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Abstract

The transport properties of the diffusive pure spin current induced in the metallic
nanostructures are discussed. The author introduces the methods for the efficient
generation, manipulation, and detection of the pure spin current in laterally
configured ferromagnetic/nonmagnetic metal hybrid structures. The experimen-
tal demonstration of the magnetization switching using the pure spin current is
also introduced.

Introduction
Ferromagnetic metal (FM)/nonmagnetic metal (NM) hybrid nanostructures show

intriguing electrical transports in association with the spin accumulation and the
spin momentum transfer [1-3]. In such spin-dependent transports, spin current, a
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flow of the spin angular momentum, is the key ingredient [4]. Therefore, the study
on the transport properties of the spin current is essential for deeply understanding
the fundamental physics of the spin-dependent transports as well as for further
developing the spintronic devices. In order to investigate the spin current property,
till to date, most experiments by other groups have been carried out in a vertical
structure called the current-perpendicular-to-plane (CPP) configuration [5, 6]. It is,
however, difficult to fabricate multiterminal devices with vertical structures, so one
can obtain only limited information about the series resistance of the magnetic
multilayers. On the other hand, laterally configured FM/NM hybrid nanostructures
have great advantage for developing the multiterminal spintronic devices because
of their flexible configuration [7, 8]. Especially, a pure spin current created by a
nonlocal spin injection is a powerful tool for detecting the electric signals purely
related to the spin transports [9—12] as in this case, the charge-current-induced
spurious signals such as anisotropic magnetoresistance and the anomalous Hall
effect can be removed. In this chapter, the author describes the transport property of
the diffusive spin current in lateral nanostructures and introduces unique techniques
for the efficient manipulation of spin current.

Generation, Diffusion, and Detection of Pure Spin Current

A laterally configured ferromagnetic (F)/nonmagnetic (N) hybrid structure com-
bined with a nonlocal spin injection allows to create a flow of spins without a flow
of electrical charges, i.e., pure spin current [7-11, 13, 14]. Figure 1 shows a
schematic illustration of the nonlocal spin injection. A bias voltage for the spin
injection is applied between the ferromagnet and left-hand side nonmagnet. In this
case, the spin-polarized electrons are injected from the ferromagnet and are
extracted from the left-hand side of the nonmagnet. This results in the accumulation
of the nonequilibrium spins in the vicinity of the F/N junctions. Since the electro-
chemical potential in the left-hand side is lower than that underneath the F/N
junction, the electron flows by the electric field. In the right-hand side, although
there is no electric field, the diffusion process from the nonequilibrium into the
equilibrium state induces the motion of the electrons. Since the excess up-spin
electrons exist underneath the F/N junction, the up-spin electrons diffuse into the
right-hand side. On the other hand, the deficiency of the down-spin electrons
induces the incoming flow of the down-spin electrons opposite to the motion of
the up-spin electron. Thus, a pure spin current, which carries the spin angular
momentum without electrical charges, can be induced by the nonlocal spin
injection.

The induced pure spin current can be detected by using another FM voltage
probe. Here, a four-terminal structure, in which two ferromagnetic electrodes are
separately connected to a NM strip, is considered, as shown in Fig. 2a. When the
pure spin current is injected into the FM, a shift in the electrostatic potential of the
FM is induced because of the spin-dependent conductivity. The sign of the potential
shift depends on the relative angle between the spin direction of the injecting spin
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Fig. 1 Schematic illustration of the nonlocal spin injection together with the density of states for the
up-spin and down-spin electrons in nonmagnetic metal for left-hand, center, and right-hand sides

current and the magnetization direction. When the direction of the injecting spin is
parallel to the majority (minority) spin for the spin detector, the electrostatic
potential of the spin detector shifts positively (negatively). Therefore, when the
voltage between the FM and the right-hand side of the NM is measured with
sweeping the magnetic field, a clear voltage change is observed. The voltage
normalized by the injecting current is known as the spin signal [7-11, 13, 14].
Figure 2b shows a representative nonlocal signal as a function of the external
magnetic field observed in the Py/Cu lateral nonlocal spin valve measured at 77 K.
Here, the center-center distance between the Py injector and detector is 800 nm.
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Fig.2 (a) Schematic illustration of the nonlocal spin injection and detection together with a SEM
image of a typical lateral spin valve consisting of Py and Cu wires. (b) Typical nonlocal spin-valve
signal for the Py/Cu device with a distance of 800 nm. (c¢) Position dependence of the nonlocal
spin-valve signals at RT and 77 K

