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Transport in superconductorÕferromagnetÕsuperconductor junctions dominated
by interface resistance
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We report on high-sensitivity measurements performed on weakly resistive Nb/Al/Gd/Al/Nb ferromagnetic
rare-earth-based junctions. High interface barriers in such junctions can strongly modify interplay between
ferromagnetism and superconductivity. We show in the present paper that for such ferromagnetic/
superconductor junctions that the main contribution to the resistance comes from interface scattering. On the
other hand, measurements on identical nonmagnetic rare-earth-based junctions such as Nb/Al/Y/Al/Nb exhibit
opposite behavior; hence most resistance comes from the bulk. A theoretical description of the temperature
dependence of the superconductor/ferromagnet/superconductor (S/F/S) junction resistance is given through a
temperature dependent Blonder-Tinkham-Klapwick theory for an energy range well below the superconducting
gap scale of the Al/Nb bilayer. Such a theoretical description proves that interfacial scattering is of crucial
importance when experimenting inS/F systems using gadolinium.

DOI: 10.1103/PhysRevB.63.064517 PACS number~s!: 74.50.1r, 74.80.Dm, 75.70.Cn, 85.35.Ds
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I. INTRODUCTION

Although the interface between magnetism and superc
ductivity has been studied for a long time, there has bee
renewed interest in studying specific superconduc
magnetic (S-M ) systems in the last few years. These stud
were conducted on different devices like superconduc
ferromagnet (S-F) superlattices, superconducto
ferromagnet/superconductor (S/F/S) junctions, or various
S-F mesoscopic systems. Very interesting results were
tained on such systems showing some new aspects of i
play between superconductivity and magnetism. InS-F su-
perlattices, a nonmonotonic decrease of superconduc
critical temperature was obtained versus the ferromagn
thickness in the multilayer.1–3 These observations were th
first evidence of ap junction4 using low-temperature supe
conductors. Also, anomalous proximity effects were o
tained inS-F mesoscopic experiments, revealing unexpec
superconducting long distance coherence in magn
compounds.5–7 Recently, important results on spin polariz
tion at the Fermi level in magnetic compounds were fou
by spin-polarized experiments between a ferromagnet a
superconductor.8,9

More recently, Ganditet al.10 proved the existence of th
Josephson effect through a ferromagnetic layer inS/F/S
junctions. The presence of a supercurrent was the first d
evidence of superconducting coupling through a ferrom
netic layer, despite a strong pair breaking effect in theF
layer. Moreover, a nonmonotonic decrease of the critical c
rent versus the thickness of the magnetic compound w
good indication for ap coupling between both supercon
ducting sides of theS/F/S junction.11,12

The quality of the interface is of great importance to
terpret the results in all these experiments. Indeed, sev
0163-1829/2001/63~6!/064517~8!/$15.00 63 0645
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theoretical works showed the impact of interfacial resistan
especially in spin polarized experiments,13 on the actual cou-
pling betweenS and F films. Žutić and Valls13 calculated
that increasing interfacial resistance inS/F spin-polarized
experiments can modify drastically the results and lead
wrong interpretations if it is not taken into account. Final
in a recent experiment Aartset al.26 took into account the
interface quality between the superconductor and the fe
magnetic compound in their sample for interpreting the
sults. They showed that the transparency of theS/F interface
is tunable by the magnetic behavior of theF layer.

We want to stress that the knowledge of the interfa
quality between the superconductor and the ferromagne
essential for a good understanding of interaction phenom
in S-F structures, such as the proximity effect, induced s
polarization, or the existence ofp coupling. Numerous ex-
periments onS-F systems are done using gadolinium~Gd! as
the ferromagnetic compound, especially in critical tempe
ture measurements inS-F superlattices.1,2,10 Because of the
well-known chemical instability of gadolinium, we decide
to study by transport measurements the interfacial beha
of Gd in S/F/S junctions. In this paper, we report on high
sensitivity transport measurements on Nb/Al/Gd/Al/Nb ma
netic junctions and Nb/Al/Y/Al/Nb nonmagnetic junction
Because Gd is more easily oxidized than Y, the compari
of electrical measurements in both types of junctions is
great interest to stress the difference between the contr
tion coming from interface quality or from bulk properties
the transport characteristics of such junctions. We then
pect that transport measurements of Gd junctions are do
nated by interface scattering instead of by bulk properties
Y junctions. An accurate description of the results are giv
using a temperature-dependent Blonder-Tinkham-Klapw
~BTK! theory for Gd-based junctions, proving the speci
behavior of interface resistances in such junctions.

