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Depairing current behavior in superconducting Nb/Pdg;Ni,¢ bilayers

C. Cirillo,* A. Rusanov,’ C. Bell, and J. Aarts
Kamerlingh Onnes Laboratory, Leiden University, P.O. Box 9504, 2300 RA Leiden, The Netherlands
(Received 26 November 2006; published 15 May 2007)

We have investigated superconductor/ferromagnetic bilayers consisting of Nb/Pdg;Ni9 with varying thick-
ness of the ferromagnet (F) layer dy in order to compare the behavior of the superconducting transition
temperature 7, with that of the depairing current density J,,. For T.(dF), we find the usual behavior, with a
minimum around dr=3 nm, which signifies the transition to an oscillatory order parameter in the F layer. For
J4p» which was measured down to 7/7,~ 0.5 using a pulsed-current technique, we find that the behavior can
be well described by the Kupriyanov-Lukichev (KL) theory (Fiz. Nizk. Temp. 6, 445 (1980) [Sov. J. Low
Temp. Phys. 6, 210 (1980)]), and therefore also by J,,%(1-7/T,)¥* in the Ginzburg-Landau (GL) regime
close to T.. Extrapolating the GL regime to 7=0 yields JdGIf(O), which, as a function of df, behaves similarly
to T,(dp) with a shallow minimum around dz=3-4 nm. At some temperature below 7, most samples break
away from the KL curve to higher values of J,,, indicating a current-induced breakdown of the inhomogeneous
state. Moreover, we find a significantly increased width of the transition to the normal state in the regime of the

oscillatory order parameter.
DOLI: 10.1103/PhysRevB.75.174510

I. INTRODUCTION

Proximity effects between superconductor/ferromagnet
(S/F) hybrids constitute a very active field of research, due
both to the rich physics originating from the coexistence of
the two competing ordered phases and to the numerous sug-
gestions for the engineering applications for these
heterostructures.! In these systems, superconductivity is sup-
pressed in the superconductor over the coherence length &,
but it is induced in the ferromagnet in a nontrivial way. The
presence of the exchange field E,, in F causes an energy shift
between the quasiparticles of the pair entering the ferromag-
net, and this results in the creation of Cooper pairs with
nonzero momentum.? This implies that the superconducting
order parameter, ¥, does not simply decay in the ferromag-
netic metal, as it would happen in a normal one, but also
oscillates along the direction perpendicular to the interface.
In the dirty limit, and for the case that E, >kgT (with
T the temperature), the behavior can be described by
W ocexp(—x/ Ep)cos(x/ ), where x is the coordinate into the
F layer. In this approximation, &= VADf/E,, measures both
the decay length and the oscillation wavelength of the order
parameter, and is often called the coherence length in the F
metal. The oscillation period is then given by Ap=27&. The
inhomogeneous character of the superconducting order pa-
rameter, which may be interpreted as a manifestation of a
so-called  Larkin-Ovchinnikov-Fulde-Ferrell ~ (LOFF)[34]
phase, reveals itself in a nonmonotonic behavior of all the
parameters depending on the W. Signatures of this inhomo-
geneous state are the well-known nonmonotonic dependence
of the transition temperature 7, on the ferromagnetic layer
thickness d (for a review, see, for instance, Ref. 5) and the
negative critical current in S/F/S Josephson junctions®® (7
junction) or the reversed density of states in S/F/I/N (I an
insulator, N a normal metal) tunnel junctions.’

