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Abstract

We have fabricated all-metal lateral spin-valve devices consisting of two permalloy electrodes and an interconnecting aluminum strip.

The micromagnetic behavior of the device has been imaged with a magnetic-force microscope in external magnetic fields at room

temperature. During a single cooling cycle at temperatures between 2 and 120K we have measured the anisotropic magnetoresistance of

both electrodes and the magnetoresistance of the entire device. In the latter, we can clearly identify the contributions of the anisotropic

magnetoresistance and the mesoscopic spin-valve effect.

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The quest for all-electrical spin detection in mesoscopic
hybrid devices is still in its infancy. Only in a very limited
number of experiments, electrical spin injection, either into
semiconductors [1,2] or into normal metals [3], has been
achieved. The ongoing interest in spintronic devices is
fuelled by the predicted velocity of operation and the
enhanced functionality given by the spin as a further degree
of freedom. Those features might add to devices which use
magnetoresistance effects like the giant magnetoresistance
[4], the tunnelling magnetoresistance [5,6] and the aniso-
tropic magnetoresistance [7–9]. All these magnetoresistance
effects are connected to the electron spin and are already
used in hard disk read heads, magnetic random access
memories or magnetic field sensors. In this work we focus
on lateral ferromagnet/normal metal spin-valve devices.

A current flowing from a ferromagnet (F) into a normal
metal (N) creates a spin polarization in the normal metal.
e front matter r 2006 Elsevier B.V. All rights reserved.
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Because of different conductivities of spin-up and spin-
down electrons in the ferromagnet, the chemical potentials
of both kinds of charge carriers are split up at the inter-
face. Therefore, the spin polarization of a ferromagnet can
be partly transferred into a normal metal within the
spin-relaxation length lN of the normal metal [10]. With a
F/N/F structure both electrical spin injection and detec-
tion can be realized in a single device if the length of the
normal metal is in the range of lN. We use a lateral
mesoscopic spin-valve device consisting of two bar-shaped
parallel permalloy (Ni80Fe20) electrodes with a strong
shape anisotropy and an interconnecting aluminum strip
(see Fig. 1). Due to the shape anisotropy each electrode
virtually consists of a single magnetic domain which is
aligned along the long axis of the electrode. The
antiparallel configuration of their magnetizations leads to
an increased resistance in comparison to the parallel
configuration.
After a theoretical description of a F/N/F structure in

Section 2 we report in Section 3 on the sample preparation
and the micromagnetic properties of the ferromagnetic
electrodes. The anisotropic magnetoresistances of both
electrodes and the magnetoresistance of the entire device
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Fig. 1. Scanning-electron micrograph of the F/N/F device. The aluminum

strip is labelled 5 and 12 on its left and right sides, respectively. The leads

with the numbers 6–9 are gold contacts to the shorter permalloy electrode.

The gold leads to the longer permalloy electrode are numbered 1, 2, 10

and 11.

Fig. 2. (a) Scanning-electron micrograph of the crossing region of the two

permalloy electrodes and the aluminum strip. In (b) and (c) the spatial

dependences of the chemical potentials, converted to voltages, of the spin-

up (dashed line) and spin-down (dotted line) electrons are depicted for the

parallel and the antiparallel configurations of the magnetizations of the

electrodes, respectively. The F/N interfaces are at x ¼ 0 and 350nm. The

solid lines denote the resulting average chemical potentials.
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are measured during a single cooling cycle. This enables us
to identify the contributions of the anisotropic magnetore-
sistance and the spin-valve effect to the overall magnetore-
sistance which will be discussed in Section 4.

2. Theoretical description

We follow the theoretical approach by van Son et al. [10]
who have described the boundary resistance of a single
ferromagnet/normal metal interface. Assuming that the
spin-relaxation length of the electrons is much longer than
their mean free path, the electron transport can be
described in a two-current model in which the spin-up
and spin-down electrons behave independently. Therefore,
one can define different current densities j";# and con-
ductivities s";# ¼ ð1� aÞs=2 where a and s are the bulk
current spin-polarization and the spin-independent con-
ductivity of the materials (aF;sF for the ferromagnet and
aN ¼ 0; sN for the normal metal). Using Ohm’s law the
gradients of the chemical potentials of the spin-up and
spin-down electrons are

qm";#=qx ¼ �ðe=s";#Þj";#. (1)

In the steady state, the difference in the chemical potentials
obeys the diffusion equation