In the first part of this paper we describe the sam
©2001 The American Physical Society17-1
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preparation and the details of the experimental setup; sec
we discuss the magnetic and structural characterization o
junction; and finally we describe the results on resista
measurements and the theoretical interpretation thro
BTK theory.

II. EXPERIMENTAL ENVIRONMENT

A. Sample design and experimental setup

In prior work, S-F superlattices were studied with an a
plied current in the plane~CIP! of the layers. These kinds o
measurements lead to information on the critical tempera
of the sandwich. However, because of the uncertainty of
number of layers inspected by the measuring current, it d
not give information on interface resistance or interface s
tering. To do this, we designed a specific experiment
Nb/Al/Gd/Al/Nb junction with the measuring current pe
pendicular to the plane~CPP!. Using the CPP method, w
make sure that the bias current passes through all the la
without disturbing specular reflections as in CIP measu
ments. In these samples, the niobium layers~25 nm! are the
electrodes, and contacts are made on them. We studied
interface between a 150 nm aluminum layer and a ga
linium magnetic layer with thicknesses ranging between
and 11 nm or a yttrium layer with a thickness of 80 nm~see
Fig. 1!. The Al layer is superconducting by proximity effe
with the Nb layer. We used two different superconductors
separate the transition of the Nb leads and the transitio
the Al/Gd/Al junction.

Because all the compounds of the junctions are meta
measurements at very low voltage are required. For this
pose, we adapted a dc current method based on a supe
ducting chopper working at 4.2 K, enclosed in a diluti
refrigerator to measure the sample down to 50 mK, wh
allows us to measure the voltage down to a picovolt with
noise of 1310214 V without magnetic field. Hence, resis
tance of the order ofmV with current ranging between
0.1 mA and 10 mA can be easily probed. This techniq
was already successfully applied to very low resistance m
surements on magnetic multilayers.14 Applying this high-
sensitivity device to aS/F/S low-resistance junction can
lead to very exciting results.

The different layers are made bye-beam evaporationin
situ at room temperature on a~100! silicon substrate in a
UHV chamber. Using five different masks, we are able
successively evaporate Nb leads, Al, and a window of SiO

FIG. 1. Cross section of an Nb/Al/Gd/Al/Nb junction. The bia
current is applied perpendicular to the layer. The SiO window
fines the width of the junction 100mm3100 mm. Contacts are
made on the Nb leads.
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define the size of the junction as 100mm3100 mm ~see
Fig. 1!. The evaporated thicknesses are measured by a qu
crystal microbalance and controlleda posteriori by Ruther-
ford backscattering measurements, indicating a good a
racy of metallic thicknesses measured with an error of 0
nm.

The pressure in the UHV chamber before and dur
evaporation is a crucial parameter to control the quality
Al/Gd and Al/Y interfaces. We had a base pressure rang
between 1029 Torr and 431029 Torr. Gd is evaporated a
a pressure around 431029 Torr, Al and Nb with pressure of
the order of 531029 Torr, and SiO 231028 Torr. The
evaporation rate was 0.1 nm/s for Gd and 2 nm/s for Al. L
rate and low pressure are of great importance to optimize
quality of our junction.

B. Magnetic and structural characterization

Several methods were used to characterize the Gd la
First, transmission electron microscopy~TEM! images on
Al/Gd reference samples, evaporated under the same co
tions as the junctions, have shown that Gd layers thinner t
2 nm are not continuous, thus imposing a lower bound
samples thicknesses, to make sure that we do not mea
junctions with pinholes. Gd is polycrystalline and the size
grains ranges between 7 and 10 nm. For the smaller th
nesses, the grains are elliptic, of typical dimensions 2
37 nm37 nm; such a granular structure must have an
pact on interface structure.

