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Since a spin-singlet superconductor (SC) and a ferromagnet (FM) have ground states with conicting spin con gurations, the superconducting order in a FM in proximity contact with a SC
is bound to be suppressed. However, a rather long-range proximity e ect has been observed in
a metallic FM of a SC/FM junction. Recently, the possible formation of long-range spin-triplet
pairing at the SC/FM interface has also been claimed. In this study, we examined the superconducting proximity e ect in a simple spin-singlet SC/FM interfacial structure, where the formation
of long-range spin-triplet pairing was highly unlikely. We suggest that the nite resistance reduction
of the FM segment observed in this study due to the proximity contact to a SC is explicable by the
ordinary short-range spin-singlet proximity e ect combined with a current redistribution through
the SC overlay due to the Andreev re ection at the interface of the unpolarized electrons in the
FM.
PACS numbers: 74.50.+r, 74.25.Fy, 74.23.-b
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In a junction between a spin-singlet SC and a magnetic system, the proximity superconducting order extends longer into the magnetic system for weaker magnetic strength, which was clearly demonstrated in a
SC/Kondo-wire bilayer system [5]. In contradiction to
the general expectation, however, even in a simple interfacial structure between a SC and a strong FM, a
large resistance reduction was observed and was interpreted in terms of an unidenti ed strong proximity effect [6]. Ensuing theoretical and experimental studies, however, ascribed the reduction of the resistance
to an artifact such as the domain-wall motion or the
redistribution of the current at the interface [7{9]. In
the current-redistribution model, the resistance reduction was assumed to be mainly due to shunting of the
current through the SC at the SC/FM interface [8]. In
this picture, however, the opening of a quasiparticle energy gap in the SC, which would have prevented polarized normal electrons (or quasiparticles) from shunting
through the SC for a subgap bias, was not taken into
account [10].
To examine the validity of the proximity-related interpretation of the observed resistance reduction in a
SC/FM interface, we fabricated a simple bilayer structure, as shown in Figure 1(a). The sample consists of two
segments in a single FM (Py) wire, where one was in contact with a SC (with corresponding potential di erence
of VFS ), but no contact with a SC was made for the other
segment (corresponding to VF ). We probed the super-

I. INTRODUCTION

The formation of an order in an interface between two
materials with incompatible ground states is of particular interest. The superconducting proximity e ect in a
superconductor (SC)/ferromagnet (FM) interface is such
an example, where the superconducting ground state
consists of a spin-singlet paired state while in the ferromagnetic ground state spins are aligned. The spin-singlet
superconducting order in the FM of a SC/FM interface
is expected
p to survive only over a microscopic length m
= ~D=Eex (Eex: the exchange energy of a FM). For
a conventional metallic FM such as permalloy (Py) or
cobalt (Co), the coherence length becomes at best 1
{ 2 nm, which is too short for the proximity properties
to be conveniently probed experimentally. Due to this
very con icting nature of the order parameters, a SC/FM
interface exhibits rich physical phenomena, like an oscillating [1] and a possible long-range spin-triplet [2] superconducting order in the FM. The former has been studied extensively, which reveals the non-monotonic thickness dependence of the transition temperature, the 0-junction transition of the Josephson e ect, and the
abnormal tunneling density of states [1]. In the meantime, the long-range spin-triplet pairing state has been
proposed recently, on which a lot less experimental investigation has been carried out [3,4].
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Fig. 1. (a) Sample geometry and the measurement con guration. The vertical lighter stripe is a niobium (Nb) overlay
employed as a superconducting electrode, and the horizontal
darker stripe is a permalloy (Py) layer employed as a ferromagnet (FM) channel. (b) Schematics of the current redistribution in a FM in proximity contact with a normal metal
(upper) and a superconductor (lower). The dotted (broken)
line in the upper (lower) drawing represents a normal shunting current (a supercurrent) through the Nb overlay in its
normal (superconducting) state. (c) An allowed Andreevre ection process. When a FM has a nite current polarization p, a 1 p part of the total current can be shunted
through the superconductor while forming Cooper pairs. (d)
A forbidden Andreev-re ection process. A fraction p of the
total current cannot be shunted through the superconductor
because no states are available to form Cooper pairs.