One of the drawbacks of standard resistive measurements
is that no information is obtained below T, which would be
of interest since 7, is usually quite sensitive to sample prepa-
ration issues and also, e.g., for investigating superconducting
spin valves of type F/S/F,. In such systems, varying the
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relative directions of the magnetization of the two F layers
leads to different values for T, as argued theoretically,!%-!2
but the observed effects are generally small.!*!5 A quantity
sensitive to order parameter changes below T is the depair-
ing current density J,,. A simple advantage of J,, over T, is
that, where 7, probes the maximum value of the supercon-
ducting order parameter in the sample, J,, comes from an
average over the layer thickness, which also involves lower
values of W.!® The aims of this work are to probe the inho-
mogeneous character of the superconducting order parameter
in bilayers of Nb and Pdg;Ni g and to directly compare the
information from 7. and J,, upon varying the PdNi layer
thickness dpyy;. The paper is organized as follows. We first
describe the magnetic characterization of the PdNi layers.
Next we present data on T,.(dpgy;) for constant thickness of
the Nb layer as well as data on T,(dyy,) for constant thickness
of the PdNi layer. Both data sets are used to give a consistent
description of the proximity effect using the model devel-
oped by Fominov et al.'” This yields the microscopic prox-
imity effect parameters, in particular, estimates of the wave-
length A of the order parameter oscillation in the PdNi layer
and the interface transparency parameter y,. Then we present
the data on the current (I)-voltage (V) characteristics and the
ensuing J,,(dpgn;) and we discuss how to analyze them,
guided by the theory of Kupriyanov and Lukichev (KL).'® In
the Ginzburg-Landau regime, we find good agreement be-
tween the two types of measurements, but we also find de-
viations from KL behavior which indicate a breakdown of
the suppression of the order parameter by the F layer at
lower temperatures and/or higher current densities. More-
over, the width of the transition in V(I) to the normal state
appears significantly enhanced above dp=Aj/4, in the re-
gime of the oscillatory order parameter.

II. EXPERIMENTAL DETAILS

Si/Nb/Pd,_,Ni, bilayers were grown on Si(100) sub-
strates in a UHV dc diode magnetron sputtering system with
a base pressure less than 10~ mbar and sputtering argon
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pressure of 4 X 107> mbar. The Nb and Pd,gNij o layers
were deposited at typical rates of 0.1 and 0.2 nm/s, respec-
tively, measured by a quartz crystal monitor calibrated by
low-angle x-ray reflectivity measurements. A Pd;_ Ni, target
with x=0.10 was used. This stoichiometry was not conserved
in the samples as revealed by Rutherford-backscattering
analysis, which gives a Ni concentration of x=0.19. Two
different sets of bilayers were prepared. In order to study the
T, dependence as a function of the ferromagnetic layer thick-
ness, dpgn;i, samples were deposited with constant Nb thick-
ness (dy,=14 nm) and variable thickness of the Pd; ¢;Nig 9
layers. This set is named F. The behavior of T.(dy,) was
investigated on another set of bilayers (set S) consisting of a
Pdy;Nij 19 layer with constant thickness (dpgni=19 nm) and
a Nb layer with variable thickness (dy,=10—150 nm).
Moreover, one set of Nb single films was deposited
(dxy=14-200 nm) in order to study the thickness depen-
dence of both the critical temperature and the electrical re-
sistance. Samples of Pdg;Niy o with different thicknesses
were also fabricated to study the electrical and magnetic
properties of the alloy.'® The critical temperatures were re-
sistively measured using a standard dc four-probe technique
with a commercial Quantum Design physical property mea-
surement system. 7, was defined as the midpoint of the tran-
sition curve. The depairing current measurements were per-
formed on the samples of set F in a dedicated “He cryostat
equipped with a Permalloy screen to minimize the effects of
unwanted external magnetic fields. In this kind of measure-
ments, great care must be taken to assure a uniform current
distribution over the width of the strip?® and to avoid Joule
heating of the samples.”! The first issue requires samples
with a bridge width w comparable with the penetration depth
N\ and the coherence length ¢ of the superconductor, respec-
tively. Recent results'®?? on Nb and MoGe single films and
Fe/Nb/Fe trilayers, however, give us reason to expect uni-
form current distributions for w=1.5 um. A classical
pseudo-4-point geometry (meaning two contacts, each used
for a current and a voltage lead) was defined using e-beam
lithography. The structuring process, consisting of two main
stages (e-beam writing and argon-ion etching), provided
sharp-edged bridges. Figure 1 shows an image of a typical
sample (bridge and contacts) made by electron microscopy.
Since the width of the bridges is sensitive to the treatment of
the photoresist needed in the etching process, the width of
each bridge was checked individually by electron micros-
copy in order to have to correct value for the determination
of the current density. Values were found in the range of
1.5-2.1 um. To avoid sample heating, the V(I) characteris-
tics were measured with a pulsed technique. A Keithley 220
current source provided short current pulses (#,,,
=3-5 ms) with growing amplitude, which were followed by
a long pause (f,4,,=7s). To provide a good thermal ex-
change, the samples were glued with silver paint on the mas-
sive brass sample holder of the insert, in a helium gas pres-
sure of about 10°> mbar. With this method, already
successfully applied to measure J,;,(T) dependence in Nb and
amorphous MoGe thin films,?” test measurements were per-
formed on a single Nb film. The results reconfirmed that
J4p(T) behaves according to KL theory and allowed the esti-
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FIG. 1. Electron microscopy image of a structured Nb/PdNi
bilayer sample for depairing current measurements. The bridge is
1.5 um wide and 15 um long. The contacts for current (/) and
voltage (V) are indicated.