The field dependence of the nonlocal spin signal exhibits a clear spin-valve effect
corresponding to parallel (high) and antiparallel (low) states. By changing the
distance between the injector and detector, one can experimentally estimate the
spin diffusion length of the Cu wire. As can be seen in Fig. 2c, the spin signal
monotonically decreases with increasing the distance d both at RT and 77 K
because of the spin relaxation phenomenon.

From the one-dimensional spin diffusion model with the assumption of the
transparent interface [14, 15], the dependence of the spin signal on the distance
d between the injector and the detector can be calculated as follows:

S P2 o2A%

Ry ~ . , (1)
* SinjSdet (1 _ 1312:)2 prAnsinh(d/AN)

where pg and py are the electrical resistivities for the Py and Cu, respectively. Ag
and Ay are the spin diffusion length for Py and Cu, respectively. Siyj, Saer, and Sy are
the size of the injecting junction, the detecting junction, and the cross section of the
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Cu wire, respectively. Pr is the spin polarization. From the fitting, one finds that the
spin diffusion length for the Cu wire is 500 nm at RT and 1.5 ym at 77 K.

In the nonmagnetic metals with weak spin orbit interactions such as Cu, Al, and
Ag, the spin diffusion length is a few hundred nm at RT [8-10, 13, 16—-18]. This
means that one can manipulate the spin current in the Cu even in lateral configu-
ration by using advanced nano-fabrication techniques. On the other hand, in some
metals with a strong spin-orbit interaction and most of FMs, the spin diffusion
length is known to be a few nm or a few 10 nm [19]. This implies that the
manipulation of the spin current is difficult in such metals using the lateral config-
urations. However, as introduced later, by the combination between the lateral
configurations and the unique transport properties of the spin current, one can
effectively manipulate the spin current even in such metals.

Advantage of Lateral Configuration

The conventional electrical spin injection is performed by injecting the spin-
polarized current from a single FM injector into NM [7, 8, 10]. In such cases, the
direction of the spin accumulation in the NM is fixed by the magnetization of the
FM injector. When two or more FM injectors are utilized, one may have greater
control of the spin current and spin accumulation. Taking the advantage of the
flexible probe configuration in lateral geometry, one can easily expand the simple
nonlocal spin-valve concept to a multiterminal device. This provides high tunability
and the attractive device performance [10]. Here, two representative advantages
using multiterminal spin injection are introduced.

The first demonstration is a direction control of the spin current using
noncollinear dual spin injectors [20]. A lateral spin valve consisting of two
Permalloy injectors Pyl and Py2 and a detector Py3, bridged by a Cu strip, has
been prepared, as shown in a scanning electron microscope (SEM) image of Fig. 2.
Here, the Py injectors are patterned into needle shapes so as to prevent the influence
of the demagnetizing field in the remanent state. The easy axes of the Py injectors
are tilted from the horizontal axis. The direction of the accumulated spin under the
dual spin injection is detected by the Py strip with a horizontal easy axis as a
nonlocal spin-valve signal.

