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We quantitatively study the interface resistance in Ni/Nb multilayers fabricated by sputtering
system. For a fixed Ni layer thickness in Ni/Nb/Ni trilayers, the superconducting temperature Tc

decreases with decreasing Nb thickness. By analyzing the data with the proximity effect, the critical
thickness below which superconductivity vanished was deduced. From current perpendicular to
plane �CPP� measurement interpreted with a one-band series-resistor model, we obtained the CPP
resistivities of Nb and Ni and the unit area resistances of 4.2�0.2 and 1.5�0.4 f� m2 for
superconducting and normal Ni/Nb interfaces. The transparency parameter is directly calculated in
terms of interface resistance. © 2009 American Institute of Physics. �DOI: 10.1063/1.3073657�

Rich interesting phenomena have been found in hybrids
of superconductors �S� and ferromagnets �F� due to the prox-
imity effect between competing orders in the interface. The S
prefers an antiparallel spin orientation in Cooper pairs, while
the F forces the spins to align in parallel by exchange force.
Many studies have been devoted to investigate both funda-
mental and applicative aspects of this unusual research field.1

However, only recently the quality of the interface has been
added to model the interaction between the S and F layers.
An important parameter of interface transparency, �b, has
been used to describe the role of the boundary condition
among different layers depending on interface imperfections,
Fermi velocities, and band structure mismatch.2 Here �b is
defined as the ratio of interface resistance to the product of
resistivity and the Cooper pair penetration depth in the F. It
is usually treated as an adjustable parameter due to difficulty
in direct measurements.3 Recently, the interface resistances,
AR �area A� resistance R�, for both lattice-matched and
lattice-mismatched pairs have become feasible to be calcu-
lated with no free parameters.4 We study the proximity effect
between fcc Ni and bcc Nb with mismatched lattice constant
about 6.7%. Current perpendicular to plane �CPP� measure-
ment is used to determine the interface resistance between Ni
and Nb in both superconducting and normal states. The
quantitative values of ARNi/Nb obtained from the current
work allow us to determine the interface transparency of the
Ni layer without introducing any arbitrary fitting parameter.

Samples were fabricated on Si �100� substrates without
breaking the vacuum during the dc magnetron sputtering so
that samples are of comparable interface quality. The details
of sample preparation, sample geometry, and measuring
techniques were reported in Ref. 5. The superconducting
critical temperature Tc is determined from resistance mea-
surement using a standard four-probe technique with current

flowing in the layer plane. Figure 1 shows the Tc for Ni/
Nb/Ni trilayers as a function of Nb thickness. For CPP cause,
the sample is sandwiched between two circular Nb electrodes
in order for the current uniformity flowing through the whole
sample. In the inset of Fig. 2 is the top view geometry of
CPP configuration where the top and bottom Nb strips are
used for the four-point measurement. Each Nb strip and cir-
cular electrode is 200 nm thick in order to superconduct at
the measuring temperature of 4.2 K. The total thickness and
sample area A were verified with a stylus surface profiler.

The resistivities of bulk Nb and Ni, thicker than 500 nm,
were 8 and 4 �� cm at 10 K. However, the low-temperature
resistivity of the film drastically increased with reducing
thickness, as shown in the inset of Fig. 1. The thickness
dependence of pure Ni resistivity could be described by the

a�Electronic mail: leesf@phys.sinica.edu.tw.

FIG. 1. The superconducting critical temperatures for Ni/Nb/Ni trilayers as
a function of dNb. The solid line is obtained from the theoretical fitting with
parameters of �S=19 nm and �=0.1. Inset: Thickness dependence of the
low-temperature resistivity as a function of the single Ni layer fitted by the
Fuchs–Sondheimer relation.
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Fuchs–Sondheimer relation ��d�=�B�1+ �3l /8d��, where �B

is the bulk resistivity.6 The fit yields �B=4 �� cm and the
mean free path l about 180 nm. The Tc for
Ni�50 nm� /Nb�dS� /Ni�50 nm� trilayers as a function of Nb
layer thickness is shown in Fig. 1. The monotonically rapid
reduction in Tc down to a critical thickness, dcrit, results from
the pair-breaking effect that suppresses the amplitude of the
superconducting wave function near the F /S interface. The
microscopically theoretical model we used to describe the
dependence Tc�dNb� for the Ni/Nb/Ni trilayer is based on
Usadel equation which has been proposed by Radović et al.7

In the single-mode approximation, the decrease in Tc is re-
lated to the effective pair-breaking � parameter by

ln� Tc

Tc0
� = 	�1

2
� − Re 	�1

2
+

�

Tc
Tc0� ,

Ksds tan�KSdS

2
� = 2�1 + i��

dS

�S
tanh�2�1 + i�

dF

�F
� , �1�

with �=�S�S /�F�F which can be taken as the strength of the
proximity effect between the F and S metals. Here �F

=	4
DFM / I0 is the penetration length of the Cooper pair
into ferromagnet and �S is the coherence length of supercon-
ductor. I0 is the spin splitting energy of F, and DF

= �1 /3�F�F���kB /e�2 is the diffusion constant with the elec-
tronic specific heat coefficient �F in the F layer. The Re 	
represents the real part of the digamma function, Tc0 is the
bulk critical temperature, and Ks is the propagation momen-
tum. The I0
100 meV for Ni,8 �F
7.02
�10−3 J /K2 mol,9 and �F
4.1 nm are input parameters to
model Tc�dF�. Due to the fact that Ni has smaller splitting
energy, �F
4.1 nm is longer than the values �Fe�1.2 nm
and �Co�1.3 nm obtained in Fe/Nb/Fe �Ref. 10� and Co/
Nb/Co �Ref. 11� trilayers, respectively. A good fit for �S


19 nm and �
0.1 is shown as a solid line in Fig. 1.
Moreover, it gives a critical thickness dcrit�Ni�=45 nm by
extrapolating the fit to Tc=0.