mate of the zero-temperature critical current density JZE’(O)
~9x 10" A/m>.

III. MAGNETIC PROPERTIES

Magnetic characterization was performed on a number of
Pd, g1 Nij 1o single films using a commercial Quantum Design
superconducting quantum interference device magnetometer
(MPMS-5S). In all the reported measurements, the field was
applied parallel to the sample surface. Figure 2 shows the
hysteresis loop of an unstructured film 19.2 nm thick, whose
dimensions and density are 0.8 X 0.55 cm? and 11.41 g/cm?,
respectively. At T=10 K, the saturation magnetization is
M,,=0.35 pp/atom. At a temperature 7=5 K, M, varies
between M,,,=0.27 and 0.35 wp/atom for all the samples in
the thickness range from 3.3 to 70 nm. The Curie tempera-
ture was also determined for a wide set of samples from
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FIG. 2. Magnetization loop for a single PdjgNiy o film,
19.2 nm thick, at 7=10 K. Inset: Remanent magnetic moment m as
a function of the temperature 7 for the same sample, after saturation
at T=5 K; arrows show the direction of the temperature change.
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FIG. 3. Critical temperature 7, versus Nb thickness dy; in
Nb/Pd g¢Nig 19 bilayers of series S (dpgni=19 nm). The thick line
is the result of the theoretical calculations in the single-mode ap-
proximation. The fitting parameters are given in the text. Open sym-
bols refers to single Nb films. The light line describes the phenom-
enological T, thickness dependence of Nb single films. Inset:
thickness dependence of the low-temperature resistivity as a func-
tion of the single Nb thickness. The line is a guide for the eyes.

m(T) measurements. The films were magnetized to saturation
at 5 K, the field was then removed, and m(T) was measured
up to 300 K and down again to 5 K. T,,;, was defined as the
point where irreversibility appears when cooling down the
sample. Typical m(T) behavior is reported in the inset of Fig.
2 for the same film. The Curie temperature can be estimated
to be T¢,;,=~210 K, in agreement with the values reported
for bulk samples at this concentration.”?* The m(T) mea-
surements, performed on samples with different dpyy;, give
no indication of a thickness dependence of T,,;, for dpy;
=3.3-70 nm."

IV. CRITICAL TEMPERATURES

Superconducting transition temperatures 7. were mea-
sured for all sample sets. Figure 3 shows the data for T,.(dy)
(set S), which show the standard behavior for S/F bilayers
with a critical thickness for the S layer df,rz 11 nm. Single
Nb films were also investigated, and the dependence of 7. on
thickness is also shown in Fig. 3. The line through the data
points is obtained from the phenomenological dependence
T.(day)=T.o(1=dy/dyy), with T,,=9.2 K and d,=2.9 nm.
The critical temperature is strongly reduced as the thick-
nesses is lowered below 20 nm. In the same thickness range,
the low-temperature resistivity of the films drastically in-
creases, as shown in the inset of Fig. 3. Measurements of the
upper critical field performed earlier on similar films show
that the latter effect can be connected to a decrease of the
elastic electronic mean free path €, from around 8 nm at
large thickness to less than 2 nm at dy,= 10 nm. We assume
that this is due to smaller grain sizes at the onset of growth.
The decrease of T,, in turn, can be correlated with the in-

crease in resistivity, which follows a universal behavior irre-
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FIG. 4. Critical temperature 7, versus PdNi thickness dpgy; in
Nb/Pd g1 Nij 19 bilayers with constant Nb thickness dy,=14 nm.
Different lines (dotted, thick solid, and light solid) are the results of
the theoretical fit in the single-mode approximation for different
values of 7,. Inset: comparison between the single-mode (thick
line) and the multimode (light line) calculations for E,,=230 K.
The dotted line and the circles are the results of single-mode calcu-
lations for E,,=250 K and E,,=210 K, respectively.

spective of the actual source of the (increased) disorder, as
shown by Park and Geballe.”> The data for the T.(dpgy;) Of
set F (dyp,=14 nm) are given in Fig. 4. The curve exhibits a
rapid drop as the ferromagnetic thickness is increased until a
shallow minimum is reached for dpgy;=3.0-3.5 nm. A
thickness-independent saturation value is observed for dpgy;
above 5 nm.