The nonlocal spin-valve signal curves for various injected current fraction are
shown in Fig. 3c. In the measurement, the magnetic field was swept between
600 and 400 Oe, to fix the magnetization direction of the detector Py3 during the
sweep. In the nonlocal spin-valve signal under the dual injection shown in Fig. 3,
the accumulated spin is not collinear with the detector, except when ¢ = 0 for i, =
i, where ¢ is the angle of the accumulated spin with respect to x axis. The spin
signal AR; for noncollinear structures is defined as

AV(9) _ AV(#)

MRS =) L)

(@)
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Fig. 3 (a) SEM image of the lateral spin valve with the noncollinear dual spin injectors, (b)
schematic illustration for electrical control of the direction of the spin accumulation using the
noncollinear dual spin injectors, (¢) nonlocal spin signal AV/I, for various current fraction, and (d)
relationship between the direction of the accumulated spin and the spin signal

where I (¢) is the magnitude of the spin current as a function of ¢ and p is the spin
polarization. As shown in Fig. 3d, under the condition that the charge current is held
fixed as ¢ is varied, one finds that ARs varies as cos ¢. Thus, by injecting current
through two magnetic wires with noncollinear configuration, it is possible to control
electrically the polarization direction (axis) of the spin current. In this manner, one
can rotate the polarization axis of the spin accumulation in the normal Cu wire
while maintaining the magnetization direction of the spin detector fixed.

Then, the author focuses on the generation of the giant spin current using
multiterminal spin injectors [21], which is the second advantage of the
multiterminal injection. Since the conventional direct spin injection produces an
extra Joule heating induced by the charge current, the magnitude of the injecting
spin current is limited by the maximum tolerance of the charge current. On the other
hand, the pure spin current does not include any charge current. Therefore, the
maximum tolerance of the pure spin current is much larger than that of the spin-
polarized current. This implies that one can inject giant spin currents, which cannot
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be realized by the conventional direct spin injection. Moreover, pure spin current
does not produce current-induced Oersted field. Thus, pure spin current is advan-
tageous compared with the spin current induced by the conventional direct spin
injection. Another example in this regard is that one may reverse the magnetization
in the large dimension of the NM by the pure spin current injection [22-25]. Since
the switching speed of the magnetization is proportional to the magnitude of the
injecting spin current [26], the generation of the giant pure spin current may open
the door for the ultrahigh-speed operation of the spintronic devices. The pure spin
current is, in general, created by a nonlocal spin injection, and the magnitude is
limited by the maximum allowed current in a ferromagnetic spin injector. If the
pure spin current from two or more ferromagnetic injectors can be superimposed,
one obtains a giant pure spin current, which is unachievable in the conventional spin
injection. Therefore, here, a method for generating giant pure spin currents using
multiterminal spin injection is introduced.

To demonstrate the multiterminal spin injection, a lateral spin valve consisting
of the quadruple spin injectors (Pyl, Py2, Py3, and Py4) has been fabricated.
Figure 4a shows the scanning electron microscope image of the fabricated device
together with its schematic. In order to create the spin current in Cu, the current /- is
injected from each injector. This means that totally 4/ current is provided from the
current source. The spin signal can be evaluated by measuring the voltage between
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Fig. 4 (a) Concept for multiterminal spin injection and SEM image of the multiterminal spin
injection device. (b) Typical nonlocal spin-valve signal under quadruple spin injection
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the middle Py and the Cu wire, as schematically shown in Fig. 4a. Figure 4b shows a
typical nonlocal spin signal under the quadruple-terminal spin injection. The
vertical axis corresponds to the value of the induced voltage divided by the injecting
current /-~ from each electrode. The signal shows large clear spin-valve effect
consisting of four downward jumps and one upward jump. The four downward
resistance jumps correspond to the magnetization switching of the four spin injec-
tors. The spin current injecting into the middle Py wire is roughly estimated from
the following equation [14, 22]:

1-P;, S,
Jo = "€ AR 3)
S 2PPy pPy/le sie

This means that the injection spin current is proportional to the current in each
terminal. Since the maximum tolerance current in the lateral spin-valve device is, in
general, limited by the electromigration of the FM injectors, the maximum magni-
tude of the pure spin current is further increased by using thicker spin injectors.

