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We report on high-sensitivity measurements performed on weakly resistive Nb/Al/Gd/AlI/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/AI/Nb exhibit
opposite behavior; hence most resistance comes from the bulk. A theoretical description of the temperature
dependence of the superconductor/ferromagnet/supercond&EoiS) junction resistance is given through a
temperature dependent Blonder-Tinkham-Klapwick theory for an energy range well below the superconducting
gap scale of the AI/Nb bilayer. Such a theoretical description proves that interfacial scattering is of crucial
importance when experimenting 8IF systems using gadolinium.
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[. INTRODUCTION theoretical works showed the impact of interfacial resistance,
especially in spin polarized experjmeﬁfsnn the actual cou-
Although the interface between magnetism and supercoriling betweenS and F films. Zutic and Valls® calculated
ductivity has been studied for a long time, there has been §1at increasing interfacial resistance $iF spin-polarized
renewed interest in studying specific superconductor-eXpe”mentS can modify drastically the results and lead to

magnetic 6-M) systems in the last few years. These studiedVrong interpretations if it is not taken into account. Finally,

were conducted on different devices like su erconductorIn a recent experiment Aartst al* took into account the
. P interface quality between the superconductor and the ferro-
ferromagnet  &-F) superlattices, superconductor/

- ) h magnetic compound in their sample for interpreting the re-
ferromagnet/superconducto§/F/S) junctions, or various gyits. They showed that the transparency of3He interface

S-F mesoscopic systems. Very interesting results were objs tunable by the magnetic behavior of tRdayer.

tained on such systems showing some new aspects of inter- We want to stress that the knowledge of the interface
play between superconductivity and magnetismSiR su-  quality between the superconductor and the ferromagnet is
perlattices, a nonmonotonic decrease of superconductingssential for a good understanding of interaction phenomena
critical temperature was obtained versus the ferromagnetith S-F structures, such as the proximity effect, induced spin
thickness in the multilayel-3 These observations were the Polarization, or the existence ef coupling. Numerous ex-

first evidence of ar junctiorf using low-temperature super- PEriments oré-F systems are done using gadolinii@d) as

conductors. Also, anomalous proximity effects were Ob_the ferromagnetic compound, especially in critical tempera-

tained inS-F mesoscopic experiments, revealing unex ecte(éb”e measurements B F superlattices:” °Because of the
. pic exp ' 9 P well-known chemical instability of gadolinium, we decided
superconducting long distance coherence in magneti

e ) ' IN€Ufy study by transport measurements the interfacial behavior
compounds-’ Recently, important results on spin polariza- of Gd in S/F/S junctions. In this paper, we report on high-
tion at the Fermi level in magnetic compounds were foundsensitivity transport measurements on Nb/Al/Gd/Al/Nb mag-
by spin-polarized experiments between a ferromagnet and getic junctions and Nb/AlI/Y/AI/Nb nonmagnetic junctions.
superconductot?® Because Gd is more easily oxidized than Y, the comparison
More recently, Gandiet al.'° proved the existence of the of electrical measurements in both types of junctions is of
Josephson effect through a ferromagnetic layerSIR/S  great interest to stress the difference between the contribu-
junctions. The presence of a supercurrent was the first dire¢cion coming from interface quality or from bulk properties in
evidence of superconducting coupling through a ferromagthe transport characteristics of such junctions. We then ex-
netic layer, despite a strong pair breaking effect in Fhe pect that transport measurements of Gd junctions are domi-
layer. Moreover, a nonmonotonic decrease of the critical curnated by interface scattering instead of by bulk properties in
rent versus the thickness of the magnetic compound was ¥ junctions. An accurate description of the results are given
good indication for am coupling between both supercon- using a temperature-dependent Blonder-Tinkham-Klapwijk
ducting sides of th&/F/S junction*!? (BTK) theory for Gd-based junctions, proving the specific
The quality of the interface is of great importance to in- behavior of interface resistances in such junctions.
terpret the results in all these experiments. Indeed, several In the first part of this paper we describe the sample
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define the size of the junction as 100mx100 um (see
Fig. 1). The evaporated thicknesses are measured by a quartz
crystal microbalance and controlledposterioriby Ruther-
:idom N ford backscattering measurements, indicating a good accu-
racy of metallic thicknesses measured with an error of 0.25
nm.
b 250 A The pressure in the UHV chamber before and during
evaporation is a crucial parameter to control the quality of
FIG. 1. Cross section of an Nb/AI/Gd/Al/Nb junction. The bias Al/Gd and Al/Y interfaces. We had a base pressure ranging
current is applied perpendicular to the layer. The SiO window debetween 10° Torr and 4<10™° Torr. Gd is evaporated at
fines the width of the junction 10umx100 um. Contacts are a pressure around410™° Torr, Al and Nb with pressure of
made on the Nb leads. the order of 5¢10°° Torr, and SiO 2108 Torr. The
evaporation rate was 0.1 nm/s for Gd and 2 nm/s for Al. Low
preparation and the details of the experimental setup; seconghte and low pressure are of great importance to optimize the
we discuss the magnetic and structural characterization of thguality of our junction.
junction; and finally we describe the results on resistance

