
Upper critical fields and interface transparency in superconductor/ferromagnet bilayers

A. Angrisani Armenio, C. Cirillo, G. Iannone, S. L. Prischepa,* and C. Attanasio†

Laboratorio Regionale SuperMat, CNR-INFM Salerno, and Dipartimento di Fisica “E. R. Caianiello,”
Università degli Studi di Salerno, Baronissi, Salerno I-84081, Italy

�Received 23 November 2006; revised manuscript received 8 February 2007; published 24 July 2007�

Proximity effect in Nb/Pd0.86Ni0.14, Nb/Cu0.46Ni0.54, and Nb/Cu0.42Ni0.58 bilayers has been studied in the
presence of an external magnetic field. Upper critical field measurements, performed in parallel configuration,
reveal a shift of the two-dimensional–three-dimensional crossover temperature, which we relate to the different
interface transparencies of the three analyzed systems.
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I. INTRODUCTION

The interplay between a superconductor �S� and a ferro-
magnet �F� through proximity effect in artificial S /F hybrids
has recently attracted much attention, and many papers have
been devoted to study both fundamental and applicative as-
pects of this intriguing research field.1 This interest has also
been encouraged by development of technology and by the
use of weak ferromagnetic alloys �e.g., PdNi and CuNi� char-
acterized by a larger value of the magnetic coherence length,
�F, allowing one to fabricate heterostructures with thickness
accessible to standard deposition techniques.2,3 One of the
peculiarities of S /F multilayers is that the superconducting
wave function does not simply decay in the F layer but it
oscillates over the characteristic length �F in the direction
perpendicular to the interface. As a consequence, the super-
conducting critical temperature Tc reveals a nonmonotonic
behavior as a function of the thickness of the F layer, dF,4,5

and even spectacular reentrant superconductivity has been
very recently observed experimentally.6 However, one of the
most important ingredients to have good coupling between
the S and F �also very relevant in view of possible applica-
tions� is the quality of the interfaces, which must be explic-
itly considered to model the interaction between the
layers.7–9 The parameter which has been added to the prox-
imity effect theory to describe the role of the boundary
among different layers is the interface transparency, which
has been extensively studied, theoretically and experimen-
tally, for S /F as well as for S /N structures �here N stands for
normal metal�, in particular, in relation to its influence on the
behavior of Tc as a function of dS �the thickness of the su-
perconducting layer� and dF �or dN, the thickness of the nor-
mal layer�.7–14 Also relevant is the expected effect of the
interfaces on the temperature dependence of the critical mag-
netic fields in layered structures. In fact, when the field is
applied in the direction parallel to layers, the Cooper pairs
move crossing the boundaries and, consequently, experienc-
ing the influence of the interface resistance. Despite this fact,
only few papers have been devoted to the study of this aspect
of the proximity coupling both in S /N12,15,16 and S /F cases.17

In the present paper, we study the behavior of the critical
magnetic fields in three different S /F bilayers:
Nb/Pd0.86Ni0.14, Nb/Cu0.46Ni0.54, and Nb/Cu0.42Ni0.58. We
find that the properties of the boundaries strongly influence
the temperature behavior of Hc2�. We argue that the study of

the proximity effect in external magnetic fields seems to be
another tool to get information about the interface properties
in layered systems.

II. SAMPLE PREPARATION AND CHARACTERIZATION

Bilayers were grown on Si�100� substrates in a dual
source magnetically enhanced dc triode sputtering system
equipped with a movable sample holder, which allows one to
fabricate eight different samples in the same deposition run.
The deposition conditions used for the samples studied in
this paper are very similar to those described elsewhere.10,11

As far as Pd1−xNix is concerned, a target with an atomic
percentage x=0.10 was used. Due to its peculiar electronic
structure, the magnetic properties of the Pd based alloys are
extremely sensitive to the concentration of the ferromagnetic
component.18,19 For this reason, the Ni content in our
Pd1−xNix films was checked by Rutherford backscattering
technique, whose accuracy in the thin film compositional
analysis is of the order of 1%. In this way, the Ni percentage
was estimated to be x�0.14.10 In the case of Cu1−xNix al-
loys, the concentration was determined by energy dispersive
spectroscopy analysis. The measured Ni contents were equal
to the nominal values of the Ni atomic percentage in the
starting targets in the limit of the experimental error, esti-
mated to be less than 3%: Cu46Ni54 and Cu42Ni58. Two dif-
ferent sets of bilayers were prepared for each of the S /F
system. In one set, the Nb thickness dNb is fixed at 30 nm,
while the ferromagnetic layer thickness dF is variable. In the
other set, dF is fixed at 30 nm, while dNb changes.

