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The diamagnetic properties of silver backed by a thick lead layer have been studied as a func-
tion of normal-metal thickness and of temperature. Data were obtained by measuring the
period of the magnetic field dependence of the critical Josephson current in S-/-N-S’ tunnel
junctions. Strong screening has been seen at low temperatures and a thickness-independent
penetration depth is indicated as the temperature goes to zero. This characteristic penetration
depth is observed to be on the order of 1500 A for proximity-effect silver. We have used a
modified London equation for the case of a spatially varying pair amplitude and have numerical-
ly solved for the magnetic field profile in this system. The spatial dependence of the pair ampli-
tude obtained from Landau-Ginzburg theory produces good agreement with thickness- and

temperature-dependence data.

I. INTRODUCTION

The study of the superconducting proximity effect
allows the exploration of the relationship between su-
perconducting properties and normal-metal properties
in materials and at temperatures which are otherwise
unsuitable for this work. The induced superconduc-
tivity has the additional feature of being spatially
varying, which introduces strong temperature and
thickness effects. Although this spatial inhomogenei-
ty is an essential aspect of the proximity effect, there
have been no experimental studies which test the
commonly accepted theoretical predictions.!

Thermodynamic properties (transition temperatures
and critical fields) probe the phase boundary where
the superconducting state exists almost entirely in the
superconducting metal. Electron tunneling in zero
magnetic field measures properties directly at the tun-
neling interface—induced energy gaps in the case of
single-particle tunneling and pair amplitude in the
case of Josephson tunneling.

The magnetic screening property, on the other
hand, allows one to measure a simple integral of a lo-
cal property, namely, the magnetic field, and is there-
fore a sensitive probe of the spatial distribution of
the induced superconductivity far into the normal
metal.

Previous studies of the magnetic screening proper-
ties of proximity-effect superconductors have primarily
centered around the magnetic breakdown field.>™
However, some work was done by the Orsay group*™®
on the subject of the diamagnetic response of prox-
imity superconductors. This work studied the proper-
ties of thick (1—2 wm) normal metals via the dynamic
susceptibility technique of Schawlow and Devlin.’
The aim of their work was largely to establish that a
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proximity material did in fact exhibit a Meissner ef-
fect.

The problem may be easily visualized as in Fig. 1.
The pair amplitude is strongly decaying in the normal
metal as distance increases from the N -S interface.
The penetration depth is therefore increasing. The
magnetic field penetrates freely into the normal metal
while the screening is becoming progressively more
effective. Finally, at some point, the screening be-
comes sufficiently large to cause a rapid decay of the
field.

The Orsay group pictured the magnetic field profile
as shown by the dashed line in Fig. 1 and interpreted
their results in terms of the screening length p, taken
roughly from where the field drops off sharply near
the N-S interface. They observed that the magnetic
field was rather weakly screened in the normal metal
and that at a given temperature p was independent of
normal-metal thickness.

In order to compare their results with theory, the
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FIG. 1. Orsay-group schematic picture for magnetic field

profile in N -S sandwich.
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Orsay group used a generalized Landau-Ginzburg
theory in which they modeled the magnetic field pro-
file as a step function with the drop occurring at p.
In the thick-sample regime, the pair amplitude Fin
the normal metal is expected to decay exponentially
as a function of distance from the N-S interface.
Therefore a position-dependent penetration depth
Ax) [« (1/F)] will exponentially increase over this
range. The value of p was calculated as the point at
which the Landau-Ginzburg parameter Ky(=\/£y)
reaches unity'® and is given by

1
p—fN[anN 0.116] .

This behavior is consistent with the idea that the
superconductivity is induced in the material only over
a distance on the order of a few coherence lengths.
Thus, screening is only effective where the field
varies faster than the pair amplitude (A < £).

The present work attempts to look at proximity su-
perconductors over a wider thickness and tempera-
ture range. Rather than using the dynamic suscepti-
bility technique, which is a relative measurement, we
chose to make use of the magnetic field dependence
of the dc Josephson current, which yields absolute
values of the field-penetration integral via the field
periodicity of the Josephson current. The periods,
which will be discussed in the next section, are given
by

AH=®y/[W(N + 0\ +d)]

where ®, is the fluxon, W the junction width, A\, and
\, the effective penetration depths of the two super-
conductors making up the Josephson junction (Fig.
2), and d the thickness of the oxide barrier. Since
the field does not vary as a simple exponential in the
proximity sandwich, Ay is operationally defined by
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FIG. 2. Tunnel junction geometry for tin-oxide silver-lead
sandwich.

where the integral is carried out from the N free sur-
face (x =0) to deep within the superconductor.

