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A number of proposed next-generation electronic devices,
including novel memory elements' and versatile transistor
circuits’, rely on spin currents, that is, the flow of electron
angular momentum. A spin current may interact with a magnetic
nanostructure and give rise to spin-dependent transport
phenomena, or excite magnetization dynamics'™"'. In contrast
to a spin-polarized charge current, a pure spin current does
not produce any charge-related spurious effects'>. One way
to produce a pure spin current is non-local electrical-spin
injection'>®, but this approach has suffered so far from
low injection efficiency. Here, we demonstrate a significant
enhancement of the non-local injection efficiency in a lateral
spin valve prepared with an entirely in situ fabrication process.
Improvements to the interface quality and the device structure
lead to an increase of the spin-signal amplitude by an order
of magnitude. The generated pure spin current enables the
magnetization reversal of a nanomagnet with the same efficiency
as in the case of using charge currents. These results are
important for further theoretical developments in multi-
terminal structures?, but also with a view towards realizing novel
devices driven by pure spin currents.

In a vertical spin-valve nanopillar consisting of a
ferromagnet/non-magnet/ferromagnet trilayer, the magnetic
state can be switched between the antiparallel and the
parallel configurations by applying a charge current'™'. This
charge-current-induced magnetization switching (CIMS) is the
result of a direct transfer of spin angular momentum from the
spin current carried along the charge current to the localized
magnetic moment in the ferromagnet. Separation of the charge
and spin components raises the possibility of chargeless pure
spin-current-induced magnetization switching (pure spin CIMS).

The pure spin current transfers only spin angular momentum,
and thus provides an attractive means to manipulate the
magnetic state in magnetic nanostructures as well as a quiet
electrical background for experimental studies. The pure spin
current Is can be generated by the diffusion of the accumulated
spins’*® in a metallic lateral spin-valve (LSV) structure with
non-local electrical spin injection, as shown in Fig. la. When
the spin accumulation at the interface between the permalloy
(Py) and Cu wires on the detector side is non-collinear to the
Py magnetization, the transverse component of the pure spin
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Figure 1 Sample structure. a, Schematic structure of a typical previously reported
LSV. b, Schematic structure of our present LSV. ¢, Scanning electron micrograph
taken during fabrication, showing a Cu wire with two Py/Au nanopillars. d, Scanning
electron micrograph of the finished sample. The non-local measurement geometry
is also shown in a and b, with / being the charge current and /s being the spin
current. For the sample shown in ¢ and d, the Py nanomagnets in both the detector
and the injector nanopillars are 20 nm in thickness. The Cu wire is 170 nm in width
and 65 nm in thickness. The in-plane sizes of the two rectangular Py nanomagnets
are 80 x 170 nm? and 75 x 170 nm? respectively, and their long axes are
perpendicular to the Cu wire. The spins injected from the Py into the Cu are
accumulated at the interface and diffuse, which creates a pure spin current flowing
in the Cu wire and into the detector. Spin-dependent conduction in the detector
nanomagnet leads to a difference in the electrochemical potential between the Py
and Cu terminals. Therefore, a voltage V is measured, which is proportional to the
spin accumulation at the Cu/detector interface™.
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Figure 2 Transport measurement results for the sample shown in Fig. 1c,d.

a, Non-local spin-valve signal as a function of magnetic field. b, Local spin-valve
signal as a function of magnetic field. AP; antiparallel; P: parallel. The measurement
geometry is drawn beside each graph.

current is absorbed on entering the detector. Therefore, in the
absence of a charge current, a spin-transfer torque could still be
exerted on the Py magnetization®®. However, so far, reversible
magnetic switching similar to the CIMS has not been achieved
by using pure spin currents, mainly because of low spin-injection
efficiency. Usually the LSV is fabricated through two separate
processes for the ferromagnet and the non-magnet nanowires,
which inevitably introduces contamination or oxidation at the
ferromagnet/non-magnet interfaces, causing spin-flip scattering
and leading to the loss of the spin signal.

