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Spin-valve effect of the spin accumulation resistance in a double ferromagnet -
superconductor junction
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We have measured the transport properties of Ferromagnet - Superconductor nanostructures,
where two superconducting aluminum (Al) electrodes are connected through two ferromagnetic iron
(Fe) ellipsoids in parallel. We find that, below the superconducting critical temperature of Al, the
resistance depends on the relative alignment of the ferromagnets’ magnetization. This spin-valve
effect is analyzed in terms of spin accumulation in the superconducting electrode submitted to

inverse proximity effect.

PACS numbers: 74.45.+c

At a Normal metal-Superconductor (N-S) junction bi-
ased at a voltage below the superconducting gap A/e,
Andreev reflection is the dominant contribution to trans-
port. Here, one spin-up electron penetrates the supercon-
ductor with a spin-down electron so that a Cooper pair
is formed. This can also be viewed as the reflection of
an electron into a hole.! Since the two electron spin pop-
ulations are involved, Andreev reflection is reduced in a
F-S junction based on a Ferromagnetic (F) metal, and
suppressed in the case of a full spin-polarization.?

Electron transport in F-S hybrid structures exhibits
several remarkable phenomena. Crossed Andreev Reflec-
tion (CAR) is predicted to occur when two normal metal
leads contacting a superconductor are separated by at
most the superconducting coherence length &,:* one elec-
tron from one lead is reflected as a hole in the other
lead. Similarly, an electron can travel from one lead to
the other by elastic co-tunneling (EC).# Experiments on
multi-terminal F-S structures showed a non-local signal
sensitive to the relative magnetization alignment.® This
was attributed to CAR, which is enhanced in a anti-
parallel state (AP) and inhibited in a parallel (P) state.
A similar bias-dependent non-local signal was observed
in N-I-S-I-N planar junctions (I stands for Insulator)®
and N-S multerminal devices.” Spin switches made of one
superconductor sandwiched by two ferromagnetic layers
have been studied close to the superconductivity criti-
cal temperature 7., which was found to be larger in the
AP state than in the P state® in accordance to the ex-
pected proximity effect.® Opposite behaviors were also
observed!? and explained in terms of stray field effects.!!
At a F-S junction, a spin-polarized current is converted
into a spinless current.'? This occurs in the ferromag-
netic metal on a characteristic length scale given by the
spin relaxation length Asr. Electrons with the minority
spin then accumulate close to the interface, which induces
an extra resistance of amplitude determined by a length
Asf. In a F-1-S tunnel junction, quasi-particules can be
injected only at an energy above the gap, generating a
large spin-accumulation resistance.®

Although non-local mechanisms, spin switch and spin
accumulation effects can coexist in hybrid nanostruc-
tures, their relative contribution to electron transport has
been little studied. In this paper, we address the spin-
dependent transport at the junction between two ferro-
magnetic leads and a superconductor, in the regime of a
metallic contact. We observe a bias-dependent spin-valve
effect, which we analyze in terms of spin accumulation in
the superconducting electrode submitted to inverse prox-
imity effect.

Fig. 1 a, b show the two sample geometries that we
have investigated. In every case, two superconducting Al
reservoirs or wires are connected through two Fe ellip-
soids in parallel. We have chosen an ellipsoidal shape in
order to ensure a single magnetic domain regime within
one ellipsoid. The spacing between the Fe ellipsoids was
varied between 100 and 500 nm. The separation between
the two Al reservoirs is 100 nm, which is much larger
than the proximity effect decay length in a ferromagnetic
metal. This means that the two superconducting inter-
faces of the same ellipsoid are decoupled. Geometry a)
is designed to have bulk Al contacts with voltage probes
close to the interface, while geometry b) reduces signifi-
cantly the influence on the Al electrodes of the stray field
induced at the Fe ellipsoids ends. The fabrication pro-
cedure starts from epitaxial Fe films that were grown on
a MgO substrate at room temperature under a residual
pressure below 10~ mbar and annealed at 600 °C for 3
h. The films are 40 nm thick and protected by a 3 nm
layer of Pt or Au. First, the Fe ellipsoids are patterned
by e-beam lithography and Ar ion-etching. After a sec-
ond e-beam lithography, a 70 nm Al film is deposited on
a resist mask and lifted-off. Prior to the deposition of Al,
the protection layer is removed by a soft ion-milling.