conducting proximity e ect by measuring and comparing
the resistance of the SC-contacted FM segment with that
of the FM segment without a SC contact as a function
of temperature and bias current. The aspect ratio of
the FM layer was designed to be large enough to make
it single-domain-like so as to rule out the possibility of
the formation of the spin-triplet pairing state. A signi cant resistance reduction was observed in the proximitycontact ferromagnetic segment. We show that it can be
analyzed in terms of the short-range spin-singlet proximity e ect along with a simple Andreev-re ection-related
supercurrent shunting through the SC overlay.
II. FABRICATION AND MEASUREMENT

A SC/FM proximity junction was fabricated using
multiple e-beam lithography and deposition processes.
We rst deposited a 500-nm-wide and 15-nm-thick Py
ferromagnetic layer on an oxidized silicon-wafer substrate, followed by the cross deposition of a 500-nm-wide
and 100-nm-thick Nb superconducting overlay, both by
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using an e-beam patterning and lift-o technique. Before we deposited the Nb overlay, the surface of the Py
layer was cleaned by irradiation with a low-energy Ar-ion
beam for 30 seconds at a power of 2.5 W.
The scanning electron microscope (SEM) image of the
sample is shown in Figure 1(a). Sample was mounted in a
dilution fridge with a base temperature of 100 mK. Each
electrical measurement lead was connected to a low-pass
 lter with 5-dB attenuation at 10 MHz. A lock-in ampli er (Stanford Research; SR830) was used to take the
di erential resistance of the sample in a four-probe conguration [see Figure 1(a)]. Unless stated otherwise, the
bias current was applied through leads A and F. The R
vs T curve was taken for a 1-A ac bias current with
a frequency of 13.3 Hz while a 0.1-A modulation with
the same frequency was used to take the di erential resistance in conjunction with a WaveTek 184 function generator for the dc bias sweep.
III. RESULTS AND DISCUSSION

As the temperature is lowered across the superconducting transition temperature Tc from above, the resistance RAFCH (=VFS =I ) of the ferromagnetic Py segment in contact with the SC decreases from 31.9 to
29.4 (Rexp  2.5 ) while the resistance of the neighboring segment of the same length, but without the contact with a SC, RAFBC (=VF =I ), remains the same at
46.8 [see Figure 2(a)]. At higher temperatures around
8.5 K, RAFCH is smaller than RAFBC , which is due to
the current redistribution e ect to be discussed below.
Figure 2(a) clearly indicates the appearance of the superconducting proximity e ect in the Py segment. In
addition, the contact resistance RDFIA (=VIA/IDF ) is
negative when the Nb is in the normal state, but it becomes positive as Nb turns superconducting. The contact resistances in di erent measurement con gurations,
RDFIA , RFDAI , RIADF and RAIFD , show identical values, which indicates that the negative contact resistance
was not caused by the nonuniformity of the interfacial
resistance distribution itself over the junction. The negative resistances in the normal state of Nb, on the other
hand, indicate that the contact resistance was less than
the normal-state sheet resistances of both the Nb and the
Py layers, which led to a nonuniform current distribution
even for a uniform interfacial resistance at the junction.
Figure 2(b) shows the bias current dependence of the
di erential resistance at the base temperature of 100 mK.
In the low-bias region the di erential resistance of the
SC-contacted Py segment (AFCH) is reduced below the
one at a high-enough bias current. In contrast, the resistance of the Py segment without a SC contact (AFBC)
does not change. The contact resistance (DFIA) changes
from positive to negative as the bias current is increased.
The current value giving the pronounced peak (Peak 1)
in the di erential resistance should be the critical cur-
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Fig. 3. Temperature dependence of dV =dI vs I (each curve
is shifted vertically by 3 for clarity). The inner peak reduces
to zero at 7.3 K while the outer peak vanishes at 7.8 K. Inset:
The normalized current positions of the peaks as a function
of normalized temperature. All points merge into a single
curve and follow the Ambegaokar-Barato relation well.

