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Abstract )

We have studied the physics emerging from the
internal degrees of freedom of electrons: charge, spin,
and orbital, and strong interaction between electrons. In
particular, the spin Seebeck effect, the spin Hall effect,
the phonon Hall effect, and the spinmotive force, are
new phenomena in which multiple internal degrees of
freedom are involved. Results of our research group in
these areas are summarized.

1. Introduction )

Choosing combinations of atoms and/or using micro-
fabrication techniques, quantum mechanical phenomena
in a microscopic scale can be revealed to us as various
macroscopic properties. The internal degrees of freedom
of electrons, charge, spin and orbital, are entangled and
strongly interact with one other. We have studied new
physics originating from such internal electron degrees
of freedom and the electron correlations. We have sought
new functional materials and new concepts in condensed
matter physics, in addition to new features of devices by
using a variety of numerical methods. We have focused
especially on spintronics and its related subjects.

Spintronics uses “spin current”, that is the flow of the
magnetic property of electrons, instead of the electric
current, which is the flow of the electronic charge. It
is expected to be the next-generation of energy-saving
electronic devices [1-3]. Triggered by magnetoresistance
in the 1980s, spintronics progressed rapidly and is
now applied to the hard disk drives, and furthermore
the application to non-volatile memories is seen to be
realized. Manipulation of spins by spin current is also an
active subject.

On the other hand, in addition to the speed of
progress, spintronics is beginning to show a rich
variety of phenomena (Table 1). If the study on
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Fig.1 Left: Experimental setup for observing the spin
Seebeck effect[4] (Schematic in Ref.[9]). Right: Spatial
dependence of voltage (upper), injected spin current
(middle), temperature (lower).

magnetoresistance in 1980s is assigned to be the first
stage, the utilization of charge and/or spin currents to
control the magnetization can be regarded as the second
stage. It must be noted that this second stage is not a
naive change of control method but is rather enhanced
by the spin Seebeck effect, which is a completely new
principle of power generation by spin current and was
discovered by the group of Eiji Saitoh in 2008 [4]. This
is the beginning of the second stage. We have studied
this subject intensively. Our results are summarized in
the next section.

As we shall outline later, in the spin Seebeck effect,
generation, injection and conversion of spin current
are important. The spin current can be considered to
be a time variation of magnetization (Table 1). When
a spatial variation of the magnetization is induced in
addition to the spin current, it is reported that electrons
are taken in an electric field inherent to a magnet which
should be distinguished from the usual electromagnetic
field [5,6]. In fact, a motive force induced by a domain-
wall motion is observed [7,8]. It is called the spinmotive
force. Here, spintronics enters the third stage. We have
obtained many pioneering results on this subject as well,
and those are also summarized in the next section.

2. Selected outcomes )

(1) Spin Seebeck effect

A simple junction of ferromagnet and metal shown
in Fig. 1 (left) is used for the spin Seebeck effect.
With an applied magnetic field and a temperature
gradient (VT), a voltage drop (V) appears in the
metal. As shown in Fig. 1 (right, top), V' depends on
the position of the metal and changes its sign from
the high- to the low temperature sides. The voltage in
the metal is induced by converting the spin current,
which is injected from the ferromagnet, to the charge
current by the inverse spin Hall effect. The spatial
dependence of V means that the magnitude of the
spin current depends on VT (Fig.l right middle).
Those explanations might be sound, but the fact
that V changes linearly on such a long length scale,
which amounts to several mm, cannot be explained
by assuming that VT induces spin current inside
the ferromagnet. This is because the spin current
usually decays within several nm. Such a non-
trivial phenomenon, the spin Seebeck effect, has
been clarified in Refs. [9] and [10]. It was pointed
out that the essential element is the spin current
injected by thermally driven magnetic fluctuations.
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We have shown that the spin current injected into
the metal (Is) is given by, /s TxyJa(Ty = T;) | with
spin scattering rate in the metal I, and susceptibility
of the metal y,. Temperatures in the ferromagnet and
the metal are denoted by T} and T\, respectively.
It is supposed that the metal is coupled to the
ferromagnet by Jg. In our result, /g is proportional
to the temperature difference (7% -Ty). Hence, VT
is not necessarily in the x direction, and VT in the z
direction is rather advantageous for application. The
following point must be noted here. In Fig.1 (left),
although a temperature gradient exists inside the
ferromagnet, 7 must coincide with Ty locally, since
the metal are directly attached to the ferromagnet
and then the interface of them should be thermally
equilibrium. If this is true, spins cannot be injected
into the metal. This crucial point is clearly explained
in Ref. [9]: Supposed local thermal-equilibrium
states perturbatively connected each other, it is
found that the effective temperature for spins (7.4)
can deviate from the temperature of the system as
heat bath (Ty,,). See Fig. 1 (right, bottom). It is
this temperature difference that injects spins into
the metal, and furthermore this is the main force to
maintain this phenomenon for a distance as long
as several mm. Again this temperature difference
between Ty and T} is conceptually very important,
since heat flowing in the ferromagnet is distinguished
from the effective temperature for spins. This concept
reasonably explains the phonon drag effect, in
which the spin Seebeck signal is strongly enhanced
at low temperatures [11]. Further extension of this
concept leads to the realization that temperature is
not always necessary to drive spin current, i.e., spin
pumping by acoustic wave [12], spin Seebeck effect
in compensated ferrimagnets [13], dc spin pumping
enhanced by magnetic fluctuation [14]. Now we
believe that our results have established the basic
theory of the spin Seebeck effect.