In a given sample, the two ellipsoids have been made
with different dimensions (900 x100 nm? and 500 x 150
nm?) in order to obtain different coercive fields. Fig. 1c
displays the topographical and the magnetic images of
the same area of a test sample featuring a large number
of Fe ellipsoids pairs. The magnetic images were acquired



FIG. 1: (Color online) Top: Micrographs of the two sample
geometries based on a Fe ellipsoids pair together with the
measurement, connections. (a) The two wide Al pads have
voltage probes close to the interface. (b) The two Al wires
do not overlap the ends of the ellipsoids, where the largest
stray field is induced. Bottom: (c¢) Topographical (left) and
magnetic (right) images of the same area of a test sample
made of a large number of Fe ellipsoids pairs. The magnetic
image was taken at a magnetic field of 30 mT after having
polarized the sample in the opposite direction at - 200 mT.
The pairs indicated by a circle show an anti-parallel (AP)
magnetization state.

with a Magnetic Force Microscope (MFM) and give ac-
cess to the perpendicular to the surface component of
the magnetic field gradient. Fig. 1c data was acquired
at a moderate in-plane magnetic field of 30 mT after
full polarization of the sample in the opposite direction
at - 200 mT. For every ellipsoid, the magnetic image is
compatible with a single magnetic domain configuration.
Although all ellipsoids pairs were made identically, part
of them show an AP magnetization configuration, mean-
ing that the short ellipsoid has switched, while the long
one remains pinned. This scattering is presumably due
to slight changes in the precise ellipsoids geometry. For
instance, it is expected that the ellipsoid edge roughness
plays a significant role in the exact value of the coercive
field. Based on the full series of measurements, we find
that the switching fields of the ellipsoids are about 30
mT for the short one and 50 mT for the long one, with
significant variations from one sample to the other.

We have measured the electron transport properties of
a series of samples at very low temperature down to 260
mK. We used a lock-in technique with an a.c. current of
amplitude 100 to 200 nA superposed to a d.c. bias cur-
rent. Here we present experimental data from one sample
(Sample 5) out of 8 samples showing a similar behavior.
It is of geometry a) and was measured in a 2-wire config-
uration, unless otherwise specified. The data displayed
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FIG. 2: (Color online) Probe magnetic field dependence of
Sample 5 zero-bias differential resistance at 310 mK. Red
square (blue circular) dots: the Fe ellipsoids are first polar-
ized with + (-) 300 mT magnetic field and the differential
resistance is measured at zero external magnetic field with
decreasing (increasing) probe fields.

here was acquired at zero applied magnetic field.

Let us first discuss the spin-valve effects in our sam-
ples. First we polarized the two ellipsoids magnetizations
with a magnetic field of absolute value 300 mT. After-
wards and for every data point, we applied for about 1
s a probe magnetic field of a varying value. The field
is then ramped back to zero and the resistance is mea-
sured. This procedure is repeated at a series of values
for the probe magnetic field, starting from the polariza-
tion field and until a field opposite in sign is reached. In
this way, we systematically measure the resistance of the
device in different magnetization configurations, without
the parasitic effects of a non-zero magnetic field.

Fig. 2 shows an example of such a measurement, where
the horizontal axis indicates the probe magnetic field that
was applied just before the measurement. We observe
sharp stepwise changes of the resistance, with two sym-
metric domains featuring a lower value. The values of
the probe magnetic field at the resistance changes are
compatible with the switching fields of the two different
ellipsoids. In this respect, we ascribe the low-resistance
domains to the regime of AP magnetizations (7| or [1).
Both at smaller field and at higher field, the resistance
is higher and constant within the measurement accu-
racy. We ascribe these states to a P configuration (||
or 17). The resistance difference between the AP and
the P states is about 40 m or 3 %. This spin-valve
effect is the central result of this paper. Let us now de-
scribe our further experimental study and data analysis
aimed at identifying the involved physical effect.

Fig. 3 inset shows Sample 5 resistance temperature de-
pendence, when prepared in a P or AP state. The mag-
netic state has a small effect (about 3 mK) on the critical
temperature of the Al electrodes. The sign of the shift
(at the sharpest resistance drop) suggests an effect of the
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FIG. 3: (Color online) Temperature dependence of Sample
5 zero-bias resistance in parallel (P) and anti-parallel (AP)
magnetization states. The inset shows a zoom close to the Al
superconducting critical temperature.

dipolar magnetic field arising from the Fe ellipsoids.!!
Some other samples showed an opposite effect but with
a similar amplitude, compatible with a dominating prox-
imity effect.® At low temperature, this spin switch effect
may modify the superconducting gap and hence influ-
ence the transport properties. Nevertheless, all samples
showed a similar spin-valve behavior although they ex-
hibit a different spin switch effect. Moreover, the voltage
across the device is well below the gap in the discussed
data. Thus the spin switch effect does not explain the
spin-valve behavior observed at very low temperature.

Fig. 3 main panel displays the Sample 5 resistance
temperature dependence in both P and AP states. Be-
low T,, the resistances in the two states show a non-
monotonous behaviour. The spin-valve effect amplitude
has also a non-monotonous behavior, with a maximum at
about 0.9 K. At lower temperature, it decreases steadily
towards zero. The effect is absent within a 1 m$ res-
olution above the critical temperature T, = 1.18 K of
Al. This confirms that the observed spin-valve effect is
related to superconductivity. Fig. 4 left shows Sample
5 differential resistance in different magnetic states. In
the AP states, we find a zero-bias resistance peak, which
is suppressed in the P states. The spin valve effect is
larger for finite voltage bias, which is consistent with the
above observation that it is larger at finite temperature.
The two P states on one side and the two AP states on
the other side behave very similarly. This confirms that
electron transport depends on the relative magnetization
alignment of the two ellipsoids, not on the direction of a
given magnetization.