measurements and the theoretical interpretation through _ o
BTK theory. B. Magnetic and structural characterization

A11500 A

Several methods were used to characterize the Gd layer.

Il. EXPERIMENTAL ENVIRONMENT First, transmission electron microscofyEM) images on
Al/Gd reference samples, evaporated under the same condi-
tions as the junctions, have shown that Gd layers thinner than

In prior work, S-F superlattices were studied with an ap- 2 nm are not continuous, thus imposing a lower bound on
plied current in the planéCIP) of the layers. These kinds of samples thicknesses, to make sure that we do not measure
measurements lead to information on the critical temperaturginctions with pinholes. Gd is polycrystalline and the size of
of the sandwich. However, because of the uncertainty of thgrains ranges between 7 and 10 nm. For the smaller thick-
number of layers inspected by the measuring current, it doesesses, the grains are elliptic, of typical dimensions 2 nm
not give information on interface resistance or interface scatx7 nmx7 nm; such a granular structure must have an im-
tering. To do this, we designed a specific experiment orpact on interface structure.
Nb/AlI/Gd/AI/Nb junction with the measuring current per-  The magnetic properties of Gd were investigated by
pendicular to the planéCPB. Using the CPP method, we means of superconducting quantum interference device
make sure that the bias current passes through all the layefSQUID) magnetometry. This magnetometer allows us to
without disturbing specular reflections as in CIP measuremeasure 10’ emu at low field and 10° emu at high field.
ments. In these samples, the niobium lay@s nm are the  The magnetic field is applied in the plane of the junction. We
electrodes, and contacts are made on them. We studied tlised reference samples of size 5 mm long and 2 mm wide
interface between a 150 nm aluminum layer and a gadoevaporated under the same conditions as the junctions, be-
linium magnetic layer with thicknesses ranging between Zause the magnetic signal from the Gd inside the junction
and 11 nm or a yttrium layer with a thickness of 80 (see  was too low to be measured directly. In Fig. 2, we show a
Fig. 1). The Al layer is superconducting by proximity effect zero-field-cooledZFC) and field-cooledFC) magnetization
with the Nb layer. We used two different superconductors tacurve in a low applied magnetic fieldH=5 mT). This
separate the transition of the Nb leads and the transition afurve exhibit a large thermomagnetic hysteresis with an ir-
the Al/Gd/Al junction. reversibility temperatureT;) of 150 K, and a blocking tem-

Because all the compounds of the junctions are metallicperature of about 120 K. We estimate that the Curie tempera-
measurements at very low voltage are required. For this puture ranges between 50 K and 100 K. This behavior is
pose, we adapted a dc current method based on a superc@haracteristic of a superparamagnet, in agreement with the
ducting chopper working at 4.2 K, enclosed in a dilution granularity of the magnetic layer. Thicknesses between 2 nm
refrigerator to measure the sample down to 50 mK, whichand 11 nm of Gd were studied, showing similar behavior.
allows us to measure the voltage down to a picovolt with aFrom the saturation magnetization, the magnetic moment per
noise of x 10 * V without magnetic field. Hence, resis- atom is estimated to beud for all thickness of Gd(see
tance of the order ofu{) with current ranging between Table ), substantially below the Gd bulk moment of .
0.1 nA and 10 mA can be easily probed. This technigueWe attribute this reduction of the saturation magnetization
was already successfully applied to very low resistance meazompared to the bulk value to frozen spins that do not align
surements on magnetic multilayéfsApplying this high-  in the applied magnetic field due to spin glass effects as is
sensitivity device to aS/F/S low-resistance junction can expected for Gd small graifs.The eventual existence of an
lead to very exciting results. angle between magnetization and the applied magnetic