The magnetic properties of Gd were investigated
means of superconducting quantum interference de
~SQUID! magnetometry. This magnetometer allows us
measure 1027 emu at low field and 1026 emu at high field.
The magnetic field is applied in the plane of the junction. W
used reference samples of size 5 mm long and 2 mm w
evaporated under the same conditions as the junctions,
cause the magnetic signal from the Gd inside the junct
was too low to be measured directly. In Fig. 2, we show
zero-field-cooled~ZFC! and field-cooled~FC! magnetization
curve in a low applied magnetic field (H55 mT). This
curve exhibit a large thermomagnetic hysteresis with an
reversibility temperature (Ti) of 150 K, and a blocking tem-
perature of about 120 K. We estimate that the Curie temp
ture ranges between 50 K and 100 K. This behavior
characteristic of a superparamagnet, in agreement with
granularity of the magnetic layer. Thicknesses between 2
and 11 nm of Gd were studied, showing similar behavi
From the saturation magnetization, the magnetic moment
atom is estimated to be 4mB for all thickness of Gd~see
Table I!, substantially below the Gd bulk moment of 7.6mB .
We attribute this reduction of the saturation magnetizat
compared to the bulk value to frozen spins that do not al
in the applied magnetic field due to spin glass effects a
expected for Gd small grains.15 The eventual existence of a
angle between magnetization and the applied magn
field16 can also lead to such reduction of magnetization.
deed, the magnetization is not necessarily in the plane of
magnetic layer. We now have a good knowledge of the
layer. Above 2 nm, these layers are continuous, polycrys

-

7-2



m
y

no

p
w
c
u
N
on
he
n

e

a
d
l
pe
e
ive
p
iv

re.
al

er-
nce
he

n.
K
i-
the
is

of
e

.2
nd-
ux
hat
of

ga-
per
ess
g a

ns.
by a
oth-

e
ure-

esis-
due
s-
wn
of
the
ive

in
th

e
ti

ss

s

g 4
on

the

TRANSPORT IN . . . PHYSICAL REVIEW B 63 064517
line, and magnetic; all these characteristics will play an i
portant role for understanding the results. In the case of
trium, we used a large thickness of Y such that we do
expect any problems related to the layers continuity.

III. INTERFACE SCATTERING AND TRANSPORT
MEASUREMENTS

A. Results

First, measurements were done to characterize the su
conducting behavior of each junction. In Fig. 3, we sho
classical resistance versus temperature curves. For a low
rent measurement such as 1 mA, two different supercond
ing transitions can be distinguished. The transition of
leads at 7.6 K, and the transition of Gd at 3.2 K. The sec
transition is tunable with the bias current. If we use a hig
current, the first transition remains at 7.2 K, but the seco
transition appears at lower temperature:Tc52.8 K at 2 mA
and Tc51.4 K at 4 mA. This is a good indication that th
second transition temperature is related to the transition
the junction, while the first transition is not affected by
changing bias current. Several different regimes can be
tinguished in theR(T) curve at 1 mA. First, below 3.2 K al
the compounds in the junction are superconducting; a su
conducting current flows through the ferromagnetic lay
Second, between 3.2 K and 7.6 K the junction is resist
Because all the interesting interactions between the su
conducting Al layer and the Gd layer appear in this resist

FIG. 2. Thermomagnetic hysteresis on an 11 nm Gd layer
field of 5 mT. The full squares correspond to the ZFC curve and
open squares to the FC curve, the irreversibility temperature
150K is clearly visible. Inset: hysteresis loop of the same sampl
2 K. The magnetic field is applied in the plane of the magne
layer.

TABLE I. Magnetic moment per atom versus the Gd thickne
The values are almost constant between 3mB and 4mB , indicating a
rather homogeneous magnetic behavior in different thicknesse
Gd.

dGd 2 4 6 10 11

m/mB 2.6 2.7 4.3 3.2 4
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regime, we are going to study it carefully with temperatu
Finally, all the layers including Nb are in the normal met
state above 7.6 K.

The presence of pinholes in the junction can strongly p
turb our interpretation of temperature variations of resista
in the resistive regime of the junction. The study of t
S/F/S supercurrent~intensely studied elsewhere10,11! can
give important information about the quality of the junctio
TheV(I ) characteristic of a junction with 6 nm of Gd at 1
shown in Fig. 4~a! indicates that there is a well-defined crit
cal current and a good Ohmic behavior for currents above
critical current. In order to prove that this critical current
due to a Josephson coupling, we measure oscillations
critical current with a weak applied magnetic field in th
plane of the junction. Oscillations with a periodicity of 0
mT appear, like in classical Fraunhofer pattern, correspo
ing exactly to the penetration of a quantum magnetic fl
(F0) in the junction.11 These measurements assure us t
there is no pinhole in our junction even at low thicknesses
Gd.17 These critical currents decrease exponentially with
dolinium thickness, leading to a penetration depth of Coo
pairs on the order of 2 nm in the range of the Gd thickn
used in these junctions. Furthermore, a description usin
typical resistive shunted junction~RSJ! model helps us to
confirm that Gd layers are continuous inside the junctio
This model assumes that we can describe a real junction
Josephson junction shunted by a resistor. Under this hyp
esis, the voltage in the junction behaves asV(I )
5RAI 22I c