One should also consider the influence of the heating under the high bias current
injection because the heating of the sample strongly affects the spin transport.
Therefore, the bias current dependence of the nonlocal spin-valve signal with
varying number of the injectors has been investigated. In this experiment, the
thickness of the Py injector was set to 25 nm, in order to heat the sample effectively.
As shown in Fig. 5, if a single injector is used, at 1.5 mA, the spin signal reduces to
93 % of that at near-zero bias. On the other hand, for four-injector configuration,
spin signal remains almost unattenuated at this injection level. This is due to the less
heating of the Py injector for multiterminal case, compared to the single terminal
case. It can be clearly confirmed that the critical current, where the spin signal starts
to reduce, is improved by increasing the number of the spin injector. Thus, by using
multiterminal spin injector, the Joule heating problem and electromigration issue in
nonlocal spin injection can be tackled.
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Fig.5 Bias dependence of the spin signals under single, dual, triple, and quadruple spin injections
together with the schematics for each injection configuration
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Spin Absorption Effect
Influence of an Additional Contact

The driving force of the pure spin current is a diffusion of the nonequilibrium
electrons into the equilibrium state. If one considers the spin current in a single
FM/NM junction shown in Fig. 6a, the spatial distribution of the spin accumulation
in the NM symmetrically decays from the junction. Therefore, the spin current
flows also symmetrically into both sides. On the other hand, when an additional
material is connected in the right-hand side of the NM through the low resistive
ohmic junction as in Fig. 6b, the spatial distribution of the spin accumulation is
strongly modified. When the spin relaxation rate for the connected material is much
larger than that for the NM, the nonequilibrium spins are preferably absorbed into
the connected material. Thus, one can selectively extract the spin current. This is
known as the spin absorption effect [15].

To demonstrate the above spin current absorption effect, two kinds of the lateral
spin valves have been prepared [27]. One is a conventional lateral spin valve
consisting of the Py injector and the detector bridged by a Cu strip (device A).
The other one is a lateral spin valve with a middle Py wire (device B). Here, the
center-center distance between the injector and the detector for device A is 600 nm,
while that for device B is 460 nm. Although the geometrical disorder due to the
additional ferromagnetic contact may also violate the spin coherence and the spin
accumulation, such an effect should be negligible because of large difference in
thickness between Cu and Py.

Figure 7a shows the spin signal observed in device A, where a spin-valve signal
with the magnitude of 0.2 mQ is clearly observed. Since the center-center distance
between the injector and detector for device B is shorter than that for device A, one
may naively expect that the larger spin signal is expected to be observed in device
B. However, as in Fig. 7b, a quite small spin signal less than 0.05 mQ is observed in
device B. This is due to the influence of the spin current absorption into the middle
Py wire and clearly support that the spin accumulation in the Cu is strongly
suppressed by the middle Py2 wire connected to the Cu.

It was also demonstrated that the spin accumulation in the Cu is suppressed by
connecting the nonmagnetic wire with a strong spin relaxation [15]. Figure 8 shows
the spin signals with various nonmagnetic middle wires. Here, the center-center
distance between the injector and detector is fixed at 600 nm. For the middle Cu

a Injector b Injector Absorber
A

.48 $ XX TSN
‘% NM ‘1‘5 > NM

Fig. 6 Schematic illustrations of the flow of the spin current in (a) single F/N junction and (b) an
F/N junction with an F contact
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Fig. 7 (a) Nonlocal spin-valve signal for a conventional lateral spin valve and that for a lateral
spin valve with a middle Py wire. The insets show SEM images of the measured device and the
probe configurations for the nonlocal spin-valve measurements
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Fig. 8 Nonlocal spin-valve signals for Cu, Au, and Pt middle wire measured at room temperature

wire, the obtained spin signal is 0.18 m€2, which is almost the same as that without
the middle wire. The large reductions of the spin signals are observed in the Au and
Pt middle wires. These indicate that the nonequilibrium spin currents are strongly
relaxed by the Pt and Au wires while the Cu has weak relaxation of the spin current.
Thus, one can evaluate the magnitude of the spin relaxation of a material from the
magnitude of the spin signal.