To improve the non-local spin injection efficiency, we have
fabricated the newly designed sample shown in Fig. 1b. The
injector and the detector are not nanowires but Py(Nig, Fe,o)/Au
nanopillars whose constituents (Cu, Py and Au) are all deposited
successively in the same vacuum, yielding very clean interfaces.
The measured non-local spin-valve signal V' /I is plotted in Fig. 2a
as a function of the magnetic field applied along the easy axis
of the Py nanomagnets. The sharp transitions in the non-local
spin-valve signal correspond to the magnetic switching of the Py
nanomagnets. The higher and the lower values of the non-local
spin-valve signal correspond to the parallel and antiparallel states
respectively. The difference in the non-local spin-valve signal
AV /I between antiparallel and parallel states is proportional to
the spin accumulation in the Cu wire. The observed AV /I signal
is surprisingly large, ranging from 8 to 21 m£ at 10K for ten
samples fabricated in two batches. At room temperature, AV /I
is reduced to approximately 1/3 of its value at 10 K. These values
are an order of magnitude larger than previously reported values in
Py/Cu LSVs with the same injector-to-detector separation'>'>'>16,
The giant non-local spin-valve signal indicates that giant spin
accumulation takes place in the Cu wire, demonstrating high
non-local spin injection efficiency. The main reason for this
large signal is the improved interface quality between the Py
and Cu, which minimizes the interfacial spin-flip scattering
that causes a suppression of the spin signal. By solving the
spin-diffusion equation**, the non-local spin signal is analytically
deduced as®

AV PIZ’ngPy

= : 1
I 2Rspyexp(d/lcu) +Rscusinh(d/xcu) ( )

852

a
g g
g E
S S
o
g g
g E
S s

H (KA m-1)

4

H
h GI < Sweeping direction

3 of field or d.c. current

<=M of detector
<G ||/ of injector

2
e~
) S
Figure 3 Non-local spin injection results for a sample with 4-nm-thick Py
nanomagnet in the detector. a, Non-local spin-valve signal as a function of
magnetic field. b, The non-local spin signal as a function of injected d.c. current.
The loop starts at the initial parallel state A. ¢, The dependence of non-local
spin-valve signal on the magnetic field for the antiparallel state B shown in b.

d, The same measurement as h, but with an opposite initial parallel state A'.
The measurement geometry is drawn below the graphs.

where P, A and d are respectively the spin polarization factor, the
spin-diffusion length and the centre-to-centre distance between
the injector and detector, that is, the 270-nm distance shown in
Fig. 1c. Rs is the spin resistance, defined as Rs =2p1/[(1 — P?)S],
with the resistivity p and the effective cross-sectional area S. Using
the materials parameters determined in our recent experiments®,
including the spin-diffusion lengths of 1,000 nm and 5nm for Cu
and Py respectively, AV /I is calculated as being 14.4 m<2 for
the sample shown in Fig. 1c,d. Despite some sample-to-sample
variation, the experimental results are in good agreement with the
theoretical calculation.

According to equation (1), a large value of S causes a
reduction of the non-local spin-valve signal AV /I. Because of
the short spin-diffusion length of ~5nm, S is the Cu/Py-interface
area for Py. As shown in Fig. 1b, in our present structure, S
is effectively diminished. In addition, the inhomogeneous spin
current distribution observed in our previous LSVs (ref. 15) should
be diminished in the present structure. Therefore, in addition to
the clean interfaces, our particular structure also contributes to the
improved non-local spin signal.

For comparison, the local spin-valve signal measured between
contacts 2 and 4 by applying the current between contacts 1
and 3 is shown in Fig. 2b. The anisotropic magneto-resistance
effect is visible in the curve. The resistance difference between the
antiparallel and parallel states is 32 m<2, 1.7 times larger than the
non-local spin signal, in reasonable agreement with the factor of 2
predicted in ref. 13.