ðm" � m#Þ=tF;N ¼ DF;Nq
2
ðm" � m#Þ=qx2, (2)

with the diffusion constant DF;N ¼
1
3

vF;NlF;N, the spin-
relaxation rate t�1F;N, the Fermi velocity vF;N and the mean
free path of the electron lF;N (index F in the ferromagnet
and index N in the normal metal). The spin-relaxation
length is defined as lF;N ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DF;NtF;N

p
. In a system with

two ferromagnets which are semi-infinite in x-direction and
a normal metal of length L between them, the chemical
potentials m" and m# in each part of the device can be
obtained by solving the diffusion equation. The continuity
of both chemical potentials and current densities have to be
regarded as boundary conditions. The chemical potentials
for a typical set of parameters (aF ¼ 0:37, sF ¼ 3:7�
106O�1 m�1, sN ¼ 8:6� 106 O�1 m�1, lF ¼ 5 nm, lN ¼
120 nm, L ¼ 350 nm and a current density j of
50mA=ð25 nm� 600 nmÞ) are depicted in Fig. 2(b) and (c)
for the parallel and the antiparallel configurations of the
magnetizations of the ferromagnets, respectively. For
direct comparison with the experimental values the
chemical potentials are converted to voltages. The domi-
nant linear parts of m" and m# generated by the spin-
independent conductivities sF and sN are subtracted for
clarity, i.e., to make the spin-related effects visible. The
voltage drop over the normal metal alone is 135mV in the
example of Fig. 2 and therefore two orders of magnitude
larger than the splitting of the chemical potentials. The
average chemical potential which can be measured with
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voltage probes is defined as m0 ¼ ð1þ aÞ=2 � m" þ ð1� aÞ=
2 � m# and is shown in Fig. 2(b) and (c) as solid lines. The
discontinuity at the interfaces causes the spin-dependent
boundary resistances. The voltage drops between the two
ferromagnets are m""=e and m"#=e for the parallel and the
antiparallel configuration of the magnetizations, respec-
tively. From the solution of the diffusion equation we
derive the difference

Dm ¼ m"# � m""

¼
4ea2Fð1� a2FÞ

�1lFs�1F

2 coshðL=lNÞ þ ½C þ C�1� sinhðL=lNÞ
j ð3Þ

with the constant

C ¼ ð1� a2FÞ
sFlN
sNlF

. (4)

This means a change in resistance DR ¼ Dm=eI of the entire
device when the relative orientation of the magnetizations
is altered. For the exemplary set of parameters used for
Fig. 2 the voltage Dm=e is 28 nV underlining the challenge
to measure it.
Fig. 3. Stray fields of the permalloy electrodes recorded with a magnetic-

force microscope at room temperature. (a) Topography of the device, (b)

and (d) show the parallel, (c) and (e) the antiparallel configurations of the

magnetizations. The dots in the schematic hysteresis loops indicate the

state of the corresponding image. The arrows illustrate the directions of

the magnetizations in the electrodes.

1An offset in magnetic field of �10:0mT in all measurements is

presumably due to the remanence of the superconducting solenoid and

was corrected for Figs. 4 and 5.
3. Sample preparation and micromagnetic behavior

The spin-valve devices are fabricated with three different
successively employed electron-beam lithography resist
masks. At first, the two permalloy electrodes are thermally
evaporated on a semi-insulating GaAs(1 0 0) substrate. The
shorter electrode measures 8mm� 800 nm, the longer
electrode 16mm� 300 nm. Both electrodes have a thickness
of 30 nm and the spacing between the electrodes is
L ¼ 350 nm. It is essential to start with the permalloy
electrodes on the flat substrate to ensure a reliable and
simple micromagnetic behavior. Permalloy electrodes
deposited on top of an aluminum strip show a complicated
domain configuration [11]. With the second resist mask the
aluminum strip is deposited on top of the electrodes via DC
magnetron sputtering. Before the deposition an in situ
argon RF-plasma etching step is performed to remove
naturally grown oxides on top of the electrodes and thus to
obtain clean interfaces between permalloy and aluminum.
The aluminum strip has a width of 600 nm and a thickness
of 25 nm. Finally, the permalloy electrodes are contacted
via thermally evaporated gold leads as depicted in Fig. 1.

The stray fields of the electrodes have been recorded with
a magnetic-force microscope at room temperature in an
external magnetic field. In Fig. 3, one can clearly see that
each electrode consists of a quasi-single domain as a result
of the strong shape anisotropy [12]. With the external
magnetic field applied parallel to the long axes of the
electrodes the magnetizations can be set to a parallel
configuration (Fig. 3(b) and (d)) or an antiparallel
configuration (Fig. 3(c) and (e)) as indicated by the arrows.
The coercive fields of the shorter and the longer electrode
are �5:5 and �21mT, respectively. Significantly different
switching fields of the electrodes are important to detect
resistance effects in spin-valve devices.

