing that there are no other adjustable parameters
in the theory, except the value of y which is di-
rectly related to the boundary condition at the s-n
interface. For very small values of d, /$, that is
when T- T„„, there was usually a discrepancy, in
that the theoretical curve gave rise to larger
II /H„values than obtained experimentally. For
those specimens for which we were able to reach
the thick limit d, /P, & 2.5, the values of H, /H„
reach the limiting value H„/H„=1.7, indicating
that the free surface of the s layer controls the
nucleation field.

For those specimens for which d„/$ was larger
than 2 (thick n limit), we were able to cross check
the y values from a plot H, /H„vs n with d, /E
and y constant parameters. It was always found
that the value of y was near unity for the Pb-Cu
system over a large range of temperatures and
thicknesses of the Pb layers.

Figure 5 shows a plot of H, /H„vs a [Eg. (5)l

C. Pb-Sn experiments

Figures 12-14 show the parallel nucleation
fields for three of our Pb-Sn specimens as well
as those of the Pb and Sn single layers. For a.

reasonable thick n layer the transition tempera-
ture of the Pb-Sn sandwich decreases as the thick-
ness of the s layer is decreased. The 5 shape of
the critical field is typical of all the Pb-Sn double
layers investigated but not of Pb-Cu sandwiches
provided Pb is thin.

The specimen whose critical fields are shown
in Fig. 13 was characterized by the following data:
T„='7.26'K, T „=6.34'K, T,„=3.95'K, l, =1175 A
and 1„=2280 A. The Sn data were analyzed as ex-
plained in Sec. IV and the measured field H)Pb-Sn)
is plotted as a function of d, /5 in Fig. 15 and is
denoted by "experiment. " The theoretical curve
denoted by "theory" is also shown in Fig. 15 for
y =1. The general features of these curves with
respect to d, /$ are similar to those of the Pb/Cu
system (see, e.g. , Fig. 10).

Cu-Pb

dPb =1450 A

dC„= 1380 A

100
~diff.

&sp.

FIQ. 11. Comparison of the various theoretical y values
defined by Eqs. (13)—(15) and the experimentally obtained
p for the Pb-Cu specimen as shown in Figs. 8 and 10.
The experimental values are indicated by the crosses.
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Hp

( gauss )

//

1000

dPb -2025 A

1

l
'I

H

H2
0

(gauss)2

10'

Ho

( gauss )

Hlj

2000—

Pb

500
5 x 104

0

dPb 510 A

d5„ = 2740

~
HII (Pb)

~ H ($n-Pb)
+ Hli ($u) & I

0

7 T(K)

FIG. 12. Experimental results of the parallel nuclea-
tion field Hp of a Pb-Sn sandwich and that of the test
Pb and Sn films H]) as a function of temperature. The Pb
film is thick compared to $(T) for T & T,~. Hp is a
linear function of T„„-Tnear T~„. At low tempera-
tures Hp-H)I-H„=1. 7 H, 2 of Pb.

1000-

~ Sn
~+

I I +I
6 T(K)

The S-shaped curve of H, (Pb-Sn) versus tem-
perature is more striking when the Sn film is
thick and the Pb film is thin (compare Figs. 12-
14). We propose the following qualitative explana-

FIG. 14. Similar to Fig. 13 except that the Sn film is
thick compared to $(T). The S-shaped structure of Hp(T)
as a function of T of the Pb-Sn sandwich is more pro-
nounced than that in Fig. 13.