2.18 The solid line in Fig. 4~a! gives the fit of the
V(I ) characteristic of the junction with 6 nm of Gd. Th
excellent agreement between the model and the meas
ments is a second indication that theseS/F/S junctions be-
have as Josephson junctions. Hence, we can trust the r
tive measurements that there will be no spurious effect
to uncontrolled structural quality of the Gd layer. By increa
ing the bias current we can keep the junction resistive do
to low temperature, and by this way study the evolution
the resistance of such junctions in this regime. Close to
critical temperature of the ferromagnetic layer, the resist

a
e
at
at
c

.

of

FIG. 3. Resistance versus temperature in a junction containin
nm of Gd with three different bias currents. Two different transiti
temperatures can be distinguished, one related to the junction~Gd!
between 1.4 and 3.2 K depending of the bias current and one to
superconducting leads in Nb at 7.6 K.
7-3
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O. BOURGEOISet al. PHYSICAL REVIEW B 63 064517
measurement has no physical meaning, the junction bein
a transient regime. But as soon as the bias current is large
a factor of 3 than the critical current, the measured resista
is equal to the normal resistance with an accuracy of
percent following the RSJ model.18 In the following, all re-
sistive measurements@R(T) or R(H)] are made with a bias
current much larger than the critical current of the junctio

In Fig. 4~b!, we plot differentV(I ) characteristics for dif-
ferent temperatures 1 K, 1.5 K, 2 K, and 3 K. If the tempe
ture increases, the critical current decreases as expected
Josephson superconductor/normal conductor/supercond
(S/N/S) junction, but the slope of theV(I ) curves is less and
less steep. By performing resistance versus temperature
surements with high bias current we recover such increa
of resistance at low temperature. In Fig. 5,R(T) with differ-
ent bias currents are shown. At 5 mA the junction has
Ohmic behavior, as controlled byV(I ) measurements, and
strong increase of resistance at low temperature is obser
Curves at 1.5 mA and 2 mA are in the transitory regim
between Josephson and Ohmic regimes. This explains
the resistance for different bias currents are not equal. M
over, as the measuring current is above the critical curr
no superconducting transition temperature of the junction

FIG. 4. V(I ) characteristic for two different junctions.~a! 6 nm
of Gd at 1 K. The resistance of the junction is 2.231025 V. The
solid line corresponds to the fit using the RSJ model. Two differ
parameters were used: the resistance of the junctionR52.2
31025 V and the critical currentI c53.65 mA.~b! 8 nm of Gd in
the junction. Measurements at four different temperatures are
played. The critical currents are at 1 K~circles! I c51 mA; at 1.5 K
~squares! I c50.8 mA; at 2 K~diamonds! I c50.6 mA; and at 3 K
~triangles! I c50.2 mA.
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mains. We have observed such large drops of resistance
all the junctions exhibiting Josephson effect with a saturat
of the increase of resistance at low temperature below 1 K
Fig. 5, this saturation appears for the 5 mA measurem
because the bias current is much higher than the critical
rent of the junction. In some samples there can be a facto
10 between low-temperature and high-temperature resist
values. Resistances range between severalmV and several
mV depending on the sample. The contribution to the re
tance from the Gd bulk can be estimated to less th
1026 V, if we assume that the resistivity of Gd at low tem
perature is around 140mV cm. This estimate is orders o
magnitude below what we measured in our junctions. It i
plies that the major contribution to the resistance comes fr
the interface between Nb/Al and Gd. As expected, the tra
port in such junctions is dominated by interfacial resistan

