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Magnetic penetration depth in NbÕAl and NbÕCu superconducting proximity bilayers

R. F. Wang, S. P. Zhao, G. H. Chen, and Q. S. Yang
Institute of Physics and Center for Condensed Matter Physics, Chinese Academy of Sciences,

Beijing 100080, People’s Republic of China
~Received 14 June 2000!

Magnetic penetration depthl in Nb/Al and Nb/Cu superconducting bilayers, its absolute values and tem-
perature dependencies under the variations of material and sample parameters are systematically investigated.
Measurements ofl are performed by using the two-coil mutual inductance technique and the results are
compared with a recent microscopic theory@Phys. Rev. B59, 14 630~1999!# based upon Eilenberger-Usadel’s
quasiclassical equations of superconductivity. Our results show that thel(T) characteristics at low tempera-
tures usually follow a power law, or a linear temperature dependence, if the sublayer thicknesses are less than
several times of their coherence length and the interface resistance is small. A two-gap, steplike feature in the
l(T) curve of the Nb/Al bilayer system will develop around the sublayer transition temperature of Al when the
interface resistance increases or when the Al layer thickness becomes much larger than its coherence length.
These results can be well described within the framework of the microscopic theory.
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I. INTRODUCTION

Recently there have been several experimental1–5 and
theoretical6,7 studies of magnetic penetration depthl in con-
ventional layered superconductors~bilayers or multilayers!.
Experimental results from the microwave surface impeda
measurements,1–3 the two-coil mutual inductance
measurements,4 and the ac susceptibility measurements5 in-
dicated that thel(T) curve can have a linear or subline
temperature dependence or obey a power law, which are
ferent from the behavior of the bulk homogeneous superc
ductors.

Proximity-induced alternation of the superconducti
properties along the directionz perpendicular to the laye
planes is believed to be the cause for these results.4,6,7 In a
phenomenological treatment, Pambianchiet al.7 proposed to
evaluate l in SS8 bilayers utilizing a space- an
temperature-dependent order parameterD(z,T) (S and S8
are usually different superconductors and in this wo
we shall assume thatTc,S.Tc,S8>0). In one of their
models, they assumed that in theS8 layer, the superconduct
ing order parameter can be described byDS8(z,T)
}DS(T)exp(2KS8z) whereDS(T) is the BCS potential and is
considered to be space-independent. The decay lengthKS8

21

increases with the decrease of temperature8 and diverges
nearTc,S8 , the transition temperature of theS8 layer.l can
be related toD by l;1/D in the simple cases. Good agre
ment has been reached between their experiments and m
calculations.1–3

An alternative treatment, applicable to thel evaluation
for theSS8 bilayers and multilayers at the microscopic lev
has been developed6 based on Eilenberger-Usadel’s qua
classical equations.9,10 In contrast to the approach of Pamb
anchi et al.,7 which is strictly applicable near the transitio
temperatureTc of the bilayer system, the microscopic theo
provides a description over the entire temperature range
low Tc . Most of the parameters required for thel evaluation
in the theory, like the layer thicknessesdS,S8 , resistivities
PRB 620163-1829/2000/62~17!/11793~9!/$15.00
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rS,S8 , and transition temperaturesTc,S,S8 , can be known di-
rectly from experiments. Numerical results from the mod
calculation have revealed many of the experimentally
servedl(T) features.

We have recently demonstrated that the two-coil mut
inductance technique, first developed by Fioryet al.,11 can
be used to measure the absolute value ofl directly for the
superconducting thin films.12 It will therefore be interesting
to test the microscopic theory using the experimentall data,
especially the low temperature data around and belowTc,S8 ,
which are previously not studied experimentally.

In this paper, we present our experimental results o
series of Nb/Al and Nb/Cu bilayers. We will focus on th
low temperature data and their comparison with the theo
ical prediction under the variations of the sample and ma
rial parameters includingdS,S8 , rS,S8 , Tc,S,S8 , as well as the
interface resistanceRB of the bilayers. Since the two-coi
technique requires a partial penetration of the magnetic fi
through the sample film, the film thickness should be limit
in order to have a high accuracy in the measurements.12 A
second limitation for the samples comes from the theoret
side. Namely, one of the layers in anSS8 sandwich should be
thin compared to its coherence lengthj so that the supercon
ducting properties can be considered to be constant ac
the layer. We shall present our experimental details and
theoretical background in Sec. II and Sec. III, respective
Experimental results and discussion will be given in Sec.
Section V is a summary.