The behavior of both T.(dy) and T.(ds) can be analyzed in
the framework of the proximity effect model developed in
Ref. 17 based on the linearized Usadel equation. This yields
values for E,, of the F layer and for the interface transpar-
ency parameter vy, with the dual purpose of demonstrating
that these bilayers behave as expected for our materials and
of extracting a value for the oscillation period A in the fer-
romagnet. We follow the same strategy adopted for the de-
scription of Nb/Pd, g¢Ni 14 bilayers,?® but we briefly reiter-
ate the parameters and the formulas used for these
calculations in the Appendix. We start with the F series and
use the following input parameters to model T.(dg). For
dp=0, we use T.g=7.41 K, interpolated from the behavior of
the single Nb films at 14 nm. From py,=17 w{) cm, we es-
timate €,n,=~2.3 nm and &y,~ 5.8 nm, respectively, using
Egs. (Al), (A9), and (A10). For Pd, ¢,Ni, 19, we assume that
the mean free path is thickness limited, and using an
average value of €,pgyy;=3.5nm and the measured
prani=64 uL) cm, we find the coherence length in the ferro-
magnet &,=6.2 nm. The characteristic length & sets the dif-
fusion length scale for Cooper pairs as in a normal metal,
without reference to the exchange energy. It should not be
confused with &-=+\/(ADp)/E,,, which in the dirty limit is
both the superconducting correlation decay length (and
therefore often called the coherence length) and the super-
conducting correlation oscillation length. In fitting, we put
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FIG. 5. V(I) characteristics in the reduced temperature range ¢
=0.70-1 for a Nb/Pdg;Niy ;¢ bilayer with dpgn;=6.4 nm. The in-
set shows the criterion used for Jg, close to T, from the steepest
slope of the curves, with the arrows showing the determined values
for I,

less weight on the data points for very low d, below 1.5 nm,
because €pyy; becomes considerably lower than the average
value. This could have been redressed by making € thickness
dependent, but this does not lead to different insights. A good
fit for T,.(dp) is obtained for E,, =230 K and vy,=0.13, shown
as a solid line in Fig. 4. To demonstrate the sensitivity to 7y,
curves for different values of this parameter are also
displayed, allowing us to estimate an error bar of
,=0.13+£0.02. In a similar way, it is possible to evaluate an
error bar on the exchange energy value (see inset of Fig. 4),
yielding E,,=230+20 K (=20+2 meV). The same param-
eters were used to evaluate T.(dy) (the S series), except that
the intrinsic critical temperature dependence of the single Nb
films was used for 7, with 9.2 K as limiting value for thick
films. The computed curve is given as a solid line in Fig. 3
and shows very good agreement with the experimental data.

From the value of E,=230K, we can extract
&-=2.8 nm. This yields the important value of the oscillation
wavelength N\p=27&=17.6 nm. It is also possible to esti-
mate & directly from the position of the minimum in the
T.(dy) curve, at dpin;=~3.4 nm, since d"™ can be phenom-
enologically related to & by &-~2d™"/0.7w=3.1 nm,?® in
good agreement with the value from E,,. It is of interest to
compare these numbers with those for the alloy Pd;_/Ni,,
with x=0.14. In that case, we found E, =150 K and
v,=0.60. The first value reflects the smaller magnetic mo-
ment in the alloy with x=0.14. The second shows that the
interface transparency of the present set of bilayers is signifi-
cantly higher than in the previous case, which has to do with
the fact that these samples were prepared in a different depo-
sition system.