According to this phase diagram, when the Nb thickness
was thinner than dcrit, we had N /F system; when Nb was
thicker, we had S /F systems. In the present study, four series
of CPP samples were made:

1. Ni�58 nm� / �Nb�108 nm� /Ni�58 nm��N with varying
numbers of bilayers for superconducting state Nb;

2. Ni�78 nm� / �Nb�12 nm� /Ni�78 nm��N with varying
numbers of bilayers for normal state Nb;

3. Ni�dNi� / �Nb�27 nm� /Ni�dNi��7 with seven bilayers and
varying Ni thicknesses; and

4. Ni�78 nm� / �Nb�dNb� /Ni�78 nm��7 with seven bilayers
and varying Nb thicknesses.

Figure 2 presents the total resistance ART, the unit area
resistance on multilayer, versus bilayer number, N, for the
first two series of samples. The ART is linearly proportional
to the number of bilayers for Nb both in the normal and
superconducting states. Since there is no exchange coupling
between Ni and Nb films, a one-band model could be suffi-
cient to describe the linear behavior of ART versus N as
follows:

ART = 2ARF/S�S� + �FtF + N��FtF + �StS + 2ARF/S�NM�� �2�

for normal Nb and

ART = 2ARF/S�S� + �FtF + N��FtF + 2ARF/S�S�� �3�

for superconducting Nb.
Here t’s are the thicknesses and ARF/S�NM�,�S�’s are the

interface resistances between Ni and Nb layers for normal
and superconducting states, respectively. From the series 3
and 4, the CPP resistivities could be determined by measur-
ing the CPP resistance with varying layer thicknesses of Nb
and Ni. Figures 3 and 4 show the ART behavior as a function
of Ni and Nb thicknesses, respectively, for dNb smaller than
dcrit�Ni� and seven bilayers. Following Ohm’s law, the total
resistance is proportional to the thickness. For the Nb and Ni
resistivities are independent of the layer thickness, the one-
band model gives the linear behavior of ART versus thickness
as

FIG. 2. Unit area resistance, ART, vs bilayer number N measured at 4.2 K.
The two sets of samples have Nb thicknesses fixed at 12 and 108 nm,
respectively. The solid lines are global fits for four parameters to the data.
Inset: The top view geometry of the CPP configuration. Sample is sand-
wiched between the two circular Nb electrodes. The top and bottom Nb
strips are used for the four-point measurement.

FIG. 3. Unit area resistance, ART, vs Ni thickness with Nb thickness fixed at
27 nm and N=7 measured at 4.2 K. The dashed line is linear least-squares
fit. The solid line is global fit for four parameters to the data.
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ART = 2ARF/S�S� + 14ARF/S�NM� + 7�StS + 8�FdF �4�

for varying Ni thicknesses with Nb thickness fixed at 27 nm
and

ART = 2ARF/S�S� + 14ARF/S�NM� + 7�SdS + 8�FtF �5�

for varying Nb thicknesses with Ni thickness fixed at 78 nm.
The individual linear least-squares fits of ART versus dNi and
dNb yield slopes �Ni of 4.5 and �Nb of 10 �� cm and are
plotted as dashed lines in Figs. 3 and 4, respectively. Even
though each series of samples could be individually fitted
with the model, there is mutual uncertainty between different
sets, as reported earlier.5 Since the four sets of data share the
same parameters, we treat all resistivities and the interface
resistance as fitting parameters to perform the four-parameter
global fit. The solid lines in Figs. 2–4 are the best global fits
for four parameters to all data and give �Ni

=4.2�0.3 �� cm, �Nb=11�1.0 �� cm, 2ARNi/Nb�NM�
=1.5�0.4 f� m2, and 2ARNi/Nb�S�=4.2�0.2 f� m2. The
latter value is within experimental error of 4.8�0.6 f� m2

that was reported by Fierz et al.12 The transparency param-
eter was then calculated with �b= �ARF/S�NM� /�F�F

�� without
spin-flip scattering, where ARF/S�NM� is the unit area resis-
tance at normal state and �F is the resistivity of F. �F

�

=	
DF /2�KBTC is the penetration length which corresponds
to the actual penetration depth of the Cooper pairs in the F
without considering the exchange field. We deduced the �b

=2.0 for Ni/Nb as S is in the normal state.

When Nb is in the superconducting state, the ARNi/Nb�S�
is larger than ARNi/Nb�NM� in the Ni/Nb system. A spin-up
electron injected from a normal metal is retroreflected at the
interface as a spin-down hole in order to form a Cooper pair
in the S which is described as the Andreev reflection.13 If the
normal metal is replaced by F, the Andreev current at the
S /F interface is partially suppressed by the exchange split-
ting of the conduction band in the ferromagnet. Moreover,
the spin accumulation in the boundary of F leads to an ad-
ditional voltage drop across the interface due to reduced spin
transport into S. These would be the main factor for the
interface resistance of Ni/Nb larger in the superconducting
state than in the normal state.

In summary, the critical thickness in the Ni/Nb/Ni
trilayer structure has been derived within the framework of
proximity theory. We have presented the values of interface
resistance from CPP measurement by the one-band model
with the best fit. The unit area resistances of one pair of the
Ni/Nb interface are 1.5�0.4 and 4.2�0.2 f� m2 at normal
and superconducting Nb states, respectively. The interface
transparency can be directly extracted from the interface re-
sistance. Our results are important for understanding com-
plex interfacial transport for the F /S heterostructures.
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