Transverse Spin Current Absorption into Ferromagnetic Metal

Another interesting phenomenon is expected in the spin absorption into an
FM. When the magnetization of the spin absorber is parallel or antiparallel to the
injected spins (longitudinal spin absorption), the effective spin polarization is the
same as that of the bulk spin polarization. This situation is known as a collinear
configuration, which corresponds to most of the experimental situations in the
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Fig. 9 (a) Scanning electron microscope (SEM) image of the specially fabricated Py/Cu lateral
spin valve consisting of two V-shaped nanowires with a middle strip. Expected domain structures
in the Py wires and spin accumulation in a Cu channel for the longitudinal configuration (b) and
the transverse configuration (c)

lateral spin-valve systems [8—11, 13, 17, 18]. On the other hand, when the magne-
tization of the spin absorber is normal to the direction of the spin current (transverse
spin absorption), the effective spin polarization becomes zero [15]. Since the spin
relaxation rate decreases with increasing the spin polarization, the spin relaxation
rate for the transverse spin current becomes larger than that for the longitudinal spin
current. Moreover, in the FM, the spin relaxation length for the transverse spin
current is known to be shorter than that for the longitudinal one [28—-32]. Since the
spin relaxation rate is inversely proportional to the spin relaxation length,
the shorter transverse spin relaxation length induces the further enhancement of
the spin absorption into the middle Py wire. Therefore, one expects that the spin
absorption can be tuned by the direction of the injected spin.

In order to evaluate the longitudinal and transverse spin current absorptions
precisely, a lateral spin valve (LSV) using V-shaped ferromagnetic injector and
detector shown in Fig. 9a has been fabricated [33]. Here, an FM strip, which plays a
role of the spin absorber, is located in the middle of the V-shaped wires. The three
ferromagnetic Py wires are bridged by a nonmagnetic Cu strip. It should be noted
that the V-shaped Py wires are connecting with the Cu strip at the corners of the
V-shaped wires. Therefore, the directions of the injecting and detecting spins reflect
the domain structures at the corners. When the strong magnetic field is applied
to the sample along the x direction, all of the magnetizations in the V-shaped wires
and the strip are aligned with the x direction as shown in Fig. 9b. In this situation,
the direction of the generated spins in the Cu strip is parallel to the magnetization of
the spin absorber. This situation corresponds to the longitudinal spin current
absorption. On the other hand, when the magnetic field decreases to zero, the
domain structure of each FM wire reflects its own shape, as shown in Fig. 9c.
The magnetization of the middle strip is aligned with the wire direction (y direction)
because of the shape anisotropy. However, the magnetizations of the V-shaped wire
around the corner maintain the field direction (x direction) even at the remanent
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Fig. 10 Nonlocal spin-valve signals for V-shaped LSV without a middle Py strip (a) and with a
middle strip (b). Here, the magnetic field is applied along the x direction

state [34]. In this situation, the injecting spin is perpendicular to the magnetization
of the spin absorber, meaning the transverse spin current absorption. Note that the
magnetic configuration between the injector and the detector should be roughly still
in parallel at the remanent state. Therefore, the difference in the spin signal between
two situations should be mainly caused by the change of the spin relaxation rate due
to the middle Py wire. By comparing the nonlocal spin voltages between two
situations, one can fairly evaluate the longitudinal and transverse spin current
absorptions.

Figure 10a, b shows the nonlocal spin-valve signals for the V-shaped LSV with
and without a middle ferromagnetic injector, respectively. The overall resistance
change was estimated to be 0.3 mQ, which is strongly reduced from the V-shaped
LSV without the middle Py insertion (1.2 mQ). This is due to the spin absorption
effect into the middle Py strip [27]. More interestingly, in the LSV with the middle
wire, the spin signal at the remanent state shows the significant reduction from the
value at the high magnetic field. As mentioned above, the relative angle between the
injecting spin and the magnetization direction of the middle wire becomes 90 at
zero magnetic field. Therefore, the reduction of the spin signal in the low magnetic
field is caused by the stronger spin absorption due to the transverse spin current.
From the analysis based on one-dimensional spin diffusion model, the transverse
spin relaxation length is 1.7 nm, which is much shorter than the longitudinal one
(5 nm). Thus, it was experimentally demonstrated that the transverse spin current is
absorbed by the FM more strongly than the longitudinal one.