V. DEPAIRING CURRENTS
A. Temperature dependence of J;,

Next we turn to the measurements of the depairing current
density J,,, also for the F series. Figure 5 shows the V(I)
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FIG. 6. Dependence of the depairing current density J,,(t) on
the reduced temperature 7, for a single Nb film (right-hand scale)
and for some Nb/Pd, gNij 19 bilayers with different dpgy; (left-hand
scale). Note the scale difference of almost an order of magnitude.

transitions in the reduced temperature range r=0.70—1 for
the Nb/Pd, ¢;Niy 19 bilayer with dpgy;=6.4 nm. For all mea-
sured bilayers, the curves close to 7, are broader, while the
transition to the normal state occurs with a sharp jump as the
temperature is lowered. In the first case, the depairing current
was defined by extrapolating the steepest slope in V(I) down
to V=0, as shown in the inset of Fig. 5. At lower tempera-
tures, Jg4, was chosen as the value immediately before the
transition. From these measurements, it is possible to derive
the temperature dependence of the depairing current density,
J4p(T), which is shown in Fig. 6 for a few samples. The first
observation is that the low-temperature value of J,, strongly
decreases in the presence of the PdNi layer, becoming almost
an order of magnitude smaller than the value for the single
Nb film already around dr~2 nm. The second observation is
that all data show an upward curvature with decreasing tem-
perature. This is not unexpected. In earlier work on the sys-
tem Nb/Fe,'® we found that, in the Ginzburg-Landau (GL)
regime close to 7.7 J4, can be described as function of
reduced temperature t=7/T, by the well-known expression

JGHD) = JGH0) (1 = 12, (1)

also in the case that the order parameter is not constant over
the thickness of the superconducting film. As a first step in
the analysis, following Eq. (1), we fit the linear behavior of
J?3 close to T, and extrapolate this to 7=0 in order to extract
J?;L(O) (called JSP for short) and to obtain the normalized
temperature dependence J,(t)/ Jgp for all samples. The nor-
malized behavior allows comparison between samples, as
well as comparison to the universal form given by the theory
of KL,'® as shown in Fig. 7. The first important observation
made from Fig. 7 is that all samples show KL behavior at
least down to r=0.75. Moreover, there is no appreciable de-
viation to values below the KL behavior for any of the mea-
sured samples, except possibly for the one with dp=3.4 nm.
Such deviations would be suggestive of heating effects,?? and
we conclude that these are mainly absent. The second obser-
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FIG. 7. (Color online) Dependence of the depairing current den-
sity J,,, normalized to the extrapolated value Jgp, on the reduced
temperature 7 in Nb/Pd, g;Ni ;¢ bilayers with different dpyy; as in-
dicated. The solid and dotted lines represent the results of the KL
and GL theories, respectively.

vation is that a number of samples show clear positive de-
viations from KL behavior.

In order to discuss this further, we first plot the values of
T, and J?,p as function of dy in Fig. 8. Both dependencies
look quite similar, with ‘]?lp falling off about as quickly as 7'
and saturating around dp=6 nm. Also, it is suggestive to
think that Jgp shows a minimum around dp=4 nm, slightly
higher than the minimum in 7. If the saturation value is
taken at 6 X 10'° A/m?, the minimum is roughly a factor of 2
lower, and therefore even quite deep in comparison with the
minimum in 7,. Unfortunately, the scatter in the data points
is also larger, and the data preclude a firm conclusion with
respect to the minimum. The origin of this scatter is not fully
clear. Thickness variations over the length of the strip are
unlikely, given that Rutherford-backscattering spectroscopy
and x-ray data show very well-defined values, and at the
moment we believe that an unrecognized parameter in the
microstructuring process is responsible. The first conclusion
is that in the Ginzburg-Landau regime J,, measures the same
physics as T, (which might be expected), and possibly even

1.0x10"r T T T . T T T
17
[ ]
8.0x10"F o
16
«— 6.0x10"H
B =
15 =
11
e 4.0x10"F e \oo )
—
1 \o W o] 4
2.0x10 \ S
00 _ ... . . 0o g Ogeg-
0.0 L 1 ..“./. il higl Y
1 2 3 4 5 6 7
)

FIG. 8. T.(dpgy;) dependence (O) compared to Jgp(deNi) behav-
ior (@). The line in T.(dpqy;) is the result of the theoretical fit. The
horizontal dotted lines and the thick line are guides for the eyes.

sol t=0.70 §
ols : : A S
0 1 2 3 4 5 6 7
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FIG. 9. Dependence of the critical current width Al,, of the
transition to the normal state (see text for definition) as a function of
the Pdg1Nij 19 thickness dpgy; at different reduced temperatures .
The dotted lines at 100 A are guides for the eyes.

more sensitively, but that sample preparation as yet proves an
obstacle to gain full benefits.

