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We have fabricated Nb/Cu/CoFe trilayers, varying the thickness of the Cu or CoFe layer in order to control
the coupling between the superconductivity and the ferromagnetism. The Tc behavior of the Nb/Cu bilayer
exhibits the well-known proximity effect of an SN bilayer. In a Nb/Cu/CoFe trilayer with the thicknesses of
the Nb and CoFe layers fixed, the Tc values increase on two different scales of length as the thickness of the
Cu layer increases: one with a length scale of about 2 nm when the Cu layer is less than 5 nm in thickness and
the other with a length scale of about 68 nm, the normal coherence length of Cu, when the Cu layer is larger
than 5 nm in thickness. Furthermore, in a similar manner to the case of Nb/CoFe, the Tc behavior of a
Nb/Cu/CoFe trilayer as a function of CoFe thickness shows a small dip structure. By employing Usadel
formalism, we deduced all the relevant parameters that can explain our data in a consistent manner. In spite of
the better interfaces in the Nb/Cu/CoFe system, no Tc oscillation as a function of the Cu thickness was
observed, in contrast to the Nb/Au/CoFe system. We will discuss the difference and similarity between the
Nb/Cu/CoFe and Nb/Au/CoFe systems.
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INTRODUCTION

The proximity effect that exists between a superconductor
�S� and a normal metal �N� has been well known for several
decades.1–6 When a normal metal is placed in close contact
with a superconductor, there is finite possibility of finding
the cooper pairs in the normal metal due to the proximity
effect. Therefore, as the normal metal thickness increases,
the Tc of the bilayer decreases exponentially with a charac-
teristic length, �N.4–6 On the other hand, when a ferromag-
netic metal �F� is used instead of a normal metal, the cooper
pairs entering the ferromagnetic region acquire additional
center of mass momentum due to the exchange field. This
adds an oscillating term to the Cooper pair wave function
inside the ferromagnetic region, resulting in oscillatory be-
havior of the Tc of the bilayers as a function of the ferromag-
net thickness,7–22 which is known as the Fulde-Ferrell-
Larkin-Ovchinnikov �FFLO� picture.23,24

In our previous paper,25 we inserted Au as a normal metal
between a superconductor and a ferromagnet in order to
study the interaction between them. In this Nb/Au/CoFe
system Tc oscillation as a function of Au thickness with a
length scale of about 20 nm was observed, although no sat-
isfactory explanation for it has been found yet. In the mean
time the Tc oscillation as a function of Au thickness was
observed again in the epitaxial Nb/Au/Co system26 with a
much smaller length scale, about 2 nm. In this paper, instead
of Au we used Cu, which is known to have good interfaces
with Nb and CoFe, in the hope that a better interface would
prove more effective in promoting the interaction between
the Nb and CoFe layers. We will present the Tc behavior of
the Nb/Cu/CoFe trilayer from our experiments as a function
of the thickness of the Cu or CoFe layers. In addition, we
will analyze our data quantitatively using the method
based19,28 on the Usadel formalism.27

EXPERIMENTAL METHOD

We prepared Nb/Cu bilayer and Nb/Cu/CoFe trilayer
samples by a dc magnetron sputtering system at room tem-
perature. We used 200 nm-oxidized Si wafers of lateral size
2�7 mm2 as our substrates. After the sputtering chamber
was evacuated to 2�10−8 Torr, each film was deposited us-
ing 99.999% pure argon gas at 4 mTorr. First, a Nb �99.95%
pure� layer was deposited simultaneously on several sub-
strates arranged in a line in an area of a holder where the
uniformity of Tc was measured to be within 20 mK. Subse-
quently, Cu �99.996% pure� and Co60Fe40 �99.9% pure� lay-
ers were deposited in situ to prevent Nb oxidation. To reduce
the experimental errors among the samples, we used a
wedge-shaped deposition geometry. By this method, we were
able to obtain a systematic variation in thickness the Cu and
CoFe layers using the natural gradient of the sputtering rate,
created by placing the substrate in an asymmetric position
relative to the center of the target. As the final step, all our
samples were capped by a 3 nm thick Al layer to prevent
oxidation during measurement. The deposition rates of each
layer were 0.299 nm/sec for Nb, 0.248 nm/sec for Cu, and
0.079 nm/sec for CoFe.