The different layers are made leybeam evaporatioin  field'® can also lead to such reduction of magnetization. In-
situ at room temperature on @00 silicon substrate in a deed, the magnetization is not necessarily in the plane of the
UHV chamber. Using five different masks, we are able tomagnetic layer. We now have a good knowledge of the Gd
successively evaporate Nb leads, Al, and a window of SiO tdayer. Above 2 nm, these layers are continuous, polycrystal-

A. Sample design and experimental setup

064517-2



TRANSPORT IN . .. PHYSICAL REVIEW B 63 064517

350 T T T T T ] 3.5 1()-5 r ]
300 fo 13 30107 F :
250 | 1 2510° F :

“g ‘ | ] = -5 b 3
3 200 | oo i F 2010°} :
g 03 -02 01 0 01 02 03 ] =} st ]
2 150 f B (T) o 15107 7
= b ]
100 1.010° F 7

z of :

50 | . 5010° b ]

o B R . 1 0.0 10° &
0 50 100 150 200 250 300 ! 2 3 4 T (K)S 6 7 8

T(K)

. . . FIG. 3. Resistance versus temperature in a junction containing 4
) FIG. 2. Thermomagnetic hysteresis on an 11 nm Gd layer in %hm of Gd with three different bias currents. Two different transition
field of 5 mT. The full squares correspond to the ZFC curve and thefemperatures can be distinguished, one related to the juniion

open squares to the FC curve, the irreversibility temperature goyveen 1.4 and 3.2 K depending of the bias current and one to the
150K is clearly visible. Inset: hysteresis loop of the same sample aéuperconducting leads in Nb at 7.6 K.

2 K. The magnetic field is applied in the plane of the magnetic

layer. regime, we are going to study it carefully with temperature.
Finally, all the layers including Nb are in the normal metal

line, and magnetic; all these characteristics will play an im-state above 7.6 K.

portant role for understanding the results. In the case of yt- The presence of pinho]es in the junction can Strong|y per-

trium, we used a large thickness of Y such that we do noturb our interpretation of temperature variations of resistance

expect any problems related to the layers continuity. in the resistive regime of the junction. The study of the
SIFIS supercurrent(intensely studied elsewhéfé?d can
[ll. INTERFACE SCATTERING AND TRANSPORT give important information about the quality of the junction.
MEASUREMENTS The V() characteristic of a junction with 6 nm of Gd at 1 K
A Results shown in Fig. 4a) indicates that there is a well-defined criti-

cal current and a good Ohmic behavior for currents above the
First, measurements were done to characterize the supegritical current. In order to prove that this critical current is
conducting behavior of each junction. In Fig. 3, we showdue to a Josephson coupling, we measure oscillations of
classical resistance versus temperature curves. For a low cugritical current with a weak applied magnetic field in the
rent measurement such as 1 mA, two different superconducplane of the junction. Oscillations with a periodicity of 0.2
ing transitions can be distinguished. The transition of NbmT appear, like in classical Fraunhofer pattern, correspond-
leads at 7.6 K, and the transition of Gd at 3.2 K. The secondhg exactly to the penetration of a quantum magnetic flux
transition is tunable with the bias current. If we use a highel(®,) in the junction!! These measurements assure us that
current, the first transition remains at 7.2 K, but the secondhere is no pinhole in our junction even at low thicknesses of
transition appears at lower temperatufe=2.8 K at2 mA  GdZl’ These critical currents decrease exponentially with ga-
andT,=1.4 K at 4 mA. This is a good indication that the dolinium thickness, leading to a penetration depth of Cooper
second transition temperature is related to the transition gbairs on the order of 2 nm in the range of the Gd thickness
the junction, while the first transition is not affected by aused in these junctions. Furthermore, a description using a
changing bias current. Several different regimes can be digypical resistive shunted junctioRSJ model helps us to
tinguished in theR(T) curve at 1 mA. First, below 3.2 K all confirm that Gd layers are continuous inside the junctions.
the compounds in the junction are superconducting; a supefFhis model assumes that we can describe a real junction by a
conducting current flows through the ferromagnetic layerJosephson junction shunted by a resistor. Under this hypoth-
Second, between 3.2 K and 7.6 K the junction is resistiveesis, the voltage in the junction behaves &KI)
Because all the interesting interactions between the supetR\/1Z—12.18 The solid line in Fig. 4a) gives the fit of the
conducting Al layer and the Gd layer appear in this resistivey(|) characteristic of the junction with 6 nm of Gd. The
excellent agreement between the model and the measure-
TABLE I. Magnetic moment per atom versus the Gd thickness.ments is a second indication that the¥&/S junctions be-
The values are almost constant betweers &nd 4ug, indicatinga  payve as Josephson junctions. Hence, we can trust the resis-
rather homogeneous magnetic behavior in different thicknesses ?fve measurements that there will be no spurious effect due
Gd. to uncontrolled structural quality of the Gd layer. By increas-
ing the bias current we can keep the junction resistive down
to low temperature, and by this way study the evolution of
wl g 2.6 2.7 4.3 3.2 4 the resistance of such junctions in this regime. Close to the
critical temperature of the ferromagnetic layer, the resistive