II. EXPERIMENTAL DETAILS

Our Nb/Cu and Nb/Al bilayer samples were prepared
an ultrahigh vacuum system equipped with three dc mag
tron sputter targets.13 The background pressure was
31026 Pa. Relatively large single crystal silicon substrat
1631530.5 mm3 in sizes and suitable for the penetratio
depth measurements,12 were used and carefully cleaned b
11 793 ©2000 The American Physical Society
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TABLE I. Parameters for the Nb/Cu and Nb/Al bilayers (S→Nb, S8→Al or Cu!.

dS rS dS8 rS8 Tc
expt Tc

calc jS jS8 gM le l t

S/S8 ~nm! (mV cm) ~nm! (mV cm) ~K! ~K! ~nm! ~nm! ~nm, 1.6 K!

Nb/Al 20 21.8 10 7.01 7.43 7.36 5.06 20.7 0.369 121 149
~Group A! 20 4.95 7.14 7.04 5.17 25.1 0.721 103 130

30 2.21 6.84 6.79 5.26 38.3 1.06 83.9 92
40 2.10 6.79 6.63 5.33 39.8 1.40 77.8 91

Nb/Cu 20 21.8 10 5.21 7.20 7.28 5.08 28.5 0.261 132 13
~Group B! 20 3.82 6.74 6.91 5.22 34.2 0.509 118 122

30 2.54 6.71 6.67 5.31 42.7 0.751 110 104
40 1.94 6.38 6.49 5.38 49.5 0.987 105 94
rs
e
s

r

b

A
of

s
ce

e
fo
b
n
e

m
6

we
as

K

a-
iq

ta,

on-
Nb

and
les
nd

il

lute
-

y
has
ture
In

e

e

fore sputter deposition. Nb films were usually deposited fi
with a deposition rate of 2 nm/s. Then the substrates w
transferred to the Al or Cu target, and the Al or Cu film
were sputtered onto the Nb films with the rates of 0.4 o
nm/s, respectively.

We have prepared five groups of samples~Groups A to
E!, the sample parameters of which are summarized in Ta
I and Table II. Groups A~Nb/Al! and B ~Nb/Cu! were pre-
pared under a sputter pressure of 1.5 Pa in pure
~99.999%!, while in the preparation of the Nb/Al samples
Groups C to E, a small amount of O2 gas (;0.068–0.073
Pa! was introduced into the chamber right after the depo
tion of the Nb films. In the latter case, the Nb film surfa
was allowed for oxidation in the Ar1O2 mixture for a given
time period ofto . Then the Al film was sputtered onto th
Nb film in the mixture gas. There were two purposes
adding the O2 gas in this work. One was to oxidize the N
film surface and increase the interface resistance betwee
two layers. The other was to increase the resistivity as w
as the transition temperature of the Al film. The lowest te
perature we could reach in our experiments was about 1.
which is aboveTc,Al of pure Al of 1.2 K. If we want to
observe the feature ofl in Nb/Al bilayers aroundTc,Al ,
Tc,Al must be higher than 1.6 K. Our measurements sho
that Tc,Al could reach 2.0 K if it was prepared in the g
mixture mentioned above.

The film thicknesses were measured from a DEKTA
Scan Profiler. The resistivityr and transition temperatureTc
for the Nb films and Nb/Al and Nb/Cu bilayers were me
sured independently using the standard four-point techn
t
re
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(Tc was also determined from the mutual inductance da
see Fig. 1!. The resistivity for the Al or Cu film in a bilayer
was evaluated considering the bilayer as two parallelly c
nected thin-film resistors. Since the thicknesses of the
films used in our experiment were thin~10 or 20 nm!, their
transition temperatures, sensitive to the film thickness
surface condition, could vary by 0.1–0.3 K for the samp
of different groups. These data are not listed in Table I a
Table II but will be discussed in Sec. IV A.

The penetration depthl was measured by the two-co
inductance technique which has been described earlier.12 Us-
ing this technique, we were able to determine the abso
value ofl with high accuracy by converting the mutual in
ductance dataM according to

M

Me
5

a

Me

l2

d
1

b

Me
,

whereMe is the mutual inductance without the film,a is a
geometric factor, andb is the baseline. Due to the relativel
thin Nb thickness in the bilayer samples, special care
been taken in this work to take the data below a tempera
T0 above which significant dissipation process occurs.
Fig. 1, typical mutual inductance data~both in-plane and
quadrature components!, obtained in a Nb/Al sandwich, ar
shown.