Reabsorption Effect of Spin Current

One should also take into account the spin absorption into the spin injector
(reabsorption effect). By using the electrical spin injection, the nonequilibrium
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spin accumulation is induced at the interface and diffused into the equilibrium state.
In that case, the spin current diffuses not only into the NM but also into the FM
injector. Notably, as mentioned above, the conventional ferromagnetic injector has
much faster spin relaxation rate than that for the NM. Therefore, the injected spin
current in the NM mainly returns back to the FM (Fig. 11a). This phenomenon gives
rise to an extremely low injection efficiency of the spin current in the N [15, 35,
36]. However, if one utilizes a highly spin-polarized ferromagnet (HSF) as a spin
injector, so-called half-metallic ferromagnet (HMF) [37], the spin-polarized electrons
can be efficiently injected into the N, and the backflow of the spin currents can be
strongly suppressed, resulting in a dramatical improvement of the injection efficiency
of the spin currents in the N (Fig. 11b). This is because the spin relaxation rate for the
FM is proportional to 1 — P2 In this scheme, the use of HSF spin injectors is critical
for generating a giant pure spin current in the NM (Fig. 11c). Recently, significant
improvement of the generation efficiency of the pure spin current has been achieved
by using the spin injector consisting of the Heusler compound [38-40].

‘ ..... 4ot .
Injected . ‘ ‘ ¢ .
Injected
N N

D Tt ©
whododebo g dodedotn,

with half metal

with conventional F

Fig. 11 Schematic illustrations of the electrical spin injection from a conventional FM (a) and a
HMF (b) into an NM. (¢) Generation of a pure spin current by using nonlocal spin injection and
spatial distributions of the spin-dependent electrochemical potentials in the N
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The above-explained reabsorption effect can be characterized by the generation
efficiency # given by the following equation [15]:

peie (1— P
=P . 4
T PNAN +PF/1F/(1 _Pz) @

Here, pnAn and pedr/(1 — Pz) correspond to the difficulty of the spin relaxations for
the NM and FM, respectively. Therefore, the reabsorption effect can be understood
as the competition of the spin relaxation strengths between FM and NM. Since the
spin diffusion length for the ferromagnet A is extremely short, 7 becomes very
small in a conventional FM/NM junction. However, as explained above, by using a
HMF with P ~ 1, the difficulty of the spin relaxation becomes very high. As a
result, x is dramatically improved.

The difficulty of the electrical spin injection in an FM/semiconductor interface
known as a conductance mismatch can be similarly understood by the spin
reabsorption effect [36]. Since the electrical resistivity for the semiconductor is
much larger than that for the FM, n becomes very small. A similar obstacle occurs
in the case for the spin injection into the molecular materials because of their high
resistivity. As explained above, a spin injector with a perfect HMF property can
solve this issue. The spin injection efficiency is also known to be improved by
inserting the tunnel barrier at the interface instead of the use of the highly spin-
polarized material [41]. Since the insertion of the tunnel barrier strongly prevents
the diffusion of the spin current into the FM injector, the difficulty of the spin
relaxation for the FM is effectively enhanced. The preparation of a high-quality
tunnel barrier without reducing the spin polarization at the interface is required
for the effective spin injection. Since a long spin diffusion length is expected in
silicon- and carbon-based organic materials, the efficient generation of the spin
current in such materials may open a new avenue for the spintronic devices based
on pure spin currents.