To have information about the quality of the interfaces
and to calibrate the deposition rates, x-ray reflectivity mea-
surements have been performed on bilayers deliberately fab-
ricated. In Fig. 1, the reflectivity profile of a
sub/Cu46Ni54/Nb �where sub denotes the substrate� bilayer
with dNb=21.5 nm and dCuNi=8.2 nm is shown together with
the simulation curve obtained with the Parrat and Nevot-
Croce recursion relation.20,21 The fit also gives information
about the presence of interface roughness � at different in-
terfaces. In this case, both the bottom sub/Cu46Ni54 and the
Cu46Ni54/Nb boundary have a roughness value of about
0.9 nm. A Nb2O5 oxide layer about 2.0 nm thick is also
present on the bilayer surface. Comparable values of � were
also estimated for sub/Cu42Ni58/Nb and sub/Nb/Pd0.86Ni0.14
bilayers.10 A detailed structural characterization of Nb based
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heterostructures, reported in Ref. 12, reveals that these are
the typical roughness values of our films. To prevent Nb
oxidation in the case of the Nb/Cu1−xNix systems,
sub/Nb/Cu1−xNix structures were fabricated, with the top
Cu1−xNix acting as a cap layer. The effect of the Nb oxide
was instead explicitly taken into account in the interpretation
of the results in the case of the measured sub/Pd0.86Ni0.14/Nb
bilayers.10 The magnetic properties of the single ferromag-
netic films present in our systems have been extensively
studied, revealing a well established magnetic ordering at
temperatures well above the measured superconducting criti-
cal temperature of the bilayers.22

III. RESULTS AND DISCUSSION

The superconducting properties, critical temperatures Tc,
and critical fields Hc2, as a function of the temperature, were
resistively measured in a 4He cryostat using a standard dc
four-probe technique on unstructured samples 10 mm long
and 3 mm wide. The distance between the contact pads, in-
dium welded on the films, was around 2 mm. A bias current
of Ibias=0.5 mA was used. To avoid thermoelectric offsets,
the sign of Ibias was reversed at every measurement and the
voltage drop was valuated as the average of the difference
between the two voltage readings. Tc was taken at 50% of
the transition curves, which did not show any hysteretic be-
haviors, since no difference in the Tc values was observed in
the cooling down and in the warming up procedures. The
superconducting critical temperatures for Nb/Cu0.46Ni0.54 bi-
layers as a function of dNb and dCuNi are shown in Figs. 2�a�
and 2�b�, respectively. The critical temperatures of the
samples with dNb�25 nm are not reported since they were
below 1.7 K, the lowest temperature reachable in our cry-
ostat. In performing these measurements no field was applied
to the samples, which are in a demagnetized state. The error
bars are estimated from the difference in temperature at 10%

and 90% of the transitions. Similar Tc behavior has been
obtained also for Nb/Cu0.42Ni0.58 and Nb/Pd0.86Ni0.14
bilayers.10 Following the same procedure used in Ref. 10, we
analyzed the behavior of both Tc�dF� and Tc�dS� in the frame-
work of the theoretical model developed by Fominov et al.9

In the single-mode approximation, the critical temperature of
our bilayers is obtained from the following equations:9,10

ln�TcS

Tc
� = ��1

2
+

�0
2

2

TcS

Tc
� − ��1

2
� , �1�

FIG. 1. Experimental �solid line� and calculated �dashed line�
low-angle reflectivity profile for a sub/Cu46Ni54/Nb bilayer. The
numerical simulation is shifted downward for the sake of clarity.