III. THEORETICAL BACKGROUND

For a superconducting bilayerSS8 with S andS8 both in
the dirty limit, its properties can be described within th
TABLE II. Parameters for the Nb/Al bilayers with nonzero interface resistance.

dNb rNb dAl rAl to Tc
expt RB Tc

calc jNb jAl le l t

~nm! (mV cm) ~nm! (mV cm) ~sec! ~K! (mVcm2) ~K! ~nm! ~nm! gM gB ~nm, 2.1 K!

10 30.0 60 50.0a 5 6.20 131024 6.41 4.61 8.27 6.49 15.7 511 455
~Group C! 20 6.65 1.531023 6.89 4.44 7.98 6.73 253 575 547

35 6.79 431023 6.93 4.43 7.96 6.75 679 578 571
300 6.71 2.531021 6.95 4.43 7.94 6.76 4.263104 576 586

10 30.0 60 25.0a 10 6.64 131024 6.48 4.59 11.7 4.61 15.8 297 367
~Group D! 15 6.74 531024 6.93 4.44 11.3 4.76 84.5 415 444

20 6.85 231023 7.05 4.40 11.2 4.80 344 505 520
10 30.0 30 45.6 5 7.00 331024 6.99 4.42 8.31 6.46 51.1 289 370
~Group E! 120 6.89 331024 6.99 4.42 8.31 6.46 51.1 590 634

aThe exact resistivity datarAl in groups C and D were obtained from fitting to the experimental data. See Ref. 14.
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framework of Usadel’s equations,10 which are the dirty-limit
version of Eilenberger’s theory.9 In particular, it is shown
that, by employing the boundary conditions first develop
by Kuprianov and Lukichev,15 the transition temperatureTc
of the bilayer is determined by the following transcenden
equation:6

rSqS8 tanh~qS8dS8!2rS8qS tan~qSdS!

5RBqSqS8 tanh~qS8dS8!tan~qSdS!, ~1!

whereRB is measured in resistance times area at the in
face, andqS,S8 are defined by

qS,S8
2

56S 2pkBTdS,S8

\DS,S8
D , ~2!

whereDS,S8 are the diffusion coefficients, anddS,S8 are de-
termined by

lnS T

Tc,S,S8
D 522(

n>0
S 1

2n11
2

1

2n111dS,S8
D , ~3!

in which Tc,S,S8 are the transition temperatures of singleS
and S8 films. If we setTc,S.Tc,S8>0, then the upper and
lower signs in Eq.~2! correspond to theS and S8 films,
respectively. We note that Eq.~1! returns to the well-known
results of de Gennes16 and Werthamer17 if RB50.

Golubov et al.18 have demonstrated that the superco
ducting properties in the whole temperature range belowTc
can be found within the Eilenberger-Usadel formalism if o
of the layers in theSS8 sandwich is thin compared to it

FIG. 1. Normalized mutual inductance data for a Nb/Al bilay
with parameters similar to the first sample of group D in Table
but with a smaller Nb thickness~8–9 nm! showing a wider dissi-
pation regionDT5Tc2T0 . MI andMQ correspond to the in-plane
and quadrature components, respectively.Tc indicated here corre-
sponds to the zero resistance temperature in the four-point res
ity measurements.
d

l

r-

-

coherence length so that the superconducting properties
uniform across this layer. In Fig. 2, two soluble situations
the SS8 bilayers are shown, which will be referred to a
model I and model II in our numerical simulations. In th
original treatment of Golubovet al.,18 an infinitely thick S
layer is considered so the superconducting order param
equals the bulk value at theS layer surface. This serves as
boundary condition. Since in our work, bothSandS8 layers
have finite thickness, an alternative boundary condition19,6

should be used. Let us take model II~see Fig. 2! as an ex-
ample. If we define

GS85cosuS8 , FS85sinuS8 , ~4!

whereGS8 andFS8 are Gorkov’s Green functions integrate
over energy and averaged over the Fermi surface, the
adel’s equations reduce to the following equation:6

uS8
9 ~vn ,z!1DS8~z!cosuS8~vn ,z!

2vn sinuS8~vn ,z!50,

0<z<dS8 /jS8 , ~5!

where a prime denotes a derivative with respect toz and
vn5(2n11)(T/Tc) is Matsubara frequency normalized
pkBTc . z is normalized tojS8 :

jS,S85A \DS,S8
2pkBTc

5A p\kB

6e2rS,S8gS,S8Tc

. ~6!