A contact size in the FM/NM junction is also an important factor for the spin
injection, absorption, and reabsorption [42]. So far, the distance between the spin
injector and detector is known as the most important geometrical parameter for the
spin injection and detection. However, by reducing the size of the injecting junc-
tion, the generation efficiency of the pure spin current is drastically improved. This
is because the spin relaxation rate in the FM is inversely proportional to the junction
size S. To demonstrate this, the junction-size dependence of the spin signal has been
investigated. Here, the junction size for the lateral spin valve is changed from
0.006 pm? to 0.2 pm? although the edge-to-edge distance between the injector and
detector is fixed to 800 nm. Since the spin relaxation rate of the vertical Cu arms is
small, the spin current diffusions into the horizontal Cu arms can be neglected.
Then, the spin signal for the present LSV is roughly obtained by Eq. As mentioned
above, reducing the size of the ohmic junction between the Py pad and the Cu wire
decreases the spin relaxation rate in the Py pad. To change the junction size between
the Py pad and the Cu wire, the length of the Cu wire on the Py pad is adjusted, as
seen in the inset of Fig. 12c. The junction-size dependence of the spin signal has
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Fig. 12 Nonlocal spin-valve signals of (a) the large-junction device and (b) the small-junction
device with the probe configurations. (¢) Spin signal in the NLSV measurement as a function of the
junction size lpw. The dotted curve is the best fitting to the data points using Eq. 4

been investigated by changing the size of the detecting junction with keeping the
same electrode spacing of 600 nm. The obtained spin signal is plotted as a function
of the junction size in Fig. 12c. The spin signal increases with reducing the junction
size and is well reproduced by Eq. 1, where the spin signal is inversely proportional
to the junction size.

Magnetization Switching Due to Injection of Pure Spin Current

The switching mechanism due to spin torque is explained with a model proposed by
Slonczewski in which the torque exerted on the magnetization is proportional to the
injected spin current. This clearly indicates that the spin current is essential to
realize the magnetization switching due to the spin injection. Most of the present
spin-transfer devices consist of vertical multilayered nanopillars in which typically
two magnetic layers are separated by a nonmagnetic metal layer [43, 44]. In such
vertical structures, the charge current always flows together with the spin current;
thereby, undesirable Joule heat is generated. As mentioned above, by optimizing
the junction, the pure spin current can be effectively injected into the nanomagnet
because of the spin absorption [42]. Therefore, the magnetization of nanomagnet
can be switched nonlocally. To test this idea, a nanoscale ferromagnetic particle is
configured for a lateral nonlocal spin injection device as in Fig. 13a, b [22-25].
The device for the present study consists of a large Permalloy (Py) pad 30 nm in
thickness, a Cu cross 100 nm in width and 80 nm in thickness, and a Py nanoscale
particle, 50 nm in width, 180 nm in length, and 6 nm in thickness. A gold wire
100 nm in width and 40 nm in thickness is connected to the Py particle to increase
the effective spin relaxation rate, resulting in high spin current absorption into the
Py particle. The magnetic field is applied along the easy axis of the Py particle.
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Fig. 13 (a) Scanning electron microscope image of the fabricated lateral spin valve. (b) Sche-
matic illustration of nonlocal spin injection using lateral spin-valve geometry. (¢) Field depen-
dence of the nonlocal spin signal. (d) Nonlocal spin-valve signal after the pulsed current injection
as a function of the current amplitude with corresponding magnetization configurations

Here, the dimensions of Py pad and Cu wires are chosen large so that the charge
current up to 15 mA can flow through them.

To confirm that the spin current from the Py injector is injected into the Py
particle, the nonlocal spin-valve measurements are performed. As in Fig. 13c, the
field dependence shows a clear spin signal with a magnitude of 0.18 m€, assuring
that the spin current reaches the Py particle. Then, the effect of the nonlocal spin
injection into the Py particle has been examined with using the same probe
configuration. Before performing the nonlocal spin injection, the magnetization
configuration is set in the antiparallel configuration by controlling the external
magnetic field.