The superconducting transition temperature, Tc, of the
sample was measured resistively using a standard DC
4-point method with a 0.1 mA current and determined from a
resistance vs temperature �R vs T� curve using the 10% cri-
terion. Typical rms roughnesses of the Nb single layer,
Nb/Cu bilayer, and Nb/Cu/CoFe trilayer measured by an
atomic force microscope were about 0.17 nm, 0.19 nm, and
0.19 nm, respectively.

RESULTS AND ANALYSIS

R vs T curves of a Nb/Cu bilayer and a Nb/Cu/CoFe
trilayer near Tc with variable thicknesses of the Cu layer are
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presented in Fig. 1. The transition width, corresponding to
the temperature difference between 10% and 90% of the nor-
malized resistance, is about 20 mK for our samples.

As seen in Fig. 2, the Tc of the Nb/Cu bilayer with in-
creasing dCu �thickness of Cu layer� decreases monotonically
from the Tc of a Nb single layer and saturates around dCu
�200 nm. In contrast, the Tc of the Nb/Cu/CoFe trilayer
increases rapidly from the Tc of the Nb/CoFe bilayer as soon
as the Cu layer is inserted until dCu�5 nm and then slowly
approaches a limiting value around dCu�200 nm. As ex-

pected, the Tc values of the Nb/Cu bilayer and Nb/Cu/CoFe
trilayer are the same above dCu�200 nm within experimen-
tal error, because the Nb layer is not affected by the CoFe
layer when the Cu layer is very thick. The saturation value of
the Tc of Nb/Cu/CoFe is lower than for the case of
Nb/Au/CoFe, indicating that the interface resistance be-
tween Nb and Cu layers is smaller than that between Nb and
Au layers. This is because the overall Tc values increase with
the interface resistance of the SN boundary.

A quantitative analysis based on Usadel formalism was
used to analyze the Tc behavior of SN and SNF systems in a
consistent manner, and the calculation procedure was pre-
sented in our previous paper.25 Here, the parameters neces-
sary for the calculation are the TcS �Tc of a Nb single layer�,
� �resistivity�, and � �dirty limit coherence length� of each
metal, �b

SN �the interface parameter between S and N�, �b
NF

�the interface parameter between N and F�, and Eex �the ex-
change energy of F�. We obtained TcS=8.09 K, �Nb
=15.2 �� cm, �Cu=1.9 �� cm, �CoFe=14.8 �� cm, and
Eex=99.4 meV from the separate experiments; TcS was ob-
tained by measuring the Tc of a Nb single layer, � of each
metal by measuring the residual resistivity at 10 K, and Eex
of the CoFe layer from our previous work on Nb/CoFe
bilayers.22 In the calculation, these parameters from the sepa-
rate experiments were inserted as constants and the rest of
the parameters were adjusted to provide a good fit to our
data.

The best fit result for the Nb/Cu bilayers was obtained
with the parameters as �Nb=7.0 nm, �Cu=66 nm, and �b

SN

=0.1. This best fit result is represented as a solid line in Fig.
2 and is in good agreement with our data. The mean free
paths of the Nb and the Cu layers can be calculated from
their coherence lengths. The mean free path of the Nb is
lNb�1.7 nm which is calculated by inserting the �Nb value
and vF=0.56�106 m/sec �Ref. 29� into the definition of the
dirty limit coherence length, �S=��vFlNb/6	kBTcS. By using
the same method, we obtained lCu�55.4 nm for the mean
free path of the Cu. These values satisfy the dirty limit con-
dition and seem reasonable. The interface resistance between
S and N is calculated to be Rb

SNA=0.13�10−11 � cm2 from

�b
SN�

Rb
SNA

�N�N
=0.1 and is indeed very small, especially com-

pared with the value of the Nb/Au case.25

With the same method as used in the Nb/Cu bilayer, we
also calculated the Tc of a Nb/Cu�dCu� /CoFe trilayer, taking
the effect of two interfaces into account. We used the same
parameters as used for the bilayers of Nb and Cu. No fitting
parameters of �CoFe and �b