deg 2 4 6 10 11
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S
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mains. We have observed such large drops of resistance with
002 L ] all the junctions exhibiting Josephson effect with a saturation
(b) ] of the increase of resistance at low temperature below 1 K. In
R T A A T T T T Fig. 5, this saturation appears for the 5 mA measurement,
0 05 1 15 2 25 3 35 4 because the bias current is much higher than the critical cur-
I(mA) rent of the junction. In some samples there can be a factor of

FIG. 4. V(1) characteristic for two different junctionéa) 6 nm 10 between _Iow-temperature and high-temperature resistance
of Gd at 1 K. The resistance of the junction is 2205 Q. The values. Res'lstances range between se\@fal'and several .
solid line corresponds to the fit using the RSJ model. Two differenf™{2 depending on the sample. The contribution to the resis-
parameters were used: the resistance of the juncBen2.2  tance from the Gd bulk can be estimated to less than
X10°5 Q and the critical currenit,=3.65 mA.(b) 8nmof Gdin 10 ® Q, if we assume that the resistivity of Gd at low tem-
the junction. Measurements at four different temperatures are diggerature is around 14Q.Q) cm. This estimate is orders of
played. The critical currents are at 1(&ircles ;=1 mA;at1.5K  magnitude below what we measured in our junctions. It im-
(squarepl.=0.8 mA; at 2 K(diamond$1.=0.6 mA; and at 3K  plies that the major contribution to the resistance comes from
(triangleg 1.=0.2 mA. the interface between Nb/Al and Gd. As expected, the trans-

port in such junctions is dominated by interfacial resistance.

measurement has no physical meaning, the junction being in The increase of resistance at low temperature is an unex-
a transient regime. But as soon as the bias current is larger lpected phenomenon in large nonmesoscdpid/S junc-
a factor of 3 than the critical current, the measured resistandions. To the best of our knowledge, no such measurements
is equal to the normal resistance with an accuracy of fewhave been reported before. It is of great interest to compare
percent following the RSJ mod#l.In the following, all re-  results on Gd-based junctions to the one on Y-based junc-
sistive measuremenffR(T) or R(H)] are made with a bias tions. Because Y is a more stable nonmagnetic compound we
current much larger than the critical current of the junctions.expect better interface transparency between Al and Y. The