(2) Spin Hall effect and phonon Hall effect

The spin Seebeck effect is a completely new principle
of thermopower generation. It is natural to wish to
enhance its figure of merit. Although device structure
is crucial to applications, from a viewpoint of material
science, the spin Hall effect in a metal is important.
The spin Hall effect is an interesting phenomenon from
which the charge current is converted to the spin current
perpendicular to it (in the literature, the inverse spin Hall
effect is vice versa). So far, efficiency of this conversion
has been less than 1%, whereas we have found a
microscopic mechanism to enhance it theoretically
[15-17]. For example, Au containing a tiny amount of
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Fe is a possible candidate for a spin Hall electrode. In a
thin film, scattering on surface is dominant and enhances
the spin Hall effect. As a result, it is estimated that the
conversion of spin- and charge currents can be raised to
be about 10 %. Our method to obtain the above results
is summarized in Fig. 2. The character of materials
is captured by the density functional theory and the
correlation effects such as quantum fluctuation are taken
into calculation by the quantum Monte Carlo method.
Our method is applied to another case, e.g., Ir doped Cu,
in which electronic correlation is crucial to find the sign
of spin Hall effect [18] (See also Fig. 3).

A closely related phenomenon is reported as an
anomaly in the spin Hall voltage near the Curie
temperature of Ni-Pd alloy, which is known as a
soft ferromagnet. We have shown that this anomaly
originates from the spin fluctuation near the Curie
temperature [20]. It is called non-linear spin Hall
effect due to the fact that the higher order of spin-spin
correlation function determines this effect. Now this
phenomenon is expected to be a method for a high
sensitive magnetic sensor.

The spin Seebeck effect has reminded us of the
importance of spin current and its control. Here one
question arises: Can we control heat (phonon current) by
some means? Concerning the charge and spin currents,
the direction of their flow and mutual conversion are
possible due to Lorentz force and spin orbit interaction,
while phonons as quantized lattice vibration have neither
charge nor spin. Nevertheless, when a linear magnetic
field is applied perpendicularly to a heat current in a
sample of terbium gallium garnet (TGG), Tb;Ga;0O,,, a
transverse temperature gradient is induced in the third
perpendicular direction. This is called the phonon Hall
effect. We have shown that the puzzling phonon Hall
effect observed in TGG is due to the resonant skew
scattering of phonons from the crystal field levels of
superstoichiometric Tb*" ions [21]. A quasi-doublet state
of Tb ion is split by magnetic field and then the resonant
skew scattering of phonons becomes finite. This is the
essential point clarified by us. Hereafter, in addition to
spin current, we can expect to control heat current.

(3) Spinmotive force

According to classical electrodynamics, electromotive
force arises from the time variation of a magnetic field.
Interplay of this magnetism and electricity is the induced
electromotive force discovered by Faraday. Faraday’s
law is indispensable to our life as an important principle
of various electrical apparatus. On the other hand, when
a spatial variation of the magnetization is induced in
addition to its time variation, i.e., spin current, electrons
are taken in an electric field inherent to a magnet which

HBERZ /—K~ Vol22 No.1 December 2014
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should be distinguished from the usual electromagnetic
field [5,6]. In fact, a motive force induced by a domain-
wall (DW) motion is observed [7,8]. It is called the
spinmotive force, since it originates from the spin
degrees of freedom of electrons.

The spinmotive force is a phenomenon which arises
from direct conversion of the magnetic energy of
magnetization to electrical energy through conduction
electrons. Unlike the induced electromotive force,
electricity can be produced by applying a dc magnetic
field, where the time variation of magnetic field is not
necessary. One typical example is to apply a dc magnetic
field on a magnetic wire containing a DW, as shown in
Fig. 4. As the magnetic field is applied, the DW starts
to move in the wire to seek the lowes energy state
and then magnetic energy is released. The amount of
energy converted from magnetic to electrical energy is
the origin of spinmotive force. We have established the
basic theory of spinmotive force based on a microscopic
model [22], and proposed a device design where it is
easy to measure the spinmotive force. In fact, this is
successfully observed in experiment [23].

In Fig. 4, the spinmotive force is proportional to
the amplitude of an applied magnetic field. It means
that a dc magnetic field induces a dc voltage and an ac
magnetic field results in an ac voltage with the frequency
of the input magnetic field. We have proposed a device
as shown in Fig. 5, that has a periodic change in the
width of a magnetic wire. In this device, a dc magnetic
field can induce an ac voltage, i.e., dc-ac converter
between magnetism and electricity [24]. To show useful
properties, the equation of motion of the magnetization
with DW and periodic modulation in width is solved
numerically, and then the spinmotive force is calculated.
The time evolution of the output voltages in a uniform
wire (black) and a sinusoidal wire (red) are also shown
in Fig. 5. In the red curve, the ac component, in addition
to the dc component, is induced due to the change
in width. The amplitude and the frequency can be
controlled by a magnitude of the dc magnetic field and/
or changing its shape. Hence, it leads to good control of
the ac characteristics from MHz to GHz by appropriately
choosing materials. In addition to the shape control,
the ac characteristics can be changed by combination
and/or fabrication process of materials, which will
change the DW energy. It is expected theoretically that
an electronic device directly exploiting magnetic energy
will bring about a big energy-saving effect in the future,
since a power supply during standby is not necessary.
Our results show the potential of this new phenomenon,
the spinmotive force, and have opened a new pathway
to power electronics based on spintronics, i.e., “power
spintronics”. Finally, we would remark that DW
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