With the benefit of the highly improved non-local spin injection
efficiency, we now study magnetization switching induced by a pure
spin current. Because the spin transfer occurs near the interface"?,
we reduce the Py thickness of the detector to 4 nm to minimize the
spin current necessary for the magnetization switching. Figure 3a
shows the non-local spin-valve signal as a function of the external
field for such a sample. The values of AV /I for these samples are
around 4 m§2, smaller than that in Fig. 2a, but still much larger
than previously reported values. The lower non-local spin-valve
signal is attributed to the fact that the Py thickness is reduced
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Figure 4 Local spin injection results for the sample described in Fig. 3. The red
line is the field dependence; the blue line is the d.c. current dependence.

and is comparable to the spin-diffusion length. This decreases the
difference in the electrochemical potential between the detector
and the Cu wire”. By comparison with the anisotropic magneto-
resistance measurements for both the detector and the injector,
the higher and lower values of the switching fields are identified
as being the switching fields of the Py injector and detector
nanomagnets, respectively.

A variable d.c. current is applied between contacts 3 and 6. The
sample is preset to a parallel state (denoted A in Fig. 3) at which
both magnetizations are aligned in the positive field direction. As
can be seen in Fig. 3b, as the d.c. current is increased, the non-local
spin-valve signal sharply decreases at about 4.5mA, indicating
a clear magnetization reversal. According to the change in the
non-local spin-valve signal, the parallel state is transformed into an
antiparallel state (denoted B), which is switched back to the parallel
state by a negative d.c. current of —5mA. Therefore, reversible
magnetization switching between antiparallel and parallel states is
realized by means of non-local spin injection. Similar results are
also observed for other samples.

The magnetic configuration of the antiparallel state B is
characterized by applying an external field in either the positive or
negative direction. According to the switching-field values shown
in Fig. 3¢, the magnetic configuration of the antiparallel state B
is easily determined, as shown in the figure. The switch from
the initial parallel state A to the antiparallel state B is realized
by the reversal of the detector magnetization. Therefore, a charge
current between contacts 3 and 6 induces switching of the detector
magnetization, where there is no charge current. The switching
from the antiparallel back to the parallel states is also confirmed
to take place through the reversal of the detector magnetization.

As shown in Fig. 3d, for an initial parallel state oriented in the
opposite direction, A’, a similar switching loop is measured. In
Fig. 3b,d, regardless of the magnetization orientation of the initial
parallel state, the parallel-to-antiparallel switching is caused by a
positive d.c. current and the antiparallel-to-parallel switching by
a negative d.c. current, indicating that the Oersted field hardly
affects the magnetization switching. This relationship between the
d.c. current direction and the switching direction can be explained
only by the spin-transfer theory. Therefore, the current-induced
magnetization reversals in Fig. 3b,d are induced by the spin transfer
from the pure spin current generated in the non-local geometry, as
shown in Fig. 1.

The spin current Is flowing into the detector can be derived
from the spin-diffusion equation as

_(AV/DI.
° RSPyPPy

1+ RSPy/RSAu)eWP" -(1- RSPy/RSAu)eirMPY
(14 Rspy/Rsan)e"/# 4 (1 — Rgpy / Rsay ) e/ 2y — 2 '
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Figure 5 lllustrations of electron beam lithography and oblique deposition.

a, Schematic diagram of the pattered resist for the oblique deposition of the sample
in Fig. 2. b, Schematic diagram of the pattered resist for the oblique deposition of
the sample in Fig. 3. ¢, Cross-section depiction of the deposition of the nanopillar.
d, Top view of ¢. The dotted red line indicates the position of the cross-section. The
deeper colour for the same material corresponds to the cross-section plane.

with  being the Py thickness of the detector. Using our observed
critical switching d.c. current of 5mA, we calculate the critical spin
current for magnetization switching as 317 uA, which is equivalent
to a spin current density of approximately 2.5 x 10'° Am™.

When there is a small angle 6 between the injector and detector
magnetizations, the transverse component (#/2)(Is/e) sin6
of the angular momentum carried by the spin current is
transferred to the detector. By putting this contribution into
the Landau-Lifschitz—Gilbert equation and neglecting the small
in-plane uniaxial anisotropy, the critical spin current for the
switching between the antiparallel and parallel states is derived as’

aeM? Vg i
IS = T .