At lower temperatures, the behavior changes. Our inter-
pretation of the positive deviations of J,, from KL curve is
that below a reduced temperature of about =0.75, the inho-
mogeneous state starts to break up. The high current density
apparently allows a relaxation of the order parameter at the
S/F interface so that more current can be accommodated in
the S layer. The relaxation is far from complete, however,
since the values for J,, are still much below the single film
values. This effect has not been observed before nor has
theoretical work in this regime yet been performed. Looking
more closely at Fig. 7, we also observe, however, that posi-
tive deviations do not occur for all samples. Specifically, the
samples with dp=3.2, 3.4, 4.9, and 6.0 nm stay on the KL
curve, which suggests that around the minimum in 7,, when
the oscillatory state has set in, the superconducting state be-
comes more stable.

B. Transition width of the superconducting state
to the normal state

At low temperatures, the V(I) characteristics show a sharp
jump to the normal state, while close to T, this transition is
broader, as already mentioned. We investigated for all
samples the evolution of the transition width Al,,, which was
defined as the difference between the current at the onset of
a voltage and the current at which Ohmic behavior is recov-
ered. Since in all the measurements a current step of
Lp=10 pA was used, this is also the smallest value for A,.
Values for Al,, are given for different reduced temperatures
in Fig. 9. Around ¢=0.9, all samples show some broadening,
which generally decreases with decreasing temperature and
becomes basically absent around #=0.7. Incidentally, this im-
plies that the positive deviations from the KL curve, dis-
cussed above, are far outside the width of the transition.
Above r=0.7, some structure seems to be present in A/,, as a
function of dp. Looking more closely, we find that for
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dr<<3 nm, the width simply decreases with decreasing ¢, but
that the decrease is slower above this value, and that AJ,,
actually slightly increases at 6 nm. The one anomaly in this
data set is the sample at 4.92 nm. Disregarding that for the
moment, it is suggestive to assume that the increased width
is due to the oscillatory state which sets in above 3 nm and,
more specifically, to the node in the order parameter which is
present in the oscillatory state, with the largest effect around
Np/2. A very similar observation was made on a set of bi-
layer samples of Nb/PdgoNig ;;, where depairing currents
were measured,”® and the transition width peaked around
Np/2.

At the moment, a rigorous explanation for these observa-
tions is not available. What we can remark is that the state
with a node in the order parameter may well be sensitive to
experiments involving a supercurrent. We also want to draw
attention to a recent theoretical prediction, namely, that in
S/F bilayers spontaneous supercurrents may appear along
the interface for certain thicknesses of the F layer in the 7
regime.? In Ref. 29, a two-dimensional (2D) model is ana-
lyzed. It is found that Andreev bound states can pile up
around zero energy when the superconducting order param-
eter changes its sign at the F/I interface (I is the vacuum).
The resulting state is unstable against the occurrence of
spontaneous currents in the plane of the S/F interface. The
currents flow in opposite directions in the S and F layers, the
total current of the system is zero, and the state should be
viewed as a 2D LOFF state. The A7, (dpg;) data offer some
connection to such a state in the sense that the spontaneous
currents and the transport currents both flow along the inter-
face, and therefore may interfere with each other. The broad-
ening might be the result of fluctuations in the S/F interface
transparency or the F layer thickness. At the moment, the
connection is still tenuous. The calculations were for the
clean limit and at 7=0, and actual numbers for the thickness
where the effect occurs may depend on the interface trans-
parency. A more complete explanation will need more data as
well as further development of the theory.