Table 1 lists the main properties of the 8 investigated
samples, showing a spin-valve effect as discussed above,
at 275 mK. The spin-valve effect amplitude AR varies
quite little, between 18 to 43 m{). The sample resis-
tance R is small and quite constant for Samples 2-5,
where all F-S interfaces are very transparent. Samples 1
and 6-8 with a larger resistance feature presumably less
transparent F-S interfaces at one of the superconducting
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FIG. 4: (Color online) Left: Voltage dependence of Sample
5 differential resistance in the two P (top curves, || and 11)
and the two AP states (bottom, 7| and |7). Right: Schemat-
ics of the sample geometry a) outlining the region S’ of the
superconducting electrodes S submitted to inverse proximity
effect and where spin accumulation is expected to occur.

electrodes, bringing to almost zero the spin-valve effect
in that electrode. In the geometry a), we have probed
the resistance either in a 2 wires geometry by using the
wide Al electrodes for both current bias and voltage mea-
surement, or in a 4 wires geometry by using the voltage
probes for the measurement. We observed an identical
low temperature behavior in both cases. In a 4-wire con-
figuration, a resistance peak appears close to the critical
temperature, due to charge-imbalance in the Al pads.'®

Let us now turn to the interpretation of the observed
spin-valve effect. As for non-local effects, EC would have
no contribution here, since we current-bias the two el-
lipsoids in parallel. The sign and amplitude of the mea-
sured effect are compatible with CAR. Nevertheless, the
absence of a significant influence of the ellipsoids separa-
tion in the 100-500 nm range investigated here, whereas
the coherence length &; is estimated to be about 100 nm,
discards an interpretation in terms of CAR.

A significant inverse proximity effect is expected in a
superconductor in metallic contact with a ferromagnetic
metal. The sub-gap electronic density of states is non-
zero in a region S’ extending in the superconductor over
a few times the coherence length &,,'6 see Fig. 4 right
part. This allows for the injection, even at a sub-gap bias,
of spin-polarized quasi-particules from the two Fe ellip-
soids into every Al electrode. In a P state, the current
through both ellipsoids injects the same majority of spins
and a significant spin accumulation builds up in S’. In a
AP state, one ellipsoid injects spin-up quasi-particles and
the other one injects spin-down quasi-particles. The two
spin populations are then balanced and little spin accu-
mulation is expected in S’. Thus a AP state is expected
to have a lower resistance than a P state, as observed in
the experiment.

The considered spin-accumulation builds up within the
Al electrode in the region S’, while the Andreev reflec-



Sample Geometry Separation (nm) R(Q2) AR(Q)
1 a 150 9.21 0.022
2 a 150 1.94 0.041
3 a 150 2.16 0.023
4 b 100 2.76 0.018
5 a 150 1.54 0.043
6 b 150 8.37 0.024
7 b 150 18.45 0.018
8 b 500 5.62 0.023

TABLE I: Sample parameters including the geometry type,
the ellipsoids separation, the P state resistance R and the
spin-valve effect amplitude AR both at 275 mK.

tion occurs at the S-S interface. No spin-valve effect is
expected in the absence of inverse proximity effect, in
which case spin accumulation would occur separately in
the two ellipsoids. The observation of a spin-valve ef-
fect in Sample 8 with a ellipsoids separation of 500 nm
indicates that the region S’ extends over about 250 nm
from a F-S interface, which is less than 3 times the coher-
ence length &. This is in agreement with Ref. 16, which
shows that a significant sub-gap density of states level
remains at such a distance. The inverse proximity effect
and the related spin accumulation thus decay slower than
the CAR amplitude®® when the separation between the
two ellipsoids is increased in the range of a few times the
superconducting coherence length.

At an F-S interface, the magnitude of the spin accumu-
lation induced resistance is AR = Rg,.(Asf/w).(a? /(1 —

a?)), where Ry, is the square resistance, w the wire width
and « is the spin polarization.'? Applying this analysis
to the S’-S interface, with a square resistance R, of 1
Q, a wire width w of 400 nm, a spin relaxation length
Asf of 400 nm in AI'7 and a polarization « of 40 % close
to the one of bulk Fe,'® one obtains AR = 0.02 Q per
interface, in fair agreement with the resistance change
amplitude at zero bias. The spin polarization in the Al
electrode S’ region is presumably smaller than in bulk Fe,
which would decrease the amplitude of the effect. Even-
tually, the dependence on bias and temperature of the
spin-valve effect can be related to changes of the size of
the region S’. As the current bias or the temperature in-
creases, the inverse proximity effect extends over a larger
distance and the spin accumulation effects increase.

In conclusion, we have investigated the sub-gap trans-
port properties in double F-S hybrid structures with two
F elements. Below the critical temperature of the super-
conductor, the resistance depends on the relative magne-
tization alignment. This spin-valve behavior is related to
the spin accumulation in the superconducting electrode
submitted to inverse proximity effect. This approach is
similar to considering a out-of-equilibrium region in the
vicinity of the interface'® and may hold for previous ex-
periments in similar hybrid structures.?°
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