4. Magnetotransport measurements

All transport measurements have been performed at
liquid-helium temperatures and above using lock-in tech-
niques. The external magnetic field is applied parallel to the
long axes of the electrodes.1 The anisotropic magnetore-
sistance (AMR) of both electrodes has been recorded to
obtain the coercive fields at low temperatures. The exact
experimental determination of the AMR is important for
the identification of its contribution to the magnetoresis-
tance of the entire device. The AMR of the shorter
electrode has been measured by sending an AC current of
5mA from contact 7 to 9 and probing the voltage at
contacts 6 and 8 (see Fig. 1). For the longer electrode the
current source has been connected to contacts 2 and 10,
and contacts 1 and 11 have been used as voltage probes.
Fig. 4(a) and (b) shows the results for the shorter and the
longer electrode, respectively. Following the resistance
trace for one sweep direction of the external magnetic field,
e.g. the up-sweep in Fig. 4(b) indicated by arrows, one
observes a reversible negative resistance change when
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Fig. 4. (a) Anisotropic magnetoresistance of the shorter (a) and the longer

electrodes (b). Grey and black lines correspond to the negative and the

positive sweep directions of the external magnetic field.

Fig. 5. Magnetoresistance of the entire device recorded in spin-valve

geometry at a temperature of 2K. (a) Shows the full hysteresis, (b) depicts

a minor loop beginning in the positive sweep direction. Black and grey

lines correspond to the positive and the negative sweep directions of the

external magnetic field.
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passing zero field. The magnetization reversal process is
completed when the resistance rises irreversibly back to its
initial value in one sharp flank. The relative resistance
changes are 2:3% and less. In measurements with the
external magnetic field applied perpendicular to the long
axes of the electrodes we obtain maximum relative
resistance changes of 3.3%. Hence, the magnetization
turns only a few degrees away from the easy axes of the
electrodes causing the reversible resistance change before
the magnetization is fully and irreversibly inverted. This
proves the quasi-single-domain behavior already observed
at room temperature. At liquid-helium temperatures we
measure coercive fields of �18:5 and þ14:5mT for the
shorter electrode and �29 and þ34mT for the longer
electrode. While the magnitude of the AMR in both sweep
directions is comparable for the longer electrode, for the
shorter electrode the effect in the negative sweep direction
is an order of magnitude larger than in the positive sweep
direction. This is presumably because of the gold contacts
which fully overlap the longer electrode while they do not
so for the shorter electrode. Therefore, magnetization
changes in the shorter electrode on the side directed
towards the longer electrode may not be recorded
completely in the resistance traces. By assuming that the
local magnetization changes of the reversal process differ
for both sweep directions, the asymmetrical resistance
changes in Fig. 4(a) can be explained.
The magnetoresistance of the F/N/F hybrid device has
been recorded by sending a current of 50mA from contact 1
to 6 and probing the voltage at contacts 11 and 8, i.e. in
spin-valve geometry. Fig. 5(a) shows a measurement at a
temperature of 2K. Following, e.g., the positive sweep
direction indicated by arrows, one observes a reversible
negative resistance change when passing zero field. This is
followed by a sharp positive flank rising above the initial
value of the resistance in the parallel configuration which
cannot be explained by means of AMR. Then the trace
shows a plateau which ends in a sharp drop of the
resistance. The resistance at positive saturation fields is
slightly larger than at negative saturation fields which can
be explained by the local Hall effect [13]. Both sharp flanks
coincide with the flanks observed in the AMR traces which
proves the antiparallel configuration in the plateau region.
Therefore, we conclude that this increased resistance is
caused by the spin-valve effect. The reversible resistance
changes between zero field and the positive flanks in the
resistance traces resemble the shape of the AMR measure-
ments of the shorter electrode which leads to the
conclusion that this part originates from AMR. The
AMR of the longer electrode shows no observable
contribution to the overall magnetoresistance. This is
reasonably explained by the smaller relative changes of
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Fig. 6. (a) Circles show the temperature dependence of the resistance of

the entire device with the magnetizations of the electrodes aligned parallel.

The line is a guide to the eye. (b) Temperature dependence of the resistance

changes between parallel and antiparallel configurations of the magnetiza-

tions. Grey and black triangles are obtained in negative and positive sweep

directions of the external magnetic field. Lines are calculated with Eq. (3)

for spin-relaxation lengths at low temperatures of 650 (1), 450 (2) and

320nm (3).