Fig. 2. (a) Temperature dependence of the resistance. The
left vertical axis represents the resistance di erence from the
value at 8.5 K (T > Tc ) while the right axis is the resistance
itself. The label AFCH, for instance, stands for the measurement con guration where the current is applied through
leads A and F and the voltage di erence [VF S ] is measured
between leads C and H. Thus, the con guration DFIA gives
the change in the contact resistance between the Nb and the
Py electrodes. The inset illustrates the schematic geometry
of the sample. WS is the width of the Nb overlay under which
the proximity e ect penetrates vertically into the FM up to
m and l is the spacing between two voltage leads.  is the
length in the FM over which the proximity e ect modi es the
resistance of the FM segment under the assumption that the
superconducting coherence penetrates over the whole thickness of the FM segment. (b) Di erential resistance of di erent
con gurations as a function of bias current at 100 mK with no
magnetic eld applied. The notations for the measurement
con gurations are the same as in (a).

rent of the proximity-induced superconducting region in

the Py segment. In Figure 2(b), one also nds a minor
peak (Peak 2) at a higher bias, the cause of which is not
well understood.
As the temperature is increasesd, Peak 1 vanishes at
7.3 K while Peak 2 survives until 7.8 K (Figure 3). The
vanishing temperatures are close to the superconducting critical temperature of a slightly disordered Nb electrodes. The normalized temperature dependencies of the
two peaks, shown in the inset of Figure 3, merge into
a single curve, which follows the Ambegaokar-Barato type temperature dependence of the critical current well
[11]. Thus, Figure 3 indicates that both peaks are caused
by the proximity contact of a FM with a SC.
Using the resistance decrease of Rexp  2.5 obtained from both the R vs T and the dV=dI vs I curves
for the 1-m-long (l) Py segment in contact with the
Nb overlay, in comparison with that in reference to the
resistance of the Py segement of the same length without a Nb contact (RAFBC = 46.8 ), we estimate the
proximity length () as
Rexp = 53:4 nm:
(1)
 =l
RAFBC