The increase of resistance at low temperature is an un
pected phenomenon in large nonmesoscopicS/N/S junc-
tions. To the best of our knowledge, no such measurem
have been reported before. It is of great interest to comp
results on Gd-based junctions to the one on Y-based ju
tions. Because Y is a more stable nonmagnetic compound
expect better interface transparency between Al and Y.
resistance versus temperature behavior using a bias cu
of 20 mA on a junction containing 80 nm of Y is shown
Fig. 6. We note that the resistance decreases at low temp
ture. Modulation of critical current with a periodicity of 0.
mT with a weak magnetic field shows a classical Fraunho
pattern inS/N/S junctions, confirming the existence of th
Josephson effect in this junction. Because in Y no depair
process appears, the Y-based junction has a very high cri
current compared to the magnetic Gd-based junctions. It
difficult to measure the resistance below 2 K. High bias c
rents would be needed, leading to a significant heating ef
of the sample. If we assume that the resistivity of Y at lo
temperature is 40mV cm, the resistance of the order o
1 mV is what we expect in the case of bulk resistive dom
nated behavior. Hence, if the resistance comes essen
from the bulk, no increase of resistance at low temperatur

t

is-

FIG. 5. Resistance versus temperature of a junction with 8
Gd for four different bias currents. TheR(T) curve at 5 mA bias
current exhibits a large increase of resistance at low tempera
The increase of resistance saturates at low temperature~below 1 K!.
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observed, confirming that the increasing resistance at
temperature on Gd-based junction is directly related to in
face scattering process.

B. Theoretical interpretation

The problem that arises is to clearly understand the t
perature behavior of a resistive normal-meta
superconductor junction. In our samples, transport meas
ments were made at energy well below the order
magnitude of meV for a superconducting energy gap.
cause of low-resistance samples, voltages above 1mV were
not used. In a classicalN/S sandwich, the zero-temperatu
current is transmitted below the superconducting gap via
dreev reflections only. In the Andreev process, an incom
electron with an energyE below the superconducting gap
reflected as a hole with an energy2E and an opposite wave
vector, whereas a Cooper pair is transferred into
superconductor.19 The origin of energy is taken at the Ferm
level EF50. Blonder, Tinkham, and Klapwijk20 have shown
that the Andreev reflection is weakened when the interfa
elastic process are taken into account in the form of a re
sive potentialV(x)5Hd(x) localized at the interface,x50.
This theory interpolates between a perfect transparent in
face and an insulating barrier as the dimensionless ba
strengthZ5H/\vF increases from zero to infinity. This pa
rameter is directly related to the barrier transparencyT by
T51/(11Z2).

This model allows us to solve the Bogoliubov–de Genn
~BG! equations,21 especially adapted to inhomogeneous s
tems like N/S junctions, by assuming that electronlike
holelike quasiparticles inN or S can be described by plan
waves. It is allowed if the width of the junction is larg
compared to the Fermi wavelength, which is the case in
junction. Solving the BG equations with plane waves, we c
express the current flowing through the junction by transm
sion coefficients,A(E), which is the Andreev reflection
probability coefficient, andB(E), which is the probability
coefficient for retroreflected electrons. Thus, theI (V) char-
acteristics can be calculated leading to the following expr
sions:

FIG. 6. Resistance versus temperature of an Nb/Al/Y/Al/
junction, wheredY580 nm with a bias current of 20 mA. No in
crease of resistance is observed.
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@ f 0~E2eV!2 f 0~E!#@11A~E!

2B~E!#dE, ~3.1!

whereS is the cross section of the junction,N(0) the density
of states at the Fermi level,vF the Fermi velocity, andf 0(E)
the Fermi distribution function, the latter two are supposed
be identical on either side of theS/N junction.

Including the temperature dependence for the superc
ducting gap in the Al/Nb bilayer, which is hard to calcula
in the presence of the proximity effect between the Al a
the Nb layer, does not improve the quality of the fit. Then
simplicity, the superconducting gap of the Al/Nb bilayer
this modelization is set constant in temperature. If we c
sider only perfectly transparent interfaces (Z50), this model
is only valid for small junctions, i.e., a point contact with
moderate number of channels. But, for more resistive in
faces (Z'1), we can extend this model to a larger junctio
like ours. Especially for high values ofZ, this model cor-
rectly describes large superconductor/insulat
superconductor (S/I /S) junctions. Our experiment is of grea
interest because the Gd-based junctions are in a less-kn
intermediate regime betweenS/N low interface resistance
experiments22 and S/I /N or S/I /F insulator junctions.23 By
considering the low-voltage limit (eV!D), we make sure
that I (V) characteristics calculated from Eq.~3.1! has Ohmic
behavior, so we are able to calculate the junction resista
for different barrier interfacesZ. In Fig. 7, we show four
R(T) curves calculated from Eq.~3.1! in the low-voltage
regime for different values ofZ from 1 to 3. We recover a
nonmonotonic behavior in temperature for the junction res
tance, with a drop at low temperature.