NF could be made to fit the data of
the small thickness range below dCu�5 nm where Tc in-
creases very rapidly with respect to small variations in dCu.
Except for this small thickness range, the best fit result is
obtained with the parameters as �CoFe=13.5 nm and �b

NF

=0.44. A dash line in Fig. 2 shows this fitting result is in
good agreement with our data. The corresponding interface
resistance between N and F is Rb

NFA=0.88�10−11 � cm2

from the equation, �b
NF�

Rb
NFA

�F�F
.

An expanded view of the Tc behavior of
Nb/Cu�dCu� /CoFe trilayers in the small thickness range of
Cu is shown in the inset of Fig. 2. As soon as a Cu layer is
inserted, the data exhibit a rapid increase in Tc. Because this

FIG. 1. Normalized R vs T curves of Nb�25.4 nm� /Cu bilayers
�solid symbols� and Nb�25.4 nm� /Cu/CoFe�10 nm� trilayers �open
symbols� near Tc with varying Cu thickness. The transition curves
are parallel to each other for all the samples. Resistances were
normalized by the value in the normal state at T=10 K. The Tc

values were determined from the normalized R vs T curves using
the 10% criterion.

FIG. 2. Tc behavior of Nb�25.4 nm� /Cu bilayers �solid symbol�
and Nb�25.4 nm� /Cu/CoFe�10 nm� trilayers �open symbol� as a
function of Cu thickness. The solid �dashed� line is the result of
calculation for the Nb/Cu�Nb/Cu/CoFe� system. Inset: Magnified
view of Tc of Nb�25.4 nm� /Cu�dCu� /CoFe�10 nm� trilayers. The
solid line is a result of first order exponential decaying fit with a
characteristic length of 
−1=2.2 nm.
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increase cannot be understood by using the method based on
Usadel formalism, we analyzed this region by employing a
phenomenological equation TcSNF=Tlim+C*exp�−2dN /
−1*�
similar to the de Gennes-Werthamer theory4–6 of the SN bi-
layer. Unlike the bilayer case, however, the fitting parameter
C* is negative in sign. We obtained the length scale for the
initial increase, 
−1*�2.2 nm. In the case of Au,25 this
length scale was 
−1*�2.0 nm.

In a similar manner, we calculated the length scale of the
thickness range above dCu�5 nm in Nb/Cu�dCu� /CoFe
trilayers with the phenomenological equation above. The re-
sult is 
−1*�68 nm, which is basically the coherence length
of Cu, �Cu=66 nm. Therefore, we need two length scales to
explain Tc behavior in the S /N�dN� /F trilayer. One is 
−1*

�2.2 nm for the “thin” range below dCu�5 nm, and the
other is 
−1*�68 nm for the “thick” range above dCu
�5 nm. Figure 3 shows these two length scales.

In Fig. 2 our data for the Nb/Cu�dCu� /CoFe trilayer agree
well with results calculated using Usadel formalism, in the
range of dCu�5 nm. In the calculation, we considered the
interface to be a hypothetical layer of infinitesimal thickness
and finite resistance. The reason why the calculation result is
not in accord with our data in the range dCu�5 nm is that,
experimentally some finite distance is necessary for the full
effect from the both interfaces to come into play indepen-
dently. The length scale of Cu for the initial Tc increase,
2.2 nm, in the Nb/Cu�dCu� /CoFe trilayer seems too large to
be regarded as a necessary length for the formation of a
continuous Cu layer, especially in view of the roughness of
our samples, about 0.2 nm. Instead, it probably represents
the length scale of the intrinsic scattering mechanism at the
interfaces. This is because, in spite of the much lower vale of
�b

SN=0.1 and �b
NF=0.44 in the case of Nb/Cu/CoFe, com-

pared with �b
SN=1.15 and �b

NF=0.5 in the case of
Nb/Au/CoFe,25 the length scale for the initial Tc increase
did not become smaller.