FIG. 2. �a� Superconducting critical temperatures for
Nb/Cu0.46Ni0.54 bilayers as a function of dNb, for dCu0.46Ni0.54
=30 nm. The line is the result of the theoretical calculations for
�b=1.5 and Eex=12 meV. �b� Superconducting critical temperatures
for Nb/Cu0.46Ni0.54 bilayers as a function of dCu0.46Ni0.54

, for dNb

=30 nm. Different lines �dotted, light and thick solid, and dot-
dashed� are the results of the theoretical fit for different values of �b

and for Eex=12 meV. All the microscopical parameters used in the
model are given in the text.
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�0 tan��0
dS

�S
� = �

AS��b + Re BF� + �

AS��b + BF�2 + ���b + Re BF�
, �2�

where, due to the single-mode approximation, only the real
root �0 of Eq. �1� is considered. Here,

BF = �kF�F
* tanh�kFdF�	−1, kF =

1

�F
*
��kBTc� + iEex

�kBTcS
,

�3�

AS = kS�S tanh�kSdS�, kS =
1

�S


 Tc

TcS
. �4�

� =
	S�S

	F�F
* , �5�

where ��x� is the digamma function, TcS is the critical tem-
perature of the single S layer, and 	S,F are the low-
temperature resistivities.

The parameter �b describes the quality of the barrier, be-
ing related to the interface transparency T through the ex-
pression

�b =
2

3

lF

�F
*

1 − T
T . �6�

In previous equations, the superconducting and ferromag-
netic coherence lengths appear, which can be expressed re-
spectively as follows:

�S =
 
DS

2�kBTcS
, �7�

�F
* =
 
DF

2�kBTcS
. �8�

Here, DS,F are the diffusion coefficients of S and F. �S is
related to the Ginzburg-Landau �GL� coherence length �0 by
the relation �S=2�0 /�, while �F

* is a measure of the diffusive
motion of the Cooper pairs in the ferromagnet and should not
be confused with �F=

DF /Eex, which instead measures
both the decay and the oscillation length of the order param-
eter in F. A large number of microscopical parameters appear
in the model, but part of them can be derived
independently.10 The diffusion coefficients DS,F are related to
the low-temperature resistivities 	S,F through the electronic
mean free paths lS,F by23

DS,F =
vS,FlS,F

3
, �9�

in which

lS,F =
1

vS,F�S,F	S,F
��kB

e
�2

, �10�

where �S,F are the electronic specific heat coefficients and
vS,F are the Fermi velocities. The values for TcS, the critical
temperature of a single Nb film 30 nm thick, is equal to
7.89 K, while for its resistivity a value of 17 �� cm has

been measured. In this way, using �Nb�7�10−4 J /K2 cm3

�Ref. 24� and vNb=2.73�107 cm/s,25 the Nb coherence
length has been evaluated from Eq. �7� to be �Nb=5.6 nm.23

The measured values for the low-temperature resistivities of
the magnetic films 60 nm thick are 	Pd0.86Ni0.14

=20 �� cm,
	Cu0.46Ni0.54

=50 �� cm, and 	Cu0.42Ni0.58
=55 �� cm. In these

cases, however, we assume the ferromagnetic mean free path
to be thickness limited, using an average value of lF
�4 nm. This assumption is due to the fact that the low-
temperature resistivity of the alloys drastically increases for
films thinner than 10 nm,26 so the 	F�dF� dependence should
be taken in to account to reproduce the experimental data. In
addition, in order to apply relations �9� and �10�, the elec-
tronic specific heat coefficients and the Fermi velocities of
the alloys should be known. In our approximation from Eq.
�8�, we get �Pd0.86Ni0.14

* =6.8 nm, �Cu0.46Ni0.54

* =5.9 nm, and
�Cu0.42Ni0.58

* =6.2 nm. At this point, the values of the exchange
energy Eex and of �b for the three systems are the only fitting
parameters in the model.

In the simulation procedure, the �b value was determined
from the vertical position of the Tc�dF� curve, while Eex was
selected to better reproduce the saturation set in. For
Nb/Pd0.86Ni0.14, we get �b=0.6 and Eex=13 meV,10 while for
both the Nb/Cu1−xNix systems, we obtained very similar val-
ues: �b=1.5 and Eex=12 meV. The comparable values of Eex
estimated for the three alloys suggest that the suppression of
the superconducting ordering due to the presence of the dif-
ferent ferromagnets on the Nb in the bilayers is almost
equivalent. The results of the theoretical simulations ob-
tained for the Nb/Cu46Ni54 system with the same values for
both the fixed and fitting parameters are shown as lines in
Figs. 2�a� and 2�b�. In Fig. 2�b�, the best fit curve is reported,
together with three more simulations obtained for different
values of �b. The values of the root mean square �rms� asso-
ciated with the different curves were also considered. The
minimum rms=0.17 was obtained for �b=1.5. Taking into
account the spreading of the experimental data and the rms
value, we estimated the fitting parameter to be �b=1.5±0.3.
Despite the significant data scattering, it is evident that the
Tc�dF� dependence cannot be described by the lower �b value
estimated for the Nb/Pd0.86Ni0.14 bilayers �dashed-dotted line
in Fig. 2�b�	, as also suggested by the higher value of the rms
for this curve �rms=0.26�. We finally obtain �b=1.5±0.3 and
Eex=12±2 meV for both the Nb/Cu1−xNix systems and �b
=0.60±0.15 and Eex=13±2 meV for Nb/Pd0.86Ni0.14.