Hereg is the coefficient of the electronic specific heat. In E
~6!, we have used

D5vFl /35~pkB!2/~3e2rg!, ~7!

in which l andvF are the mean free path and Fermi veloci
The boundary conditions read

I

iv-

FIG. 2. Spatial variations of the superconducting order para
eter inSS8 sandwiches (Tc,S.Tc,S8>0). Model I ~II ! corresponds
to the case in which theS8 ~S! layer thickness is less than it
coherence length.
uS8
8 ~vn ,dS8!50, ~8!

uS8
8 ~vn,0!5

gM@vnsinuS8~vn,0!2DS cosuS8~vn,0!#

$11gB
2~vn

21DS
2!12gB@vn cosuS8~vn,0!1DS sinuS8~vn,0!#%1/2

, ~9!
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in which gB describes the coupling strength, whilegM is a
measure of the strength of the proximity effect, betweeS
andS8 layers:

gB5
RB

rSjS

dS

jS
, gM5

rS8jS8
rSjS

dS

jS
. ~10!

The order parametersDS,S8 are given by the recurrency ex
pressions:

DS8
m11

~z!5VS8NS8~0!
2T

Tc
(

vn.0

vD,S8

FS8
m

~vn ,z!, ~11a!

FS8
m

~vn ,z!5sinuS8
m

~vn ,z!, ~11b!

DS
m115VSNS~0!

2T

Tc
(

vn.0

vD,S

FS
m~vn!, ~12a!

FS
m~vn!5F11S cosuS8

m
~vn,0!1gBvn

sinuS8
m

~vn,0!1gBDS
mD 2G21/2

, ~12b!

in which vD,S,S8 are Debye frequencies of the individu
layers, and@VN(0)#S,S8 are the BCS coupling constants.

We see that for givendS,S8 , rS,S8 , Tc,S,S8 andRB , Tc can
be computed from Eqs.~1!–~3!. jS,S8 , and thereforegB and
gM can be obtained from Eqs.~6! and ~10!. With these pa-
rameters, Eq.~5! can be solved using the boundary con
tions and the expressions forDS,S8 which are given by Eqs
~8! and~9! and Eqs.~11! and~12!, respectively. For model
shown in Fig. 2, the procedure is exactly the same if we
z axis in the opposite direction and interchange the subsc
S andS8 in the above formalism. As is shown in Ref. 6, th
penetration depth is given by the following expression:20

1

lS,S8
2 5

4pm0kBT

\rS,S8
(

vn.0

vD,S,S8

uFS,S8u
2 ~13!

where FS,S8 5 sinuS,S8 represent the final results of Eq
~11b! and ~12b! ~removing all superscripts!. Equation~13!
defines the locallS,S8 that vary along thez axis. Finally, the
~in-plane! penetration depthl(T) for a bilayer is given by

l2~T!5
dS1dS8

E
2dS

dS8
lS,S8

22
~T,z!dz

, ~14!

which will be used to compare with our experimental resu

IV. RESULTS AND DISCUSSION

Before presenting our experimental data and compa
them with the model calculations, we intend to discuss so
of the bilayer parameters and the applicability of the the
outlined in the preceding section. We first consider the e
tronic mean free pathl which can be found from Eq.~7!.
Using the handbook data ofg57.3, 1.36, and 0.9731024

J/cm3 K2 for Nb, Al, and Cu respectively, andvF50.273,
2.02, and 1.573108 cm/sec for the materials,l for the Nb
films in Table I is found to be about 1.7 nm while the valu
for Al and Cu range from 3.8 to 12.7 nm and from 9.3 to
et
ts

.

g
e
y
c-

nm, respectively. The coherence lengthj defined by Eq.~6!
for the sample films is listed in the table. We see thatl /j is
about 0.32 in the case of Nb, and it ranges from 0.18 to 0
for Al and from 0.32 to 0.5 for Cu. Similar consideration
can be taken for the samples in Table II from which we fi
l is 1.2 nm for Nb and is about 0.5 or 1.1 nm for the Al film
These lead tol /j;0.27 in the case of Nb andl !j in the
case of the Al films. Summarizing these results, toget
with the film thicknesses in the tables, we find that the
quirements for the theory to be applicable~see Fig. 2!:

l S!jS,dS , l S8,dS8!jS8 , for model I

and

l S,dS!jS , l S8!jS8,dS8 , for model II

are fairly satisfied for the samples in Table I and Table
respectively, with an exception ofdNb;2jNb ~instead of
dNb!jNb) in Table II. However, in the above requirement
dS8 ! jS8 for model I ordS ! jS for model II is to ensure a
constant superconducting properties across theS8 or S layer,
and practically, the conditionsdS8<jS8 or dS<jS could be
sufficient.6 We therefore still use the samples in Table II
test the predictions of model II because the Nb film prop
ties will severely deteriorate by further reducing its thickne
below 10 nm.