Adjustments between experimental data and the B
theory are given in Fig. 8 in two extreme cases of samp
one with a rather low interface resistance (Z51) and one
with a high interface resistance (Z52.5). In such numerica
adjustments, we consider a double-barrier junctionS/N/S,

FIG. 7. Numerical simulation of resistance versus tempera
in a S/N/S junction, in the low-voltage regime using the BTK
theory. Only resistive contacts are considered: 1<Z<3. Tc is the
critical temperature of the superconductor; resistances are in
trary units. We recover the saturation of the increase of resistan
low temperature.
7-5
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where the physics is close to the simple one-barrier mo
described previously. While there is good agreement
tween theory and experiment in the lowZ51 case@Fig.
8~a!#, there is an excellent agreement forZ52.5 @Fig. 8~b!#.
For Z51 the jump of resistance is of a factor of 2.5 and
the case ofZ52.5 the jump is a factor of 10, a significan
increase of resistance. To do these fits, we only used
parameterZ. The agreement in theZ52.5 fit is better be-
cause the junction is much more resistive and hence the B
theory is more suitable in the case of a large junction, as
explained before. In the case of a low-resistance junction
BTK theory cannot provide a good description in the limit
our large junction. We always usedR(T) measurements a
currents far above the critical current to be sure that
junction is largely in a constant-resistance regime. The B
theory in theS/N/S case describes correctly the increase
resistance at low temperature. It is an important confirma
that the interface scattering dominates the transport pro
ties in such Gd-based junctions. At low temperature~below 1
K!, the electron transfer is dominated by Andreev reflectio
This process is strongly perturbed by scattering at the in
face, which explains why the resistances are so high in c
of high-Z barriers. At higher temperature, the decrease

FIG. 8. Fit of the experimental resistance versus tempera
curve for two different samples.~a! Low-resistance sample (R
51.431026 V) with 8 nm of Gd. The measuredTc was Tc

58.2 K. The best fit is obtained forZ51. ~b! High-resistance
sample (R5231023 V) with 4 nm of Gd in the junction. The
measuredTc was Tc57.5 K. Good agreement is obtained forZ
52.5.
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resistance in such junctions is due to thermally activa
electron transfer between theN and theS sides.

In Table II, we summarize the values of the fit parame
Z obtained from the adjustment of all theR(T) data by plot-
ting Z versus different thicknesses of Gd in the junction. N
obvious correlation appears between the thickness of G
the junction and the value of the barrier strengthZ. The
apparent dispersion ofZ values is due to the extreme sens
tivity of the surface quality to growth parameters.

Because Gd is surrounded by a superconductor, it is p
sible to apply BTK theory to our sample. To prove that t
drop of resistance is only related to the presence of su
conductivity, we applied a strong magnetic field in the pla
of the junction. By destroying superconductivity in the A
layer, we should restore the normal-metal interface beha
between Al and Gd. The electron transfer no longer involv
Andreev reflections. In Fig. 9, we show the effect of ma
netic field on Gd- and Y-based junctions. Opposing effe
are observed. Indeed, for the Gd-based junctions@see Fig.
9~a!#, the resistance decreases when applying a magn
field because the magnetic field mimics the effect of te
perature, while in the Y-based junction, applying a magne
field increases the resistance@see Fig. 9~b!#. In this latter
case, the excess of resistance comes from the Al la
switching progressively to the normal state. The characte
tic field between 70 and 100 mT corresponds to the fi
needed to suppress superconductivity in Al layer. These
ditional observations confirm that the BTK theory is pe
fectly adapted to describe our experimental data on the
based junction. On the other hand, BTK theory cannot ma
measurements on Y-based junctions. In such junctions,
interface resistances are present; thus lowZ values would be
necessary to fit the data. We already explained, in the cas
very low interface scattering potential when the bulk res
tance dominated the transport, that the BTK theory is
applicable to our large junctions.