The model used by the Orsay group is insufficient
to describe the behavior of proximity metals of thick-
ness comparable to the normal-metal penetration
depth. In this case the functional dependence of the
screening on position is required in some detail, and
its determination is the main purpose of the present
work. We have therefore developed the appropriate
extensions of the London theory to treat the case of
an inhomogeneous pair amplitude as well as the
boundary condition at the N -S interface. These
equations have been solved numerically for compari-
son with our experiments.

II. EXPERIMENT

In a rectangular geometry, the dc Josephson
current is modulated by an applied magnetic field in a
Fraunhofer-diffraction-type pattern given by

sin(7®,/dy)

I H)=1
max( ) 0 W‘D//‘Do

where &, is given by
G, =HW (A +A+d) .

Tunnel junctions with the geometry of Fig. 2 were
prepared using conventional techniques. Tin counter
electrodes were resistively evaporated at reduced
(~250 K) temperatures!'! in a vacuum on the order
of 1.0 x 1078 Torr. The width of these films was
kept to approximately 100 um so that we could avoid
self-field corrections to the measurements. The films
were masked with silicon dioxide to prevent edge ef-
fects and were then oxidized in a dc glow discharge in
50 mTorr of dry oxygen. Exposure times on the or-
der of a minute in a 2-kV glow produce junction
resistances from 0.001 to 0.1 Q. Silver and lead
films were then successively evaporated from elec-
tron beam and resistive sources, respectively. Film
thicknesses were measured with a quartz microbal-
ance calibrated with an optical interferometer.

Measureménts were made in a standard helium
cryostat with temperatures measured by a calibrated
germanium resistor. The probe was magnetically
shielded with several layers of u metal. Current-
voltage characteristics were monitored on an oscillo-
scope (Fig. 3), and the Josephson current was meas-
ured electronically via a technique described else-
where.!? As is usually the case in Josephson experi-
ments, the amplitude of the Josephson current gen-
erally scales linearly with the superconducting energy
gap and inversely with junction resistance, but signifi-
cant enough deviations occur so as to make measure-
ments that depend on the absolute value of the criti-
cal current unfeasible. Temperature dependence of
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FIG. 3. Oscilloscope trace of 500-A silver proximity junc-
tion current-voltage characteristic at 1.2 K. Josephson
current amplitude 4 mA; energy gap is 0.95 mV.

the Josephson current was in qualitative accord with
earlier work on proximity junctions.!* 14

Effective penetration depths were deduced from
the Fraunhofer patterns by averaging over 15 or
more periods. Some samples displayed over 50 maxi-
ma on each side of zero field. Junctions exhibiting
anomalous field dependencies were rejected for this
study. Films up to 1 um thick were measured, and
good quality patterns could be obtained for all
thicknesses. A trace of a 1-um silver film is shown in
Fig. 4. Thicker junctions have not been attempted at
this time. The requirement of increasingly small
resistances (and thus thinner oxide barriers) and the
small critical currents associated with a tiny induced
gap in a thicker film make such samples extremely
difficult to produce. 1 um was chosen as a practical
limit, although perhaps another factor of 2 might be
achievable.

Current
(milliamps)

10000A Ag/4000A Pb
T=1.2K

-3 -2 -1 0 1 2 3
Applied Magnetic Field (gauss)

FIG. 4. Maximum Josephson current vs applied magnetic
field for 1-um silver proximity junction.

III. RESULTS

Penetration-depth measurements were performed
on samples of varying silver thickness and at various
temperatures (limited by the disappearance of the
Fraunhofer patterns at high temperatures). Strong
temperature dependence is seen for thick samples.
The effective penetration depth in the silver is seen
to double over a 1-K temperature change in the 1-um
sample.

Figure 5 shows data taken at 1.2 K for a number of
silver thicknesses. The observed penetration plotted
here results from solving the previous equation for
an unknown X, with A\, known (Agy). Error bars pri-
marily reflect a 5% uncertainty in film width.

Qualitatively we may understand this figure in the
following way. At low thicknesses the normal metal
is too thin to screen the applied field and most of the
screening takeos place in the lead film which is behind
it (x,, =400 A). At large thicknesses the magnetic
field penetrates almost to the N -S interface but is ex-
cluded from a region near the interface by screening
in N. This behavior is very similar to what was seen
in the Orsay-group work. It should be noted that in
this thick limit, the relationship between the Orsay
parameter p and our ‘‘observed penetration’ Agp
should be

p=dy = Nerr

where dy is the normal-metal thickness. In a plot
like Fig. 5, this would predict, as the asymptotic
behavior, a line of unit slope but displaced from the
origin by p along the x axis.

