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Abstract

y.

Thanks to advanced nano-fabrication technology,

physics of “spin current,” a flow of spin angular
momentum, is now widely explored generating a
number of fascinating emergent phenomena. Among
them, we found a new mechanism that directly converts
magnetic and electric energies in nano-scale magnets.

This work was published in Applied Physics Letters
and selected as interesting research in AIP Physics News
Highlights 3rd January 2013.

1. 4

Electronics is indispensable for our daily life in the

Background

information society. As the next generation technology,
“spintronics” attracts global interests. As the name
implies, electronics is an art of controlling electrons in
solids. The electron has two personae: its “charge” and
“spin” (Fig. 1). The charge is the origin of electricity
and its flow leads to an electric (charge) current. On the
other hand, the spin gives birth to magnetism and its
flow is called a “spin current”. The electronics to date
has developed using only the charge currents.
Spintronics aims to overcome the current
technology by harnessing both the currents equally
[1]. One of the key issues in this field is to understand
the mutual interaction between spin current and
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Fig.1 Electron’s charge and spin

(@) A flow of the charge leads to an electric current whereas a
flow of the spin leads to a spin current. (b) An ordinary electric
current consists of the equal number of up- and down-spin
electrons, leading to no net spin current. (c) Generation of spin
currents requires an ingenious method to create a “counter-flow”
of the up- and down-spins.
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Fig.2 Current-induced DW motion

The exchange interaction mediates angular momentum
transfer between conduction electron spin and
magnetization, leading to DW motion along the flow of a
spin current.

magnetization. This interaction leads to the so-called
“spin-transfer torque” (STT) [2,3] and “spinmotive
force” (SMF) [4]. The concept of STT was proposed
in the mid-"90s and has been proved to be more useful
than the conventional method in coding information
in magnetization of nanodevices. In this sense, STT is
one of the guiding principles in developing the field
of spintronics. Later the SMF, an effect that stems
from the same interaction that leads to STT, was
discovered. While STT is responsible for the angular-
momentum-transfer, SMF enables the energy-transfer
between spin current and magnetization. Therefore,
it is anticipated that SMF becomes an important
building block for future spintronics devices.

In this Note we describe our recent contribution to
the theory of SMF and its future applications.

2. Contents of the study )

Let us begin with introduction of STT first. Spin
current can exert a torque on the magnetization by
transferring the angular momentum and thus causes
the magnetization dynamics. In order to see this, let
us consider a ferromagnetic nanowire containing a
magnetic domain wall (DW), a nano-scale boundary
between two magnetic domains (Fig. 2).

Conduction electrons move from left to right
with their magnetic moment aligned parallel to the
magnetization due to the strong exchange interaction
between the conduction spins and magnetization
(Fig. 2 (a)) . As a result, the magnetic moment of the
conduction electrons rotates along the magnetization
configuration and changes the direction before and
after passing through the DW region. This means that
the angular momentum of the conduction electrons
is changed. Because of the conservation of angular
momentum, change of the spin angular momentum of
the conduction electrons is compensated by change
in the magnetization, and localized spin within the
DW rotates in the opposite way to the conduction
electron spins. This results in the DW motion along the
direction of the conduction electron’s flow (Fig. 2 (b)) .

Such current-induced DW motion has been
demonstrated in various ferromagnetic materials and its
nanodevice applications have been studied extensively [5].

Next, let us move on to the SMF. We apply a
magnetic field H in the same magnetic nanowire (Fig.
3). In the presence of the magnetic field, the total
Zeeman energy of the nanowire increases or decreases
in response to change in the DW position. This energy
change is transferred to the conduction electron spin
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Fig.3 Field-induced DW motion and generation of an
electrical voltage

Applying a magnetic field a DW moves toward the direction

of lowering the Zeeman energy and the released energy is
converted to a voltage via the SMF mechanism.
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via the exchange interaction, giving rise to a driving
force for spin currents. By considering energy and
angular momentum conservation between the DW
and the conduction electron system, we obtain the
induced electric voltage
V= (Pguy/e) H. (1)

Here g is the g-factor, p, is the Bohr magneton, e
is the elemental charge, and P denotes a material
dependent parameter for the spin polarization of
conduction electron (0 < P <1 for ferromagnets).

In a recent work [6], by further controlling the
DW motion, we have proposed a basic concept of
a “magnetic power inverter,” a device that converts
DC magnetic fields to AC electric voltages, and
investigated its operation characteristics using model
calculations. This device consists of a magnetic
nanowire with the width modulation as shown in Fig.
4(a). In such a patterned wire, a DW behaves like an
elastic membrane and the DW energy changes by
the DW position as shown in Fig. 4(b). Accordingly,
a DW introduced in the nanowire is subjected to not
only an applied DC magnetic field but also an effective
magnetic field arising from the modulation of the
DW energy that is proportional to the wire width. In
this case, the output voltage has an AC component
reflecting the alternating DW energy in addition to a
normal DC component due to the input DC magnetic
field (Fig. 5). Characteristics of the AC component
such as amplitude (several pV) and frequency (MHz to
GHz) can be tuned by design of the wire shape, choice
of materials, and magnitude of applied magnetic fields.

3. Importance of the result and its impact )

The recent development of nano-fabrication
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Fig.4 Design of magnetic power inverter

(a) A magnetic field is applied to induce domain wall motion
in a nanowire that is periodically patterned with wider (/;)
and narrower (W,) widths. (b) The wall energy is proportional
to the wire width and becomes larger (smaller) at W, (W,).
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Fig.5 Output voltage characteristics

In a normal nanowire a DC magnetic field induces a DC
output voltage (black) whereas in a periodically patterned
nanowire we have theoretically shown that an AC output
voltage is superposed in addition to the DC component (red).

technology of magnetic nanostructures allows us
to access SMFs. Striking features of the SMF are
listed as follows: (1) In contrast to the inductive
voltage where the time variation of a magnetic flux is
required, solely a static magnetic field can generate an
electric voltage. (2) The conversion rate is given by
fundamental constants apart from the spin polarization
of the sample, enabling efficient energy-conversion.
(3) Applications using this effect can operate as active
devices with zero stand-by power and such power-
conversion ability between magnetic and electric
systems provides a unique functionality in magnetic
nanostructures.

4. Perspectives )

Since the discovery of Faraday’s law of induction
in 1831 it has been one of the fundamental laws
in electromagnetism and played a pivotal role as
an operation principle of various electric devices
ranging from power generators to electric appliances.
Spinmotive force is a generalization of Faraday's law
of induction, which is derived by adding the spin
current to the conventional electromagnetism, and
offers a new concept of spintronics. Now the SMF is
observed in a variety of magnetic nanostructures [7].

In spintronics applications, higher performance of
existing devices, such as magnetic memory, magnetic
head, and magnetic sensors, has been pursued so
far. Now they are widely recognized as promising
candidates for ultimate “energy saving” technology.
Additionally, SMF introduces the basic concept of
“energy harvesting” technology in spintronics and
paves a new pathway to the magnetic and electric
energy conversion using a magnetic materials.

This work brings a novel concept that directly
bridges different types of energy with frequency
modulation and opens a new route for efficient energy
conversion technology in nanodevices.
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