On the other hand, as a function of dCu, no Tc oscillation
was observed. This is a definite contrast from the case of the
Nb/Au/CoFe system, where we have seen Tc oscillation as a
function of dAu with a period of about 20 nm.25 In order to
confirm the absence of Tc oscillation behavior, we have re-
duced the Nb thickness systematically and have not observed
any sign of Tc oscillation, in contrast to the Nb/Au/CoFe
system, as shown in Fig. 4. It may be the larger interface

parameter �b
SN=1.15 for Nb/Au, namely the large reflectance

at that the Nb/Au interface, that is necessary to observe the
Tc oscillation, since the corresponding interface parameter
�b

SN=0.1 for Nb/Cu is much smaller.
We also studied the Tc behavior while changing the thick-

ness of the CoFe layer in a Nb/Cu/CoFe trilayer with fixed
dNb and dCu. As seen in Fig. 5, the Tc of the trilayer decreases
quickly and monotonically from the Tc of a Nb/Cu bilayer
until the thickness of the CoFe layer reaches about 2 nm, and
then increases slightly to approach a limiting value around
dCoFe�6 nm, resulting in shallow dip feature. The position
and depth of the dip are dCu�2 nm and 60 mK, respectively.
This feature is similar in quality to the feature of the
Nb/CoFe bilayer22 and can be understood through the FFLO
framework,23,24 too. In Nb/Cu/CoFe trilayers, the plateau
shown in the Nb/Au/CoFe trilayer25 due to lack of good
wetting does not exist, again consistent with a smoother mor-
phology and a lower interface resistance.

By calculating the Tc of a Nb/Cu/CoFe�dCoFe� trilayer
using the same method as above, we obtained the same fit-
ting result as for a Nb/Cu�dCu� /CoFe trilayer, except for a
slightly different �b

NF=0.46. We can clearly see that this fit-

FIG. 3. Rescaled view of Tc of Nb�25.4 nm� /Cu�dCu� /
CoFe�10 nm� trilayers �solid square� in Fig. 2. The solid �dashed�
line is a result of first order exponential decaying fit with 
−1

=2.2 nm�68 nm�.

FIG. 4. Tc behavior of Nb/Cu/CoFe�10 nm� trilayers as a func-
tion of Cu thickness for various Nb thicknesses. Even for the thin-
nest Nb case, no clear Tc oscillation was found within our
resolution.

FIG. 5. Tc behavior of Nb�25.4 nm� /Cu�10 nm� /CoFe trilayers
with respect to CoFe thickness. The same symbol type represents
the samples from the same holder. The solid line is a calculation
result explained in the text.
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ting result is in good agreement with our data. This shows
that the parameters we deduced from the fitting of our data
by Usadel formalism are consistent throughout our experi-
ments.

In summary, we have fabricated Nb/Cu/CoFe trilayers in
which we are able to control the coupling between the super-
conductivity and the ferromagnetism by inserting a normal
metal layer, Cu. We have presented the Tc behavior in S/N
bilayer and S/N/F trilayers. We analyzed these by using the
quantitative method based on Usadel formalism and obtained
a good agreement between our data and theoretical predic-
tion except for the thin Cu thickness range in the
Nb/Cu�dCu� /CoFe trilayer. The length scale for the initial Tc

increase, about 2.2 nm, for the Nb/Cu�dCu� /CoFe trilayer
seems to be the distance necessary for the effect of both

interfaces to come into play fully independently. However,
the Tc oscillation behavior as a function of dN in the case of
Nb/Au/CoFe was not observed in the case of Nb/Cu/CoFe.
In the Nb/Cu/CoFe�dCoFe� trilayer, we observed a similar
dip structure to that found in the Nb/CoFe bilayer, consistent
with the parameters obtained from Usadel formalism
�Table I�.
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TABLE I. Summary of the materials parameters of the three materials used in our trilayers.

RMS roughness
�nm�

Material
�

�nm�
�

��� cm�
Eex

�meV� �b
SN �b

NF S S /N S /N /F

Nb 7.0 15.2 0.17

0.1

Cu 66 1.9 0.19

0.44–0.46

CoFe 13.5 14.8 99.4 0.19
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