In Fig. 4(b), we plot differentV(l) characteristics for dif- resistance versus temperature behavior using a bias current
ferent temperatures 1 K, 1.5 K, 2 K, and 3 K. If the tempera-of 20 mA on a junction containing 80 nm of Y is shown in
ture increases, the critical current decreases as expected irF@. 6. We note that the resistance decreases at low tempera-
Josephson superconductor/normal conductor/superconductimire. Modulation of critical current with a periodicity of 0.1
(S/N/S) junction, but the slope of thé(l) curvesis less and mT with a weak magnetic field shows a classical Fraunhofer
less steep. By performing resistance versus temperature mgaattern inS/N/S junctions, confirming the existence of the
surements with high bias current we recover such increasel®sephson effect in this junction. Because in Y no depairing
of resistance at low temperature. In Fig.Rg,T) with differ- process appears, the Y-based junction has a very high critical
ent bias currents are shown. At 5 mA the junction has arcurrent compared to the magnetic Gd-based junctions. It was
Ohmic behavior, as controlled By(I) measurements, and a difficult to measure the resistance below 2 K. High bias cur-
strong increase of resistance at low temperature is observertnts would be needed, leading to a significant heating effect
Curves at 1.5 mA and 2 mA are in the transitory regimeof the sample. If we assume that the resistivity of Y at low
between Josephson and Ohmic regimes. This explains whgmperature is 40u{) cm, the resistance of the order of
the resistance for different bias currents are not equal. Moret () is what we expect in the case of bulk resistive domi-
over, as the measuring current is above the critical currenpated behavior. Hence, if the resistance comes essentially
no superconducting transition temperature of the junction refrom the bulk, no increase of resistance at low temperature is
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FIG. 6. Resistance versus temperature of an Nb/AI/Y/AI/Nb  FIG. 7. Numerical simulation of resistance versus temperature
junction, wheredy=80 nm with a bias current of 20 mA. No in- in a S/N/S junction, in the low-voltage regime using the BTK
crease of resistance is observed. theory. Only resistive contacts are considereg:Zi<3. T, is the

critical temperature of the superconductor; resistances are in arbi-
observed, confirming that the increasing resistance at lowary units. We recover the saturation of the increase of resistance at
temperature on Gd-based junction is directly related to interlow temperature.
face scattering process.

©

I=2N(0)euFSf [fo(E—eV)—Tfo(E)][1+A(E)
B. Theoretical interpretation —Eg

The problem that arises is to clearly understand the tem- —B(E)]dE, (3.2
perature  behavior of a resistive normal-metal—
superconductor junction. In our samples, transport measuravhereSis the cross section of the junctioN(0) the density
ments were made at energy well below the order ofof states at the Fermi levelr the Fermi velocity, and(E)
magnitude of meV for a superconducting energy gap. Bethe Fermi distribution function, the latter two are supposed to
cause of low-resistance samples, voltages aboyeViwere  be identical on either side of tH&N junction.
not used. In a classicil/S sandwich, the zero-temperature  Including the temperature dependence for the supercon-
current is transmitted below the superconducting gap via Anducting gap in the Al/Nb bilayer, which is hard to calculate
dreev reflections only. In the Andreev process, an incomingn the presence of the proximity effect between the Al and
electron with an energi below the superconducting gap is the Nb layer, does not improve the quality of the fit. Then for
reflected as a hole with an energyE and an opposite wave simplicity, the superconducting gap of the Al/Nb bilayer in
vector, whereas a Cooper pair is transferred into thehis modelization is set constant in temperature. If we con-
superconductot® The origin of energy is taken at the Fermi sider only perfectly transparent interfac&=0), this model
level E-=0. Blonder, Tinkham, and Klapwiff have shown is only valid for small junctions, i.e., a point contact with a
that the Andreev reflection is weakened when the interfaciamoderate number of channels. But, for more resistive inter-
elastic process are taken into account in the form of a repulfaces g~1), we can extend this model to a larger junction
sive potentialV(x) =H &(x) localized at the interfacex=0. like ours. Especially for high values &, this model cor-
This theory interpolates between a perfect transparent interectly describes large superconductor/insulator/
face and an insulating barrier as the dimensionless barrieguperconductorg/1/S) junctions. Our experiment is of great
strengthZ=H/%Av increases from zero to infinity. This pa- interest because the Gd-based junctions are in a less-known
rameter is directly related to the barrier transpareiidyy  intermediate regime betwee®N low interface resistance
T=1/(1+2?). experiment& and S/I/N or S/I/F insulator junctiong® By