This value turns out to be much longer than the value
of the coherence length expected for an ordinary FM. In
this calculation, the whole thickness of the FM located
underneath the SC of width WS is assumed to be a ected
by the superconducting proximity e ect [see the inset of
Figure 2(a)], which is the usual situation in the normalmetal (NM) at a SC/NM proximity junction. In reality,
however, the superconducting coherence length is likely
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to be shorter than the thickness of the FM layer. Since
the resistance modi ed by the proximity e ect is supposed to depend on the proximity-a ected volume of the
FM the relation   dF = m  WS should hold [see the
inset of Figure 2(a)]. Then, the actual coherence length
(m) is estimated to be
d
15 nm
m =   F = 53:4 nm 
WS
500 nm = 1:6 nm; (2)
p
which is in the range of ~D=Eex .
However, as mentioned above, RAFCH di ers from
RAFBC even in the normal state for T >Tc . This is because a part of the current di used into the Nb overlay
owing to the small contact resistance between the two
materials [see the upper panel of Figure 1(b)]. As a result, the amount of the resistance reduction used above
to estimate m should be re-estimated. For the subgapbias region in the superconducting state of the Nb overlay, quasiparticles are not able to pass through the SC
due to an opening of the energy gap so that only the supercurrent constituted the shunting current in Nb, which
was generated by the Andreev re ection process [10] [see
the lower panel of Figure 1(b)]. Thus, the reference for
the actual resistance reduction (Rreal ) should be the
resistance of the Py segment not in contact with the SC
(AFBC) rather than that of the Py segment in contact
with the SC. The corresponding resistance reduction is
17.4 [=(RAFBC RAFCH ) at 4.2 K], rather than 2.5 ,
which leads to a coherence length of 11.1 nm [=370 nm
 (dF =WS )], 7 times longer than the simple estimate
in Eq. (2).
To explain this large proximity e ect, we rst consider the possibility of the formation of an odd-frequency
spin-triplet pairing state at the SC/FM interface, which
was recently proposed theoretically and was claimed to
have been observed in a few experiments [2{4]. According to the theory, the spin-triplet superconducting
order pin a FM can survive over a macroscopic length
(N = ~D=kB T ) [2] if the FM has an inhomogeneously
magnetized region like a domain wall or a spiral magnetic
moment. In our samples, however, none of these conditions were met because we used a single FM layer with a
high aspect ratio of over 20 [the width was 0.5 m and the
length over 10 m]. In this case, the shape anisotropy energy forces the magnetization to point along the length
direction of the layer, which leads to a single-domain
structure [12].
However, as we see from the SEM image of our sample
[Figure 1(a)], domain walls are likely to be created at the
cross-sections between the voltage probes and the central
ferromagnetic Py layer. In addition, a suciently dense
spin-polarized current can move these domain walls or
switch the magnetization [13,14] toward the region of the
SC/FM interface to act as inhomogeneous magnetization
regions. In our experiment,
however, the highest current
density applied was 1010 A/m2 , which was signi cantly
smaller than
the current density needed to move domain
walls, 1012 A/m2 , as obtained in a real-time magnetic
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force microscope (MFM) measurement [13]. Thus, the
possibility of domain-wall movement is negligibly low.
All these lead to a conclusion that the spin-triplet picture
cannot explain the observed large resistance reduction in
the SC-contacted FM segment.
At this point, it should be mentioned that the long coherence length of 11.1 nm obtained above was estimated
assuming that the bias current ow was uniform through
the FM layer. However, the current uniformity should
not have been maintained because of the current shunting through the SC overlay, where a simple estimate of
the coherence length based on the resistance reduction
was not possible. In this sense, the above-estimated coherence length is not of strict physical signi cance, except for recon rming that the range of penetration of the
superconducting order into the FM was shorter than the
thickness of the FM layer. We will, thus, examine the
validity of the establishment of the proximity e ect at
the SC/FM interface, as revealed in the large resistance
change of the FM segment with the SC overlay, in terms
of current shunting rather than in terms of the range of
penetration of the superconducting coherence into the
FM layer.
A large resistance reduction was also observed previously in other measurements, but without proper interpretation [6]. However, in Ref. 8, it was suggested that
simple current shunting through the SC on top of the FM
could explain the observed anomaly. In that interpretation, however, the opening of a quasiparticle energy gap
in the SC was not taken into account. Since the shunting current through the SC should be a supercurrent
the Andreev-re ection process at the SC/FM interface
should be considered when analyzing the observed resistance reduction.
Figures 1(c) and (d) show the schematics of the
Andreev-re ection process, where process (c) is allowed,
but the process (d) is forbidden. For the allowed process,
an electron forms a Cooper pair with another electron
with the opposite energy, momentum, and spin, called
Andreev re ection, even in the presence of an energy
gap preventing normal electrons from entering into the
SC. Therefore, in a FM/SC junction consisting of a partially polarized FM layer, the unpolarized portion of the
total current (1 p) [p: the current polarization factor]
can di use into the SC because electrons in the portion
can nd pairing partners [Figure 1(c)]. Here, the total
current I can be expressed as a sum of the polarized and
the unpolarized components as
I I
I = I" + I# = pI + (1 p)I; (p = " # ):
(3)
I" + I#
In this model, the maximum reduction factor of resistance with respect to the normal resistance should be
1 p, which is 0.56 { 0.58 using the reported value of
p in permalloy (=0.42 { 0.44) [15]. The ratio obtained
from our measurements
( RR0exp )observed  0:74;
(4)
F
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turns out to be close to the estimated value of 1 p, where
the resistance
of the Py segment located underneath the
SC, RF0 , is about one half RAFBC . This analysis indicates that the resistance reduction in the Py segment in
contact with a SC is caused by the ordinary spin-singlet
proximity e ect, together with the supercurrent shunting of the unpolarized portion of the bias current due to
the Andreev re ection through the SC from a partially
polarized FM. The observed increase of the interfacial
resistance RDFIA , for instance, also indicates that the
spin accumulation took place as only the 1 p fraction
of the interfacial current was allowed to ow by the Andreev re ection upon transiting to the superconducting
state of the Nb overlay.
This study illustrates that the resistance reduction of a
FM segment with a partial spin polarization in a SC/FM
bilayer due to superconducting proximity e ect occurs in
a di erent manner from that of a nonmagnetic normal
metal (NM) segment in a SC/NM bilayer. In the latter, with an  m-long proximity coherence length, the
resistance reduction is usually determined by a portion
twice the lateral extension of the proximity-induced superconducting region (i :e :, twice the coherence length)
plus the lateral size of the SC electrode. However, in
the former, the coherence length is usually even shorter
than the thickness of the FM layer. In this case, the resistance reduction of the FM segment a ected by the superconducting proximity e ect is determined by the supercurrent shunting through the SC overlay rather than
by the propagation of the superconducting order along
the thickness of the FM layer underneath the SC overlay.
Thus, if the SC width occupies a large fraction of the FM
segment, even the short-range spin-singlet proximity effect can reveal itself in a signi cant resistance change of
the FM segment, as in our study.
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