Here « is the damping factor, M is the magnetization, V,, is
the volume of the Py nanomagnet in the detector and p, is the
permeability in vacuum. For Py, « is reported as being between
0.002 and 0.007 (refs 24-26). By taking M = 7.8 x 10°Am™',
the critical spin current density for the switching is calculated as
being in the range of 1-3.5 X 10" Am™2, in very good agreement
with the estimate from our experimental data. On the other hand,
in the previous CIMS experiments, the critical switching charge
current density for Py/Cu/Py nanopillars'®”* was reported in
the range 1 x 10''-3 x 10" Am™. With a current polarization of
~0.2, the critical local spin current density for the switching in
the CIMS experiments is in the range 2—6 x 10'° A m™~2. Therefore,
our results are theoretically reasonable, and consistent with the
reported CIMS results.

Compared with the Cu spacer thickness in a Py/Cu/Py
nanopillar used in the CIMS experiment, which is usually
less than 10nm, the distance d of 270nm between injector
and detector in our sample seems very large. However,
because of the long spin-diffusion length of 1,000 nm, the
spin signal loss after travelling 270nm in the Cu wire is only
1 — exp(—270/1,000) = 24%. Thus, 3/4 of the spin signal, the
polarized spin angular momentum, remains. In addition, direct
local-injection experiments using the same sample also bring about
the CIMS (Fig. 4). This is complementary proof indicating the
switching is induced by the spin-transfer effect over the length
of 270 nm.
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The realization of magnetization switching induced by
both local and non-local spin injection unifies the up-to-now
separate developments of perpendicular nanopillars and lateral
magnetic nanostructures. Relative to the previous work®,
much more than the improvement in the fabrication process,
the high non-local spin injection efficiency and the induced
efficient magnetization switching are critical for verifying the
theoretical work in these multi-terminal structures’. Obtained
with the high-quality multi-terminal structure comprising
laterally connected ferromagnetic nanopillars, our present
results also confirm that it is possible to realize such novel
multi-terminal spintronics devices as the spin-flip transistor and
spin-torque transistor’.

METHODS

FABRICATION

A special process was developed to fabricate samples with clean interfaces. First,
the bilayer resist (250-nm-thick 8% methylmethacrylate (MMA)/150-nm-thick
4% polymethyl methacrylate (PMMA)) was patterned by electron beam
lithography into the shapes shown in Fig. 5. Figure 5a shows the resist for the
sample in Fig. 2 and Fig. 5b shows the resist for the sample in Fig. 3. Figure 5,¢,d
schematically shows the local edge profile of the pattered resist. Then the Cu
wire was deposited at an angle 6 (50° from the substrate surface), followed
promptly by the deposition of Py/Au at an angle 672 (60° from the substrate
surface) in the same vacuum. For the sample in Fig. 2, detector and injector
nanopillars were deposited simultaneously. For the sample in Fig. 3, injector
and detector nanopillars were deposited one after the other. The deposition
was carried out by electron beam evaporation in a base vacuum better than

1 x 1077 Pa and a growth vacuum better than 2 x 107 Pa. The material purities
are Cu 99.9999%, Py 99.95% and Au 99.9%. After the lift-off process, a Cu
wire with two Py/Au nanopillars on it is formed as shown in Fig. 1c. Then
Al O; was deposited perpendicularly to bury the Cu wire and part of the
Py/Au nanopillars. Finally, the top contacts were formed by low-angle ion
milling and the top electrodes were patterned by electron beam lithography and
optical lithography.

TRANSPORT MEASUREMENTS

The transport measurements were carried out with a four-probe system. The
lowest temperature was 10 K. The a.c. current in the non-local measurement
was 250 ptA in amplitude and 79 Hz in frequency. A lock-in amplifier was used
to measure the output voltage. An in-plane magnetic field up to 4 kOe was
applied. The non-local spin-injection-induced magnetization switching was
measured by applying a d.c. current for 2 s, then removing the d.c. current and
applying the a.c. current to measure the non-local spin-valve signal.
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