10

These results point out that the interface transparency of our
Nb/Cu1−xNix interface is lower compared with that of
Nb/Pd0.86Ni0.14. This conclusion is in agreement with other
data presented in the literature.9,26

Even though the presence of a crossover phenomenon in
the temperature dependence of the critical field has been
studied extensively in the past,27,28 the role of the interface
transparency and its influence on Hc2��T� has been experi-
mentally studied only in the case of S /N hybrids, namely,
Cu/Nb/Cu triple layers, obtained with different deposition
techniques.12 It was observed that, according to theoretical
predictions,16 the two-dimensional–three-dimensional �2D-
3D� crossover temperature moves toward a lower value in
the case of higher interface transparency. Interestingly, this
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result was obtained only for smaller values of dNb when the
role played by the S /N interfaces is more relevant.12 For this
reason, among the samples of the series with fixed dF �dF

=30 nm�, we have measured the temperature dependence of
the parallel critical magnetic field for the samples with the
thinnest Nb thickness, namely, dNb=30 nm. The choice of
dF=30 nm was instead motivated by the fact that, at this
thickness value, a saturated Tc�dF� behavior is recovered. In
this regime, the jump of the pair amplitude at the S /F bound-
ary, due to the fulfillment of the quantum boundary condi-
tions, is constant, signature of a constant flux of Cooper pairs
coming from the S layer.8 This condition enables us to com-
pare the results obtained for the different systems, interpret-
ing them only in terms of the different qualities of the barri-
ers. For the sake of clarity, in the following, we will name
these samples using the letters NP or NC, according to
whether the ferromagnetic metal is, respectively, Pd1−xNix or
Cu1−xNix, followed by a number indicating the Ni content of
the alloy. For example, NP14 is the Nb/Pd0.86Ni0.14 bilayer,
while NC58 is the Nb/Cu0.42Ni0.58 one. The samples’ names
and properties are summarized in Table I. The three samples
have comparable values of the critical temperature because
of the similar Nb quality in all the systems. In Fig. 3, the
temperature behavior of the perpendicular, �0Hc2�, and of

the parallel, �0Hc2�, critical magnetic fields for the sample
NC58 are reported. �0Hc2��T� dependence at high tempera-
ture is well described by a square-root fit �light line� down to
T=4.94 K, namely, t=T /Tc=0.99. The only point which de-
viates from the curve is that for T=Tc, which we believe is
not related to a further crossover. On the other hand, at lower
temperatures the experimental data follow a linear fit �thick
line�. In fact, an overall square-root fit of the data gives a
value of 
2=1.42�10−3, while the linear fit at low tempera-
tures gives 
2=0.08�10−3, confirming that the low-
temperature data are better described by a linear relation. The
temperature at which the change in the �0Hc2��T� depen-
dence sets in indicates the crossover temperature Tcr between
a 3D regime, where �0Hc2� is linear, and a 2D regime at
higher temperatures. It is also worthy to mention that the
presence of surface superconductivity can be excluded since
the ratio Hc2� /Hc2� is always higher than 1.7. In Fig. 4, the
�0Hc2��t� dependence is reported for the three S /F bilayers,
together with the indication of the reduced temperature
crossover, tcr=Tcr /Tc. The observed behavior is typical of a
single Nb film measured in parallel field.29 In fact, at lower
temperatures, when ���T��dNb, the film behaves like a 3D
system, while close to Tc, where ���T� diverges, ���T�

TABLE I. Characteristic parameters of the investigated bilayers. dS �dF� is the thickness of the supercon-
ducting �ferromagnetic� layer, Tc is the critical temperature, and tcr is the crossover temperature. def f is the
sample’s effective thickness.