A. van Staa, G. Meier / Physica E 31 (2006) 142–147146
the AMR in comparison to the shorter electrode which
shows relative resistance changes an order of magnitude
larger (see Fig. 4). To support our interpretations of the
different contributions we have recorded minor loops in
spin-valve geometry. A result is shown in Fig. 5(b). The
turning point of the external magnetic field at þ20mT lies
well between the two positive coercive fields of both
electrodes (14.5 and 34mT), thus adjusting an antiparallel
configuration at this field strength. Beginning with the
positive sweep direction the minor-loop measurement
resembles the trace of Fig. 5(a) up to the plateau region.
After the turning point to the negative sweep direction, the
resistance remains at the plateau niveau up to zero field
which is well explained by the spin-valve effect. Then the
resistance drops due to the AMR contribution which is
followed by an increase back to the resistance level of the
parallel configuration at negative fields. The increase at
�18:5mT coincides with the negative coercive field of the
shorter electrode (see Fig. 4(a)). Measurements in the non-
local geometry, i.e. the current is driven between contacts 5
and 6 and the voltage is probed at contacts 1 and 12,
principally produce a pure spin-valve signal without AMR
and Hall contributions. However, up to the experimental
sensitivity of below 1% of our setup, we do not observe the
spin-valve effect in the non-local measurements in contrast
to Ref. [3].

Using Eq. (3) the absolute resistance change can be
compared with the theory. Therefore, we have measured
the conductivities of the permalloy and the aluminum in
our device to be sPy ¼ 3:7� 106O�1 m�1 and sAl ¼ 8:6�
106O�1 m�1 at liquid-helium temperatures. The device
geometry provides the electrode spacing L ¼ 350 nm and
a cross-sectional area of 600 nm� 25 nm of the aluminum
strip. With I ¼ 50mA, aF ¼ 0:37 [14], lF ¼ 4:3 nm [15] and
lN ¼ 650 nm [3], we obtain Dm ¼ 7:2� 10�8 eV which
results in a resistance change DR of 1:4mO. The maximum
resistance change in our measurements is 0:43mO at a
temperature of 2K in the positive sweep direction. The
theoretical description anticipates a simplified geometry of
the spin-valve device. However, from diffusive transport
simulations we know that the permalloy electrodes are
partly shunted by the aluminum strip which could result in
an average electrode spacing of 900 nm from the center of
one electrode to the center of the other. Using this value as
L in Eq. (3) and thus considering the current distribution in
the actual geometry of the device leads to a resistance
change of 0:45mO which is close to the experimental value.

In Fig. 6(a), the resistance of the entire device is plotted
versus the temperature. In Fig. 6(b), the temperature
dependence of DR is shown for the positive (black
triangles) and the negative (grey triangles) sweep direction.
For the comparison of the experimental results with the
theory we assume that aF and the ratio of the electron
scattering rate t�1sc and the spin-relaxation rate t�1sf in both
materials are temperature-independent constants [16,17].
Regarding s / tsc and l / tsf , it is obvious that the ratios
sF=lF and sN=lN are also temperature independent.
Accordingly coshðL=lN) and sinhðL=lN) are the remaining
temperature-dependent factors in Eq. (3). The data in Fig.
6(a) reveal in good approximation the conductivity of the
aluminum strip sNðTÞ. Taking sN / lN into account leads
to the spin-relaxation length

lNðTÞ ¼
Rð2KÞ

RðTÞ
lNð2KÞ. (5)

We have calculated the temperature dependence of DR

with the parameters used in this section, especially L ¼

900 nm and lNðTÞ as defined in Eq. (5). The results are
depicted in Fig. 6(b) for lNð2KÞ ¼ 650 nm as line 1,
lNð2KÞ ¼ 450 nm as line 2 and lNð2KÞ ¼ 320 nm as line
3. We conclude that the decrease of the resistance change
DR with increasing temperature is reasonably explained
with the shortening of the spin-relaxation length at higher
temperatures. At very low temperatures we observe a
tendency of the spin-relaxation length to increase stronger
than it can be explained in the theoretical description. We
can only speculate that this increase is related to interface
effects which have a stronger low-temperature dependence
than the decrease of the spin-relaxation length in the bulk
that has been considered in the theoretical description.
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5. Conclusion

We have identified the AMR, the local Hall effect and
the spin-valve effect in a mesoscopic ferromagnet/normal
metal device. The experimentally observed resistance
changes induced by the spin-valve effect have the same
order of magnitude and temperature dependence as
expected from the description of the diffusive transport.
This supports the interpretation of the observed phenom-
ena as spin-valve effects. In order to enlarge the size of the
spin-valve effects, tunnelling barriers are attractive means.
Such barriers can be integrated in the device by in situ
deposition and oxidation of the aluminum. An alternative
path would be the use of electrodes with a higher spin-
polarization like Heusler alloys [18].
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