A. Transition temperature

In Fig. 3, we show the transition temperature versus
and Cu layer thicknesses for the Nb/Al and Nb/Cu samp

FIG. 3. Transition temperatureTc vs Al ~upper! and Cu~bot-
tom! layer thicknesses for the Nb/Al~group A! and Nb/Cu~group
B! bilayers. Solid circles are experimental data and the lines are
theoretical results.
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in Table I ~solid circles!. The Nb layers have a fixed thick
ness of 20 nm. The lines in the figure are the theoret
results computed from Eqs.~1!–~3!, using the parameter
determined from experiments.

In the calculations, the diffusion coefficientD was evalu-
ated from Eq.~7!, and the bulk values ofTc,Al51.2 K and
Tc,Cu50.015 K were used.21 For a Nb film with thickness of
20 nm,Tc,Nb can vary noticeably with its thickness as well
its surface condition.22,12 In order to estimate the effect, w
sputtered a single Nb film with a nominal thickness of
nm, in expectation of a thin Nb-oxide layer@;2 nm ~Ref.
23# formed in the air.Tc,Nb for this film was measured to b
7.8 K. The dashed line in Fig. 3 is obtained withTc,Nb
57.8 K and a zero interface resistanceRB50. We find that
the calculation results are about 0.2 K below the experim
tal data. This can be caused by the following two facto
One is that we have neglected the interface resistanceRB .
ThoughRB should be small, it can still be a nonzero para
eter due to the lattice mismatch between the two subla
films. The other reason is thatTc,Nb has been underestimate
due to the uncertainty of the Nb-oxide layer thickness or
further reduction ofTc,Nb through proximity effect in its
presence.22 The dash-dot line is the results withTc,Nb57.8 K
andRB5131025 mV cm2, while the solid line is the results
with Tc,Nb57.95 K andRB50. We can see that both line
are closer to the experimental data. In the following, we sh
use, for simplicity,Tc,Nb57.95 K andRB50 for the samples
in Table I. The results computed with these parameters
the Nb/Cu bilayers are also shown as a solid line in Fig.

The agreement between theory and experiment seem
be good for the samples in Table I with discrepancies aro
or below 0.1 K, corresponding to our maximum experime
tal uncertainty. For the samples in Table II, of which the N
films with smaller thickness of 10 nm were all subjected
oxidation to have a nonzeroRB , the agreement is less sati
factory with discrepancies reaching 0.24 K in the wo
cases, as can be seen in the table. The main reason for t
that we had a less controllableTc,Nb in the case of the 10-nm
thick Nb films, especially with the oxidation process~our
experiments lasted for about four months during which
temperatures of the cooling water and working ga
changed so that the sputter and oxidation conditions co
vary slightly!. Previous studies indicate that for the 10-n
thick Nb films, the change inTc,Nb can be as large as 0.3 K
with a thickness change of 1 nm.23,22 In our case,Tc,Nb for a
single, nominally 12-nm thick Nb film was 6.95 K.Tc,Nb for
the samples of Groups C, D, and E in Table II was chose
be 6.95, 7.10, and 7.25 K, respectively, which led to
reasonable fits of bothTc andl data.Tc,Al in these groups
was 2.0 K, as determined from the downturn point in t
l(T) curves with largestRB .

B. Penetration depths in the case ofRBÄ0

In Fig. 4, we show the experimentall(T) data ~solid
dots!, normalized tol(1.6 K!, of the samples in Groups A
and B. The absolute values ofl(1.6 K! are listed in Table I.
The l(T) curves at low temperatures appear relatively
for thinnest Al- or Cu-layer samples in the groups, but th
already deviate clearly from the bulk exponential behav
due to the proximity effect. For larger Al or Cu layer thick
al
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ness,l increases faster with the increase of temperature.
absolute values ofl at 1.6 K show a clear trend that the
decrease with the increase of the Al or Cu layer thicknes

As a result of the proximity effect, the order parameters
both Nb and Al or Cu are expected to decrease with
increase of the Al- or Cu-layer thickness. The fact thatl in
this situation also decreases arises from a decreasing r
tivity rAl or rCu, as can be seen from Eq.~13!. In order to
see this clearly, we use the expressionFS,S85DS,S8 /„vn
1(T/Tc)dS,S8…, which is suitable in the temperature regio
nearTc .6 Inserting it into Eq.~13!, one is led to the follow-
ing expression:

1

lS,S8
2 5

m0~pkBTc!
2

\~pkBT!rS,S8

DS,S8
2 c8~1/21dS,S8!, ~15!

wherec8(x)5(n>01/(n1x)2. Note that we have the orde
parameters normalized topkBTc . Equation~15! shows the
same result as first established by Deutscheret al.24 in a
different approach if we notice that dS,S85