Sample Name
dS

�nm�
dF

�nm�
Tc

�K� tcr

def f

�nm�

Nb/Pd0.86Ni0.14 NP14 30 30 5.67 0.675 9.6

Nb/Cu0.46Ni0.54 NC54 30 30 5.49 0.836 12.8

Nb/Cu0.42Ni0.58 NC58 30 30 5.00 0.820 10.6

FIG. 3. Temperature dependence of the parallel �open circles�
and perpendicular �filled circles� critical magnetic fields for a
Nb/Cu0.42Ni0.58 bilayer with dNb=dCu0.42Ni0.58

=30 nm. The light line
�thick� describes the 3D �2D� �0Hc2��T� behavior. The arrow indi-
cates the crossover temperature Tcr.

FIG. 4. Parallel critical magnetic fields as a function of the
reduced temperature for the three analyzed bilayers with dS=dF

=30 nm: Nb/Cu0.42Ni0.58 �squares�, Nb/Cu0.46Ni0.54 �circles�, and
Nb/Pd0.86Ni0.14 �stars�. The straight lines show the linear 3D behav-
ior below tcr. The numbers indicate the values of the tcr for the three
different systems.
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�dNb and the 2D dependence is observed ��� is the GL
coherence length perpendicular to the plane of the layer�.
Also in these cases, the 
2 test confirms that the low-
temperature data are better reproduced by a linear fit than by
a square-root dependence. We believe that the difference in
the crossover temperature is related to the different qualities
of the interface transparency in the three S /F systems. Our
S /F bilayers, in fact, may be considered as single supercon-
ducting films having a smaller “effective thickness,” def f, be-
cause at the S /F interface, superconductivity is destroyed
due to the proximity effect. For this reason, the higher the
transparency of the barrier, the thinner is def f. Consequently,
for high T values, the 3D-2D crossover moves toward lower
temperatures, because the condition ���def f is fulfilled in a
smaller temperature region.

The behavior of the parallel critical field, in the 3D re-
gime when ���T��dS, is described by the equation30

�0Hc2��T� =
�0

2����0����0�
�1 −

T

Tc
� , �11�

while in the 2D regime for ���T��dS, �0Hc2� is described
by the Tinkham expression30

�0Hc2��T� =

12�0

2����0�d

1 −

T

Tc
. �12�

Here, ���0� ����0�	 is the zero temperature value of the GL
coherence length parallel �perpendicular� to the plane of the
layers, �0 is the superconducting quantum flux, and d is the
sample thickness.

The perpendicular critical magnetic field for a supercon-
ducting film with arbitrary thickness dS always shows a lin-
ear temperature dependence, given by

�0Hc2��T� =
�0

2���
2�0�

�1 −
T

Tc
� . �13�

By a linear extrapolation of the measured critical magnetic
fields down to zero temperature, we have obtained, using
Eqs. �11� and �13�, the values for ���0� for the three bilayers:
��

NP14�0�=5.5 nm, ��
NC54�0�=5.2 nm, and ��

NC58�0�=4.5 nm.
Moreover, since tcr is defined as the temperature at which the
dimensional crossover occurs, it follows that def f is given by
def f ����tcr�. In this way, the values of the superconductors’
effective thicknesses in the different systems were estimated,
giving def f

NP14=9.6 nm, def f
NC54=12.8 nm, and def f

NC58=10.6 nm.
Therefore, this result, def f

NP14�def f
NC54,def f

NC58, confirms the
higher quality of the Nb/Pd0.86Ni0.14 barriers, in accordance
with the Tc measurements. It is interesting to note that the
analyzed samples are characterized by comparable values of
the physical parameters �TcS, �F, Eex, and resistivities�. In
addition, as previously mentioned, the Nb qualities in three
bilayers are very similar. Therefore we believe that the dif-
ferent tcr values are mainly due to the different interface
transparencies of the three systems.

IV. CONCLUSIONS

In conclusion, we have studied the influence of the inter-
face transparency on upper critical magnetic field measure-
ments in different S /F bilayers. We found that the properties
of the barrier strongly influence the temperature dependence
of Hc2�. In particular, the temperature at which the 2D-3D
crossover takes place moves toward lower temperatures for
higher values of the interface transparency. Even tough we
are not able to extract any number for �b from this proce-
dure, the differences in tcr are very pronounced. For this
reason, we believe that the study of the S /F proximity effect
in external fields could give useful information about the
properties of the interfaces.
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