The nonlocal spin injection is performed by applying large pulsed currents up to
15 mA in the absence of magnetic field. As shown in Fig. 13d, when the magnitude
of the pulsed current is increased positively in the antiparallel state, no signal
change is observed up to 15 mA. On the other hand, for the negative scan, the
abrupt signal change is observed at —14 mA. The change in resistance at —14 mA is
0.18 mQ, corresponding to that of the transition from antiparallel to parallel states.
This means that the magnetization of the Py particle is switched only by the spin
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Fig. 14 (a) SEM image and schematic illustration of the improved nonlocal spin injection device.
(b) Giant spin signal and (c) the reversible magnetization switching by the pure spin current
injection observed in the improved device

current induced by the nonlocal spin injection. The responsible spin current for
switching is estimated from the experiment to be about 200 pA, which is reasonable
compared with the values obtained for conventional pillar structures. However, the
switching from the parallel to antiparallel state has not been achieved in the present
device. This is mainly due to the low spin-injection efficiency.

To improve the efficiency of the injecting spin current, a newly designed sample
has been fabricated, as shown in Fig. 14a [23]. The new sample consists of two
Py/Au nanopillars on a Cu wire. As shown in Fig. 14a, the junction size between the
Py and Cu in the new sample is effectively diminished, leading to the efficient
generation of the pure spin current. Figure 14b shows the nonlocal spin-valve signal
as a function of the external field. The obtained spin signal is around 4 mQ, much
larger than that of the previous device. Then, nonlocal spin injection with variable
DC current is applied to perform the magnetization switching. The sample is preset
to a parallel state at which both magnetizations are aligned in the positive field
direction. As can be seen in Fig. 14c, when the current is increased, the nonlocal
spin-valve signal sharply decreases at about 4.5 mA, indicating a clear magnetiza-
tion reversal. According to the change in the nonlocal spin-valve signal, the parallel
state is transformed into an antiparallel state which is switched back to the parallel
state by a negative DC current of 5 mA. Thus, reversible magnetization switching
between antiparallel and parallel states is realized by means of nonlocal spin
injection with the specially developed device consisting of perpendicular
nanopillars and lateral magnetic nanostructures.
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Very recently, Zou and Ji demonstrate the nonlocal switching of the Py nanodot by
using a specially developed LSV structure [24]. They prepared a lateral spin valve with
a 5-nm-thick ferromagnetic Py detector. This structure enables to inject the pure spin
current entirely in the Py detector. As a result, the magnetization of the Py detector is
reversed by a sufficiently large spin torque. The interesting thing is that the structure
includes the interface barriers both at the injecting and detecting junctions. According
to the spin diffusion model, the interface resistance strongly suppresses the spin current
diffusion into the ferromagnet. To understand the result more quantitatively, other
effects such as the magnetic interface anisotropy may have to be considered.

Conclusion and Outlook

The author described the transport properties of the diffusive spin currents by
introducing the experimental studies on the electrical spin injection in metallic
nanostructures. The author shows that a nonlocal spin injection in a lateral spin-
valve structure enables to create a pure spin current. Electrical control of the
direction of the spin accumulation and the generation of the giant pure spin current
were demonstrated by the multiterminal spin injections. The author also shows that
the diffusion process of the spin current is strongly affected by the spin absorption
and reabsorption effects. The magnetization switching of the ferromagnetic
nanodot due to the pure spin current injection was demonstrated.

A novel manipulation and sensitive detection techniques of the pure spin currents
have been developed recently by using the spin Hall effect [45—47]. Moreover, the spin
current is found to be generated from the heat flow [48] and to transport even in
electrical insulator [49]. These novel techniques may open up possibilities for new
spintronic devices with ultralow power consumptions. However, the application fea-
sibility of the pure spin currents is still low at moment because of the low generation
efficiency of the pure spin current. Further improvements should be achieved for the
practical application of the pure spin current. Very recently, a room-temperature
magnetization switching using the pure spin current induced by the spin Hall effect
has been demonstrated [50]. This innovative demonstration may revolutionize the
realization of more functional spin devices utilizing pure spin currents.
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