Just considering poor interfaces due to possible dama
surfaces of the Gd layer cannot afford an explanation
such high barrier potentials in UHV evaporated junction
Octavio et al. showed that if there is a Fermi wave vect
mismatch~FWM! between both sides of anN/S junction,22

an effective potential appears even if the interface is p
fectly transparent. Their theory consists of renormalizing
parameterZ to take into account the FWM; they obtain fo
the effective barrier strength

Ze f f5AZ21
~12r !2

4r
, ~3.2!

where Z is the barrier strength without FWM and r is th
ratio of the Fermi velocitiesr 5vF

N/vF
S . In our case, knowing

re

TABLE II. Values of the fit parameterZ for different thick-
nesses of Gd in the junction. No obvious correlation appears
tween the thickness of Gd and the interface potential.

dGd 4 4 6 6 8 10

Z 1.4 2.5 1.2 2 1 2
7-6
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that vF
Gd'53107 cm/s andvF

Al'23108 cm/s we obtainr
50.25. Hence, even if there is a perfectly transparent in
face, meaningZ50, there is a high effective barrier streng
of Ze f f50.75. Thus, a non-negligible part of the potent
barrier can be due to FWM between Al and Gd. We belie
that the other part comes from the presence of a nonc
trolled damaged surface in the Gd layer, which could be
to granularity, partial oxidation of the Gd layer, or wea
pollution of the Gd/Al interfaces.

We did not discuss the impact of the ferromagnetic ch
acter of Gd on the barrier potential. From recent theoretic24

and experimental8,9 works, we know that the presence of
spin polarization at the Fermi surface can strongly supp
Andreev reflections between the ferromagnetic side and
superconductor in anF/S junction. In a ferromagnet de
scribed by a simple Stoner model, one spin population
depleted with respect to the other. Because the incom

FIG. 9. R(H) measurements with the magnetic field applied
the plane of the junctions.~a! Resistance versus magnetic field in
Nb/Al/Gd/Al/Nb junction for different temperatures. By destroyin
superconductivity we restore a classical normal metal/normal m
junction; hence the resistance of the junction at low tempera
decreases.~b! Identical measurements on an Nb/Al/Y/Al/Nb junc
tion. Application of a magnetic field increases the junction res
tance.
06451
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electron of spins is reflected as a hole in the opposite ba
of spin 2s, an Andreev reflection is allowed just to emp
states in the less populated band. Even if the polarizatio
Gd is weak@7–15 % ~Ref. 23!#, the conductance will be
reduced. Me´lin and Bourgeois extended the de Jong
Beenakker theory to a non-(Z50) barrier.25 They showed
that in case of high-Z interfaces, the effect of the Ferm
surface polarization is less effective on the conductance
polarization of 15% in a junction with anZ51 barrier will
lead to a loss of conductance below 1%. Hence, we do
expect a large effect of weak polarization in Gd on the jun
tion resistance.

IV. CONCLUSIONS

In this paper, we describe high-sensitivity transport m
surements on Nb/Al/Gd/Al/Nb and Nb/Al/Y/Al/Nb, two dif-
ferent types ofS/N/S junctions. By comparing Gd-base
junctions to Y-based junctions, where the former is le
stable than the latter, we pointed out the specific resis
behavior of such junctions. We gave a comprehensive
scription of the resistive behavior in suchS/N/S junction by
performing and analyzingV(I ) measurements, the Josephs
effect, and resistance versus temperature and magnetic
measurements.

We showed that in the Gd case, transport measurem
are essentially controlled by interface scattering, while in
Y case resistance comes essentially from the bulk. We d
onstrated this by getting very good agreement between B
theory and our data. This theory, describing Andreev refl
tion in the case of nonideal interface transparency, give
good description of the temperature dependence of the re
tance through high values of the parameterZ, the interfacial
potential. An interesting phenomenon of increase of re
tance at low temperature was observed and is well descr
by the BTK theory. In the case of high-resistance junctio
the resistance can drop up to a factor of 10 at low tempe
ture. This behavior cannot be due to the ferromagnetism
Gd, since the spin polarization at the Fermi energy is too l
in this compound.

On the other hand, the low interface resistance in Y-ba
junction cannot be fitted using this theory. In conclusion,
have shown that in any experiment onS/F systems involving
Gd, contributions of the interfaces to transport properties
hence to proximity effect or any interaction between mag
tism and superconductivity, can be dominant. Any interp
tation of experimental results has to take this into accoun

ACKNOWLEDGMENTS

We wish to acknowledge M.O. Ruault for TEM image
F. Lalu for RBS measurements, and valuable discuss
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