The most interesting region ino Fig. 5 is the “‘pla-
teau”’ between 2000- and 4000-A thickness with a Ay
of 1500 A. This is suggestive of a characteristic
penetration depth for the normal metal. When the
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FIG. 5. Observed penetration in silver-lead sandwich vs
silver thickness at 1.2 K (5% error bars.)
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FIG. 6. Observed penetration in silvero-lead sandwich vs
temperature for 2500, 5000, 6000, 8000 A, and 1 um of
silver (*5% error bars).

thickness is smaller than A,y the N metal is ineffec-
tive in screening, as is seen. The penetration for
thicker films should be limited to a distance A for
all thicknesses. As we shall see later, this is what
results from theory for sufficiently low temperatures.
At 1.2 K, the pair amplitude is too small for thick
films to screen effectively.

Figure 6 shows the temperature dependence of the
effective penetration depth for a number of silver
thicknesses. Weak temperature dependence is evi-
dent for the thin samples, while the strong changes
noted above are observable in the thicker samples.
Despite the disparate values of the effective penetra-
tion depth for the various thicknesses, all the curves
suggest a zero-temperature value of approximately
the same magnitude. Least-squares figtings to the
curves yield intercepts of 1200—1600 A for all the
curves, again suggesting a characteristic penetration
depth for the normal metal. We are at this time pur-
suing further work that will extend these measure-
ments to very low temperatures and determine the
zero-temperature limit more exactly.

IV. THEORY

Previous treatments of the magnetic response of
proximity superconductors were limited in two impor-
tant ways: the restriction to thick (dy >> ¢y) sam-

ples and the indirect relationship to measured quantities.

The first problem can be eliminated within the con-
text of Landau-Ginzburg theory; the finite dy case
has been treated by the Orsay group.'* Whereas the
infinite geometry requires an exponential decay for
the spatial dependence of the order parameter, the
existence of a free surface imposes a hyperbolic

cosine dependence.

For the geometry shown in Fig. 2, the pair ampli-
tude in the normal metal is written as

F cosh[(dy —x)/én]
N0 cosh (dy/€x)

where Fj is determined by matching solutions at the
N -§ interface using a form in the superconductor ap-
propriate to a semi-infinite S layer

Fs=F tanhﬁlf—
s = I'Bcs J2es(T)

’

(where Xj is to be determined from the boundary
conditions and Fycs refers to pair amplitude for BCS
superconductor).

All these solutions are appropriate to the linearized
Landau-Ginzburg equation. Inclusion of the non-
linear term yields elliptic functions rather than hyper-
bolic functions and leads to considerably different
low-temperature behavior; this correction will be
neglected for the present purpose.

The second difficulty with the Orsay formulation is
that the screening length p does not explicitly take
into account the actual profile of the magnetic field in
the normal metal and therefore does not correspond
directly to the measurable quantity: the effective
penetration length.

To deal with this problem, we have made use of
the idea of a position-dependent penetration depth to
derive a modified London equation for the magnetic
field. In order to do this, we have assumed a local
description of the electrodynamics. This is inherently
incorrect as the characteristic penetration depths are
small compared with the coherence lengths at typical
temperatures. However, we might expect to be able
to cast the nonlocal electrodynamics into a local form
by postulating an effective penetration depth whose
magnitude includes nonlocal corrections. It is in this
spirit that we can write a modified London equation
for the case of a spatially varying penetration depth!S:

dZH(x)= 1 2 dx(x) dH(x)
dx? xz(x)H(X) Ax)  dx dx

The first-derivative term results explicitly from the
spatial dependence of . Looking back at the
schematic picture of the field profile in a proximity
material proposed by the Orsay group (Fig. 1), it is
clear that such a term must appear in the field equa-
tion in order to allow for negative curvature to be
present. N

To solve for the field profile, an explicit form for
A(x) must be assumed. Analogous to simple Lon-
don theory in which A ~1/nd/? ~1/F, X is written as
inversely proportional to F, using the form appropri-
ate to Landau-Ginzburg theory in a finite geometry.
Hence,

cosh(dn/én)
cosh[(dy—x)/&n]

Ax) =)o



23 JOSEPHSON TUNNELING STUDIES OF MAGNETIC SCREENING . . . 4467

Here Ay must be determined in part from the
boundary conditions'” mentioned previously. How-
ever, the characteristic length contained with \g is
seen to be independent of the boundary (and of dy)
as the temperature goes to zero. This is consistent
with microscopic calculations of superconducting elec-
trodynamics in which the screening is seen to be
given by a combination of a diamagnetic response
dependent only upon normal-metal properties and a
paramagnetic response related to the excitation of the
system.'® We therefore would expect the zero-
temperature response of the system to be indepen-
dent of the boundary and of dy, the latter suggested
by the temperature data shown previously.

Solving the boundary value problem yields a value

for Ay of

For the system studied, the hyperbolic cotangent
term is always about unity so that the main contribu-
tion to Ao comes from the density-of-states factors.
Whether these terms should contribute is question-
able at this time in light of the previous discussion of
the zero-temperature properties. At any rate, the
terms only act to renormalize the prefactor in A,.