6\DS,S8KS,S8
2 /(2pkBT), where the upper and lower sign

correspond to theSandS8 layers, respectively.6 Based upon
this relation, Pambianchiet al.2,7 have achieved a good
agreement in fitting to the effective penetration depth cha

FIG. 4. Penetration depthl(T) for the Nb/Al ~group A! and
Nb/Cu ~group B! bilayers. Dots and lines are the experimental a
calculated results, respectively. Curvesb, c, andd are successively
shifted downwards by 0.1 on the vertical scale for clarity.
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Dleff obtained from the microwave surface measureme
They found that the experimentalDleff can be reproduced b
assumingl21;D or l21;D/AT, neglecting first the de-
pendence onc8. From Eq.~15!, we find that the film resis-
tivities can influencel in a direct way in addition to their
influence on the order parameter itself. This can be s
clearly from our experimental results concerning the abso
values ofl.

The influence of film resistivityr ~or the electronic mean
free pathl ) on l can be generally explained in the context
Pippard’s nonlocal theory of superconductivity, in which
coherence length defined by jP

215j0
211 l 21 is

introduced.25,26In a pure material wherel→`, jP equals the
BCS coherence lengthj0. In this case, Pippard’s equatio
reduces to the London equation in the local limitjP(5j0)
!l with l225m0e2nS /m, wherenS is the superconducting
electron density. In a dirty material, on the other hand, P
pard’s equation can reduce to a new London equation26 if l is
very small so thatjP; l !l. In this case, we havel22

5(m0e2nS /m)( l /j0). Thus l will increase asl ~or r) de-
creases~increases! even if nS does not suffer a suppressio
Considering the parameters discussed above, we can se
our experimental situation is close to this case.

Equation~15! shows the dependence ofl on the order
parameter and film resistivity explicitly, but strictly spea
ing, it is applicable in the temperature range nearTc . In the
whole temperature region belowTc , Eq. ~13! should be
used. In this case, the dependence ofl on the order param
eters, given by Eqs.~11a! and~12a!, is less direct. The solid
lines in Fig. 4 are the results computed from the microsco
theory using the model I scheme~see Fig. 2!, with the pa-
rameters listed in Table I. Comparing the experimentalle
and theoreticall t at 1.6 K in Table I, we find that the devia
tions range from 9 to 20% and from 3 to 10% approximat
for the samples of Group A and Group B, respectively. T
agreement between theory and experiment for the abso
value as well as the temperature dependence ofl is reason-
able considering that all the parameters used in our calc
tions are determined experimentally.

Figure 5 shows the temperature dependence of the o
parameters of Group A samples. The dashed lines are
results in the Al layers that are spatially constant. The so
lines are the data in the Nb layers near the Nb/Al interfa
The curve labels correspond to those of Nb/Al samp
~Group A! in Fig. 4 and curvese are the data for the isolate
Al and Nb films. From the figure, we see that by deposit
an Al layer upon the Nb film, the order parameter in Nb
reduced while that in the Al layer is enhanced. With t
increase of the Al-layer thickness, the order parameter
both layers decrease. Also in the temperature region wh
thel data are shown in Fig. 4, the order parameters chan
faster with temperature for thicker Al-layer samples, whi
is reflected in thel(T) characteristics in Fig. 4.

C. Penetration depths in the case ofRBÅ0

The Nb/Al bilayers of Group A were sputtered in pure A
so that the interface resistanceRB was approximately zero
andTc,Al was 1.2 K which was below the lowest temperatu
we could reach in our experiments. For the samples
Groups C to E, a small amount of O2 gas was introduced into
s.
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the sputter chamber right after the deposition of the Nb l
ers. In this way, we study the effect of a nonzeroRB on the
experimental results and, with an elevatedTc,Al of 2 K, to
see thel(T) behavior aroundTc,Al of the Nb/Al bilayers.

Figure 6 shows the temperature dependence ofl, normal-
ized to the values at 2.1 K, for the samples of Group C. F
the sample with the interface oxidation timeto of 5 sec, the
l(T) curve is almost linear for the temperature range sho
With increasingto , a steplike, two-gap feature aroundTc,Al
52 K gradually develops. Such a feature becomes very c
for the sample with largestto of 300 sec.

These results might be anticipated from a simple phys
consideration since for largerto and therefore largerRB , the
Nb/Al interface coupling is weaker. In this case, a smal
number of electrons in Al will condense into Cooper pa

FIG. 5. Temperature dependence of the order parameters fo
Nb/Al bilayers in Fig. 4~group A!. Dashed curves are the data fo
the Al layers and solid curves are data for the Nb layer near
Nb/Al interface. Curves froma to d correspond to those in Fig. 4
The bulk values are labeled ase.