VI. SUMMARY

In this study, we have investigated the behavior of the
superconducting order parameter in Nb/Pd,¢;Nij 19 bilayers
by two different methods. The first is the variation of 7. with
the thickness of the ferromagnetic layer dp. These results
show the expected behavior with a shallow minimum near
drp=3 nm. These data can be quite satisfactorily described by
proximity effect theory, with a value for E,,=230 K, imply-
ing an oscillation wavelength in Pdjg;Nij;9 layer
Ap=17.6 nm. Both are reasonable numbers for this weakly
ferromagnetic alloy. Moreover, we find a quite high interface
transparency (y,=0.13) which emphasizes once more the
suitability of the Nb/PdNi system for these studies. The sec-
ond method is the measurement of the depairing current J,.
From this we have drawn several conclusions. In the
Ginzburg-Landau regime close to T, J,,(#) is found to be
proportional to (1—¢)¥2, similar to single thin superconduct-
ing films. As a function of d, the extrapolated values J,,(0)
show a behavior very similar to T.(dy), with a minimum at
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the slightly higher value of dp=4 nm. The minimum is also
less shallow than in the case of T,(dF), but this is somewhat
masked by a larger sample-to-sample variation. Going to
lower temperatures, J,,(¢) still follows the theoretical
(Kupriyanov-Lukichev) behavior of single films, but at tem-
peratures below r=0.75, we start to observe deviations to
larger-than-expected current densities. We interpret this as a
relaxation of the superconducting order parameter at the S
side of the S/F interface, so that more current can flow
through the sample. We also find, however, that this tendency
to higher current densities is less for larger values of dp, in
the regime where the oscillatory order parameter occurs,
which indicates a higher stability for this state. Finally, we
found that the width of the current-induced transition to the
normal state behaves in a nonintuitive fashion. For small d,
the width goes down with decreasing temperature, but
around dr=6 nm, which is well into the oscillatory state, the
value remains high for a larger range of temperatures (al-
though still close to the GL regime). We have not found a
clear explanation for the latter observation, and we can only
speculate that, around this particular thickness, the appear-
ance of spontaneous supercurrents at the Nb/PdNi interface
may play a role, which, if confirmed, would point to a 2D
LOFF state.
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APPENDIX: PROXIMITY EFFECT CALCULATIONS

Here we briefly reiterate the main formulas used for fit-
ting the data of T,(dr) and T.(ds) (see Sec. IV) in the so-
called single-mode approximation. For details, we refer to
Refs. 17 and 26. We first define the following symbols:

hDg ¥ hDp
&=\ &=\ (A1)
27TkBTcS 27TkBTCS
RpgA
_psks o 22 (A2)
Prér Prér

Here pgr and Dy r are the low-temperature resistivities and
the diffusion coefficients in S and F, respectively, while R is
the normal-state boundary resistivity and A is its area. The
parameter vy is a measure of the strength of the proximity
effect between the S and F metals, while vy, describes the
effect of the interface transparency 7 according to

20,1-T
Y —

T3g T (A3)
F

The critical temperature of the bilayer is then determined by
the equations
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T. 1 QT 1
1n(—‘5>=\1f(—+——°3)—\1r<—), (A4)
T, 22 T, 2

d
Q tan(Qg—S> =W(w,), o,=7T.2n+1), (A5)
with s

Ag(y,+Re Bp) +y

W(w,) =y (A6)

Aglyy+ B>+ ¥(y, +Re By)’

N 1 +iE, sgn w,
Bp=[kp&; tanh(kpd )], ==/ len] + e sen @,
fp kT s

(A7)

1 w,
AS=kS§S tanh(ksds), ks=§_ Wa (AS)
S B+ ¢S

where W(w,) is considered w, independent by taking only
the first value of w=wy=7T,. Here W(x) is the digamma
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function and 7, is the critical temperature of the single S
layer. Several microscopic parameters can be derived from
the experimentally determined resistivities. The coherence
lengths &g 7 can be determined through Eq. (A1), where Dy
is related to the low-temperature resistivity pg r through the
electronic mean free path € by

{
DX=—U);X, X=38S.F, (A9)
in which
1 kg \?
Oy = (D) X=S.,F, (A10)
UxYxPx \ €

where yg r and v - are the electronic specific heat coefficient
and the Fermi velocity of the S, F material, respectively. For
Nb, mp=7X10*J/K?>cm? (Ref. 30) and vg=uvy,=2.73
X107 cm/s.3! For PdNi, we use the Pd Fermi velocity
Up=0pg=2.00X 107 cm/s.3?
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