The resultant differential equation for the field
with the explicit spatial dependence included looks
like

V2¢y Ds

coth
& Dy

N
=My coth{% sinh™! [
N

v
én

d’H(x) =_Lcosh2[(dN—x)/§N]

H
dx? A cosh?(dy/én) ()
+ 2 tanh ——-————dN —X ——dH(X) ,
én En dx

which is not amenable to analytic solution. There-
fore, numerical techniques were employed. The N-S
interface introduces an additional boundary condition
in the problem, namely, that A2js is continuous
across the interface,'® and the problem as a whole is
then solved on the computer.

The solutions require two parameters, Ay and the
coherence length. How these are chosen will be dis-
cussed in the next section. Solutions generated by
this calculation are shown in Fig. 7.

Figure 7(a) shows a field profile for a thin (1000
A) silver film at intermediate temperature. It looks
like two ordinary superconductors with very different
penetration depths. Figures 7(b)—7(d), on the other
hand, are for a thick sample and show a progressive
change in the structure of the field profile with
changing temperature. The lowest-temperature plot
reflects behavior very similar to an ordinary super-
conductor while the highest-temperature curve
represents the Orsay regime. It is instructive to com-
pare this exact result with Fig. 1.
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FIG. 7. Numerical solutiogs of magnetic field profiles in
Ag-Pb sandwiches. (a) 1000 A Ag at 1.2 K, (b) 1.7 um Ag
at3.5K, (c) 1.7 um Ag at 1.2 K, (d) 1.7 um Ag at 0.2 K.
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V. COMPARISON WITH EXPERIMENT

The integral of the field profiles such as shown in
Fig. 7 gives the effective penetration depth that
would be measured in a Josephson experiment. In
each case, there will be a contribution from the silver
and from the lead.

To produce’the field curves, the approximate mag-
nitude of Ay was deduced from the temperature-
dependence data. This value was then varied over a
range of about 10% to yield the best fit to the data.

The temperature dependence is explicitly built into
the theory via the coherence length. A dirty-limit
(1 << ¢) expression gives the best results although
mean-free-path measurements by the technique of
Toxen et al.?® suggest an intermediate regime
between the clean and dirty limits. A typical mean
free path so obtained is on thg order of 5000 A as
compared with a £y of 6000 A (see below).

The dirty-limit expression for the coherence iength

1/2
_ __hVF/

yields a value of around 6000 A for the silver films at
1.2 K. Varyingo this value to best fit the data yields a
value of 6150 A.2!

Figure 8 superimposes the thickness-dependence
data shown before upon a theoretical curve generated
using the two best-fit parameters discussed above.
Agreement is quite good.

Figure 9 shows the temperature-dependence data
with theoretical plots obtained by using a dirty-limit
temperature dependence (e 7712) normalized to
6150 A at 1.2 K. Agreement is best for lower tem-
peratures. As the temperature is raised, the coher-
ence length decreases and the samples act cleaner. A
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FIG. 8. Observed penetration data and theoretical curve
vs silver thickness at 1.2 K.
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FIG. 9. Observed penetration data and theoretical dirgy-
limit curves vs temperature for 2500, 5000, 6000, 8000 A
and 1 um Ag. Theoretical clean-limit curve (dashed line)
for | um Ag.

clean-limit curve is shown for the 1-um sample. It
demonstrates clearly that the samples are indeed in
an intermediate regime.

It would be fruitful to measure samples intentional-
ly made dirtier in order to examine the validity of the
theoretical description in a well-defined limit.

VI. CONCLUSIONS

The work presented here demonstrates that strong
magnetic screening is possible in so-called type-II
proximity materials (i.e., those without a finite 7,) in
the limit of low temperatures. A penetration depth
characteristic of the material can be deduced frg)m
these experiments; for silver, a value of 1500 A was
found. The simple London theory for magnetic
penetration depth [A, = (mc‘z/47rnezo)”"] would
predict a value on the order of 400 A for silver.
Whether this value must be modified only by a non-
local correction or by additional factors remains to be
seen. Clearly the local description used here is in-
herently incorrect but until such time as a tractable
nonlocal formulation is available, it must suffice.

The property of constant screening length (and
thus, continuously increasing penetration with
normal-metal thickness) observed by the Orsay group
will not be seen unless high enough temperatures are
reached for a given thickness sample. Further work
will be carried out in the near future at low tempera-
tures to further investigate the strong-screening
behavior of thick samples.

In conclusion, the low-field behavior of proximity
superconductors is found to be fundamentally similar
to intrinsic superconductor screening apart from
strong temperature effects.
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