FIG. 6. Penetration depthl(T) for the samples of group C. Dot
and lines are the experimental and calculated results, respecti
Curvesb, c, andd are successively shifted downwards by 0.1 on t
vertical scale for clarity.
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for T.Tc,Al . When the temperature is lowered dow
throughTc,Al , the change of Cooper pair densities in Al w
be larger, which makes the penetration depth decrease fa
The solid lines in Fig. 6 are the theoreticall(T) calculated
using the model II scheme. The parameters used for the
culations are listed in Table II. In Fig. 7, the temperatu
dependence of the order parameters in both Nb and Al la
of the samples in Group C are shown. The solid lines are
results in the Nb layers that are now spatially constant w
the dashed lines are the results in the Al layers near
Nb/Al interface. As can be seen in the figure, for the sam
with to55 sec the variation of the order parameter with t
temperature in the Al layer is slow nearTc,Al . With increas-
ing to , the order-parameter variation becomes faster aro
Tc,Al and gradually approaches curve e of the results of
isolated Al film.

From Table II, we can see that for the Group C samp
while increasingto up to 300 sec leads to a continuous i
crease ofRB , the bilayer properties includingTc and l do
not change much afterto exceeds 35 sec (Tc even has a
slight decrease in the case ofto5300 sec due to the over
oxidation which results in a larger reduction ofTc,Nb). The
samples in Group D were prepared with a shorter range oto
and also with a lower O2 partial pressure which resulted i
lower Al-layer resistivities. In Fig. 8, the experimental an
theoretical results ofl(T) for the samples of Group D ar
shown. Comparing the data of these two groups, we find
the le values in Group C are very close to each other at
K, but those in Group D increase from 297 to 505 nm withto
from 10 to 20 sec. The difference arises from the differen
of the Al layer resistivitiesrAl . rAl in Group C is twice as
large asrAl in Group D. A largerrAl means a shorter cohe
ence lengthjAl . A shorterjAl in turn implies a smaller vol-
ume of the Al layer which is effective in screening the ma
netic field. In addition, a largerAl leads to a largel in Al, as
discussed above. Therefore for the samples of Group C
Al layers have less effect on the values ofl and the Nb
layers play a main role in determining the values atT

FIG. 7. Temperature dependence of the order parameters fo
samples of group C in Fig. 6. Solid curves are the data for the
layers and dashed curves are the data for the Al layers nea
Nb/Al interface. Curves froma to d correspond to those in Fig. 6
Curves labelede are the bulk values.
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.Tc,Al . The values ofl are almost the same, since their N
layer thicknesses are the same. But for the samples of G
D, with smallerrAl , the roles of the Al layers onl become
important. In this case,l increases with increasingto at T
.Tc,Al because the screening becomes less effective in
when the coupling between Nb and Al is weaker.

In Fig. 9, we show the interface resistanceRB versus the
oxidation time to for the samples in Groups C and D. I
logarithmic scales, they follow nicely a linear dependen
Such a dependence has been observed in the tunneling
rier formation through thermal oxidation on metal surface27

and can be well-understood since the oxide thickness h
logarithmic dependence onto for a fixed O2 pressure while
the tunneling current has an exponential dependence on
oxide thickness.28 The slopes of the lines, which can be a
fected by the oxidation pressure and temperature, are di
ent. Technically,RB has been used as an adjustable para
eter in our theoretical fitting to the experimentalTc and l
with the aboveRB;to dependence as a constraint.

he
b
he

FIG. 8. Penetration depthl(T) for the samples of group D. Dots
and lines are the experimental and calculated results, respecti
Curvesb and c are successively shifted downwards by 0.2 on t
vertical scale for clarity.