H

(gauss )

H//

2000-

Sn- Pb

~ H (Pb

~ H (Sn

kH2 (S
o

H// (Sn

H2
0

(gauss )

2 x105

1000— 10

I/

0 s I 0

0 2 4 6 T(K)
FIG. 13. Similar to Fig. 12 except that the thickness

of the Pb film is comparable to $(T). The critical field
curve Hp(T) of Pb-Sn is S shaped as a function of temper-
ature.

tion for the S-shaped curves of the Pb-Sn speci-
mens as shown in Figs. 13 and 14. In large mag-
netic fields the temperature dependence of the
magnetic field curve of the Pb-Sn specimens fol-
lows parallel to that of the Pb layers similar to
that of the Pb-Cu specimens which, however,
follow the Pb layers for all measured fields, even
for low fields. In large magnetic fields super-
conductivity is quenched in Sn and it behaves
therefore, intrinsically like a normal metal with
an extrapolation length

~
Q~~ T '+ in the dirty

limit. In the other extreme, mainly the low-field
limit, the temperature dependence of the Pb-Sn
critical field is parallel to that of the Sn layer and
in this limit as H, -O the extrapolation length

~ $„~ must be controlled by (T —T,„) '+. Thus it
becomes apparent that

~ g„~ for Sn should also be
magnetic field dependent. Qur experiments can
be qualitatively described for Sn by using

~
t'„~

~[T —T, „(H)] ~', where T,„(H)-0 in the high
field and T, „(H)- T,„ in the low-field limit.

V. CONCLUSION

The boundary conditions which we used in our
calculations apply to both the Pb-Cu and the Pb-
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H /H2

2.0—

1.0—

Theo

Exp.

0

dpb
—710 A

dg„= 800 A

lar to that of Ref. 20 for n-s-n layers but different
from that of Todd et al."for s-n layers for the
thin s limit, probably because of their comparison
of their experimental results with a theory that
is limited to d„=~ and the way they determined the
bulk nucleation field H„.

The continuity of ~~ is a natural consequence of
a comparison of theory with the experimental re-
sults. However, we would like to point out that
b, ~„ is an effective pair potential near the s-n
boundary, induced by the proximity effect, and
not that of the n metal far away fromthe s-nbound-
ary (in the bulk). In order to be consistent with the
de Gennes boundary condition" we must relate
h~„ to the pair amplitude ("condensation ampli-
«de") + = (4t4t& by

&an =~a I"' (16)

0.5 1.0 d lf
FIG. 15. Experimental (0) and theoretical (+) results

of the parallel nucleation field Ho normalized by H,2
for the Pb-Sn proximity system whose critical fields are
shown in Fig. 13. The theoretical results are for y =1.

Sn systems with p =1. This means that ~4~ or ~4~~
is approximately continuous across the s-n bound-
ary. Within the accuracy of our interpolated nu-
merical and experimental results we cannot say
whether the specular or diffused electron reflec-
tion condition at the s-n interface applies, but the
diffused refIection condition appears to be the
more likely case.

It is the conclusion of the present investigation
that this boundary condition applies at the s-n inter-
face regardless of the thickness d, and d„of the
s and n layers over a wide range of temperatures.

This conclusion is reached regardless of whether
or not the n metal is intrinsically a superconduc-
tor, such as Sn, or a normal metal, such as Cu,
which may or may not become a superconductor
very close to absolute zero. As can be seen from
Figs. 10, 11, and 15 the y value is near unity and
temperature independent. This conclusion is simi-

Then the continuity of ~ at the s-n boundary is the
same as the continuity of E.

To understand this result we suggest the follow-
irig interpretation: Pairs diffuse or tunnel from
the superconductor into the normal metal while
normallike electrons move in the opposite direc-
tion such that in the time average charge neutral-
ity will be conserved. Since pairs cannot break up
instantaneously into single electrons in the n metal
and single electrons cannot pair instantaneously
in the s metal, the pairs will carry with them
into the n metal the memory of the [N(0)V], inter-
action which will be retained for a certain time
v regardless of what the intrinsic bulk [N(0)V]„
interaction of the new host metal is, even when
the latter is zero. Thus in the time average a
reduced number of pairs will live in the n metal
paired by the [N(0)V], interaction and the exact
number density depends on the rate with which
they are supplied to the n region by the s region
and the rate with which they decay, thus giving
rise in the time average to an effective decay
length ( g„~ in the n region so that r =

~ $„~/U~.
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