This model allows us to solve the Bogoliubov—de Gennesonsidering the low-voltage limiteV<A), we make sure
(BG) equationg! especially adapted to inhomogeneous sys-that! (V) characteristics calculated from E@.1) has Ohmic
tems like N/S junctions, by assuming that electronlike or behavior, so we are able to calculate the junction resistance
holelike quasiparticles ifN or S can be described by plane for different barrier interface&. In Fig. 7, we show four
waves. It is allowed if the width of the junction is large R(T) curves calculated from Ed3.1 in the low-voltage
compared to the Fermi wavelength, which is the case in ouregime for different values of from 1 to 3. We recover a
junction. Solving the BG equations with plane waves, we camonmonotonic behavior in temperature for the junction resis-
express the current flowing through the junction by transmistance, with a drop at low temperature.
sion coefficients,A(E), which is the Andreev reflection Adjustments between experimental data and the BTK
probability coefficient, andB(E), which is the probability theory are given in Fig. 8 in two extreme cases of samples,
coefficient for retroreflected electrons. Thus, tli®) char- one with a rather low interface resistancé=1) and one
acteristics can be calculated leading to the following expreswith a high interface resistanc&€ 2.5). In such numerical
sions: adjustments, we consider a double-barrier junct®N/S,
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5 T TABLE Il. Values of the fit parameteF for different thick-
1 nesses of Gd in the junction. No obvious correlation appears be-
tween the thickness of Gd and the interface potential.

dog 4 4 6 6 8 10

g
33 z 1.4 2.5 1.2 2 1 2
[ L

2 resistance in such junctions is due to thermally activated

: electron transfer between tiand theS sides.
T P T T T P T T In Table Il, we summarize the values of the fit parameter
0O 01 02 03 04 05 06 07 08 Z obtained from the adjustment of all tR&T) data by plot-
T/Tc ting Z versus different thicknesses of Gd in the junction. No
Wegr——T———— 11— obvious correlation appears between the thickness of Gd in

the junction and the value of the barrier stren@hThe
[ ] apparent dispersion & values is due to the extreme sensi-
15 ] ] L .
I d, =4mm ] tivity of the surface quality to growth parameters. o
[ \ 705 ] Because Gd is surrounded by a superconductor, it is pos-
10L . h sible to apply BTK theory to our sample. To prove that the
- ] drop of resistance is only related to the presence of super-
\ conductivity, we applied a strong magnetic field in the plane
5F E ] of the junction. By destroying superconductivity in the Al
I (b) . o ] layer, we should restore the normal-metal interface behavior
[ ] between Al and Gd. The electron transfer no longer involves
0 o o or Toe Tas T4 Andreev reflections. In Fig. 9, we show the effect of mag-
T/Te netic field on Gd- and Y-based junctions. Opposing effects
are observed. Indeed, for the Gd-based junctimes Fig.
FIG. 8. Fit of the experimental resistance versus temperatur®(a)], the resistance decreases when applying a magnetic
curve for two different samplesia Low-resistance sampleR(  field because the magnetic field mimics the effect of tem-
=1.4x10"° Q) with 8 nm of Gd. The measured. was T,  perature, while in the Y-based junction, applying a magnetic
=8.2 K. The best fit is obtained foZ=1. (b) High-resistance field increases the resistanfsee Fig. @)]. In this latter
sample R=2x10"° Q) with 4 nm of Gd in the junction. The case, the excess of resistance comes from the Al layer
measuredl. was Tc=7.5 K. Good agreement is obtained fdr  syjitching progressively to the normal state. The characteris-
=25 tic field between 70 and 100 mT corresponds to the field
needed to suppress superconductivity in Al layer. These ad-
where the physics is close to the simple one-barrier modeditional observations confirm that the BTK theory is per-
described previously. While there is good agreement befectly adapted to describe our experimental data on the Gd-
tween theory and experiment in the lof=1 case[Fig.  based junction. On the other hand, BTK theory cannot match

8(a)], there is an excellent agreement & 2.5 [Fig. 8(b)]. measurements on Y-based junctions. In such junctions, low
For Z=1 the jump of resistance is of a factor of 2.5 and in interface resistances are present; thus Zovalues would be

the case oZ=2.5 the jump is a factor of 10, a significant necessary to fit the data. We already explained, in the case of

increase of resistance. To do these fits, we only used théergelog\(’):]?itfgftigetﬁgafizgggoftm?hn;laihvghg_?éhtehggrlk irsesr']‘:’)'t
parameterZ. The agreement in th&=2.5 fit is better be- port, y

: o o pplicable to our large junctions.
cause the junction is much more resistive and hence the BTI% Just considering poor interfaces due to possible damaged