FIG. 9. Interface resistance vs oxidation time for the Nb/
sandwiches in groups C and D. Solid lines are drawn as a guid
the eye.
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Besides the increase of oxidation time, the increase of
Al layer thickness can also result in the two-gap feature
the l(T) curve. The two samples in Group E have the sa
Nb-layer thickness and interface oxidation time, but th
thicknesses of the Al layers are different. Figure 10 sho
the temperature dependence ofl for these two samples. Th
solid lines in the figure are again the theoretical results.
curve a with the Al layer thickness of 30 nm,l decreases
with decreasing temperature but we do not see a clear ch
of the decreasing rate aroundTc,Al . The situation is different
for curve b with the Al-layer thickness of 120 nm where w
can see a clear two-gap structure nearTc,Al . This result is
expected because the volume in the Al layer that is affec
by Nb layer through the proximity effect is in the order
several times ofjAl . As the Al-layer thickness become
large, the volume of the Al layer that is less affected by
also becomes large. This volume of Al will have a fas
increase of the superconducting electron densities~and there-
fore the screening effect! when the temperature is lowere
down throughTc,Al , andl will decrease faster accordingly
The dashed lines in Fig. 11 show the temperature dep
dence of the order parameter at different positions in the
layer in the case of curve b in Fig. 10. We can see that
results are very similar to those in Fig. 7 but from a to d t
curves reflect the changes when the distance from the N
interface in Al increases while those in Fig. 7 reflect t
changes when the coupling strength between the Nb an
layers decreases. With the increase of the distance from
interface, the temperature dependence of order paramet
Al layer tends to the ‘‘decoupled’’ linee and can in principle
reach it if the distance becomes infinite. Similarly, it
mainly the shape ofDAl(T) which determines the shape o
l(T) nearTc,Al .

We note that the properties of the Nb/Al bilayers, f
example, the order parameters, change in a continuous
as the temperature changes acrossTc,Al in the microscopic
theory. Our previous numerical results6 indicate thatDAl(z)
decays exponentially withz nearTc . The decay length K21

FIG. 10. Penetration depthl(T) for the samples of group E
Dots and lines are the experimental and calculated results, res
tively. Curveb is shifted downwards by 0.5 on the vertical scale f
clarity.
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increases with decreasingT, but for the temperaturesT
!Tc , the decay is no longer exponential and becom
slower. The decay length K21 does not have a divergen
behavior nearTc,Al . This continuous behavior can also b
seen in Fig. 11 in whichDAl(z) decreases always with in
creasingz aroundTc,Al52 K. These results predicted by th
microscopic theory are in contrast with those predicted
the phenomenological approach usingDS8(z,T)
}DS(T)exp(2KS8z) andl21;D or l21;D/AT based upon
Eq. ~15!. In the latter case, we have the decay length giv
by KS8

21
5jS8 /AT/Tc for Tc,S850, or KS8

21

5jS8 /AdS8(T/Tc) for Tc,S8.0, which diverges asT→0 or
T→Tc,S8 .

V. SUMMARY

In this work, we have systematically studied the magne
penetration depthl in superconducting Nb/Al and Nb/Cu
bilayers. The absolute values ofl were measured by the
two-coil mutual inductance technique. Results on the tran
tion temperatures of the bilayers, their temperature dep
dencies ofl under the variations of the sample and mater
parameters were presented, and were compared with
model calculations from the microscopic theory. The agr
ment between theory and experiment is fair.

For a spatially homogeneous BCS superconductor,
l(T) behavior at low temperatures is known to have t
form of ;11A2pD/kBTexp(2D/kBT). This T dependence
is essentially exponential and thel ;T curve becomes very
flat at low temperatures. For a superconductingSS8 bilayer,
the situation is quite different due to the spatially inhomog
neous properties along the direction perpendicular to
layer planes. Our results indicate that the presence of an
or Cu layer on the Nb film can greatly affect the behavior
l(T) and lead to its rich characteristics. We have shown t
the temperature dependence ofl usually follows a power

ec-
FIG. 11. Temperature dependence of the order parameter fo

sample withdAl5120 nm in group E in Fig. 10. The dashed line
represent the results at four positions across the Al layer witz
being measured from the interface into Al. The solid line indica
the order parameter in the Nb layer.
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law, or sometimes a linear dependence, if the layer th
nesses are less than several times ofjS,S8 or when the inter-
face resistanceRB is small~see Fig. 4 and curves a in Figs.
8, and 10!. A two-gap, steplike feature in thel(T) curve will
develop aroundTc,S8 (Tc,S.Tc,S8>0) with increasingRB
and with theS8 layer thickness many times larger thanjS8
~Figs. 6, 8, 10!. We found that the shape ofl(T) is closely
related to the shape of the order parameterD(T). This can be
seen explicitly from Eq.~15! if the temperature is not too fa
away from Tc , and it remains basically true in the who
temperature range belowTc , as demonstrated from our nu
merical simulations based upon the microscopic theory.

In addition to the temperature dependence ofl, we also
. B

be

B

e

d,

y

et

th
an
ti
xa
-found a reasonable agreement between experiment
theory concerning the absolute values ofl ~discrepancies
arose primarily from the uncertainty of the transition tem
peratures of the Nb films, especially when an oxidation p
cess was involved!. The film resistivities in this respect wer
found to be important in determining the absolute valu
of l.
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