R (m<Q)

our large junction. We always usé(T) measurements at mismatch(FWM) between both sides of /S junction??
currents far above the critical current to be sure that theyy effective potential appears even if the interface is per-
junction is largely in a constant-resistance regime. The BTKectly transparent. Their theory consists of renormalizing the
theory in theS/N/S case describes correctly the increase ofparameteiZ to take into account the FWM; they obtain for
resistance at low temperature. It is an important confirmationhe effective barrier strength

that the interface scattering dominates the transport proper-

ties in such Gd-based junctions. At low temperatineow 1 , (1- r)?
K), the electron transfer is dominated by Andreev reflections. Zefr= \ £+ ar
This process is strongly perturbed by scattering at the inter-

face, which explains why the resistances are so high in casghere Z is the barrier strength without FWM and r is the
of high-Z barriers. At higher temperature, the decrease ofatio of the Fermi velocities=v}/vg . In our case, knowing

(3.2
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200 ————————— . electron of spins is reflected as a hole in the opposite band
] of spin — o, an Andreev reflection is allowed just to empty
180 states in the less populated band. Even if the polarization in
160 Gd is weak,[7—15 % (Ref. 23], the conductance will be
_ reduced. Mén and Bourgeois extended the de Jong-
% 140 Beenakker theory to a norZ&0) barrier?® They showed
o that in case of higlZ interfaces, the effect of the Fermi
120 surface polarization is less effective on the conductance. A
100 polarization of 15% in a junction with ad=1 barrier will
lead to a loss of conductance below 1%. Hence, we do not
80 | expect a large effect of weak polarization in Gd on the junc-
150 tion resistance.
5 IV. CONCLUSIONS
4 In this paper, we describe high-sensitivity transport mea-
surements on Nb/AlI/Gd/AI/Nb and Nb/Al/Y/AI/Nb, two dif-
~3 ferent types ofS/N/S junctions. By comparing Gd-based
% junctions to Y-based junctions, where the former is less
o 9 stable than the latter, we pointed out the specific resistive
behavior of such junctions. We gave a comprehensive de-
, scription of the resistive behavior in sus8iN/S junction by
performing and analyzing(l) measurements, the Josephson
ol v v v v effect, and resistance versus temperature and magnetic field
0 20 40 60 80 100 measurements.
H (mT) We showed that in the Gd case, transport measurements

are essentially controlled by interface scattering, while in the
FIG. 9. R(H) measurements with the magnetic field applied inY case resistance comes essentially from the bulk. We dem-
the plane of the junctionga) Resistance versus magnetic field in an gnstrated this by getting very good agreement between BTK
Nb/Al/Gd/AI/NDb junction for different temperatures. By destroying theory and our data. This theory, describing Andreev reflec-
superconductivity we restore a classical normal metal/normal metaign in the case of nonideal interface transparency, gives a
junction; hence the resistance of the junction at low temperatur@ood description of the temperature dependence of the resis-
decreasegb) Identical measurements on an Nb/AI/Y/AI/ND junc- 56 through high values of the paramétgethe interfacial
tion. Application of a magnetic field increases the junction rESis'potentiaI. An interesting phenomenon of increase of resis-
tance. tance at low temperature was observed and is well described
Gd . Al _ by the BTK theory. In the case of high-resistance junctions,
thatvg®~5x10" cm/s andvp'~2x10° cm/s we obtailm  the resistance can drop up to a factor of 10 at low tempera-
=0.25. Hence, even if there is a perfectly transparent intergyre. This behavior cannot be due to the ferromagnetism in
face, meaning =0, there is a high effective barrier strength Gd, since the spin polarization at the Fermi energy is too low
of Z¢4=0.75. Thus, a non-negligible part of the potentialjn this compound.
barrier can be due to FWM between Al and Gd. We believe  On the other hand, the low interface resistance in Y-based
that the other part comes from the presence of a nonconunction cannot be fitted using this theory. In conclusion, we
trolled damaged surface in the Gd layer, which could be dugave shown that in any experiment 8 systems involving
to granularity, partial oxidation of the Gd layer, or weak Gd, contributions of the interfaces to transport properties and
pollution of the Gd/Al interfaces. hence to proximity effect or any interaction between magne-
We did not discuss the impact of the ferromagnetic chartism and superconductivity, can be dominant. Any interpre-
acter of Gd on the barrier potential. From recent theoréfical tation of experimental results has to take this into account.
and experiment&P works, we know that the presence of a
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