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In this Division, we are conducting vigorous theoretical
research from a microscopic point of view on topics at
the forefront of contemporary condensed matter physics,
statistical physics, and materials science, also in collabora-
tion of experimental groups. Our goals include theoretical
elucidations of experimental results, developments of new
concepts to describe collective behavior of interacting
systems, useful theoretical modeling of materials, and
predictions of novel interesting phenomena. The topics
in recent research span diverse areas as quantum phase
transitions and critical phenomena in quantum spin
systems and strongly correlated electron systems, heavy-
fermion physics, superconductivity in various materials,
frustrated systems, dynamic processes and catalytic proper-
ties at surfaces, and quantum transport and interactions in
mesoscopic conductors. A wide variety of methodologies,
including modern approaches based on mathematical
concepts such as topology, many-body perturbation theory
based on quantum field theory, and large-scale, state-of-
the-art computational approaches such as quantum Monte
Carlo simulations and ab-initio calculation of electronic
structures based on the density functional theory, are
utilized to approach these problems. Each member of this
Division employs calculation techniques in accordance
with his/her expertise and taste. As a whole, this Division
and related Theory Groups cover a wide range of problems
and methodologies in the cutting-edge condensed matter

theory.
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Strongly correlated electron systems, particularly compounds
including d- or f-orbital electrons, are the main subjects of our
research. In these systems where electron-electron interactions
are very strong, a variety of interesting phenomena emerge at
low temperatures, and various magnetic orders, unconventional
superconductivity and density waves are typical cases.

Targets of our recent study include novel types of quantum
order and quantum fluctuations in frustrated spin and strongly
correlated electronic systems with multiple degrees of freedom.
In these systems, many soft modes of fluctuations are coupled,
and this affects the nature of quantum phase transitions, as well
as electronic states and dynamical properties including transport
phenomena. One of our recent achievements is about optical
conductivity near an antiferromagnetic phase transition. We have
shown that vertex corrections due to magnetic order and fluctua-
tions provide a substantial contribution to optical conductivity,
which is in sharp contrast to the behavior near the Mott transi-

tion in frustrated electron systems.
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Numerical results of the temperature dependence of the dc conductivity in the half-filled Hubbard 0.05
model on a square lattice calculated by the cluster dynamical mean field theory. The antiferromag- A (hra P (e ™ (o)
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Electronic states of strongly correlated systems with d- or f-electrons

2. 77 AL =Y 3 VROKENE
Statistical physics of frustrated systems
3. EFHEHOHTEFHDOER
Theory of novel phases in quantum magnets
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Unconventional superconductivity in strongly correlated electron systems
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Upper panel: A schematic
figure of the Hong-Ou-
Mandel-type two-elec-
tron collision experiment.
Two electrons injected
from two quantum dots
propagate along edge
states, and collides at a
central quantum point
contact. Lower panel:
The probability P, that
two electrons scatter into
the same edge states, is
plotted as a function of a
wavepacket delay time At.

Transport properties in mesoscopic systems
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Theory of quantum transport in interacting electron systems
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The main research subject of our laboratory is theoretical
study of quantum transport in nano-scale devices based on
various methods. This research subject, which is also called
‘mesoscopic physics’, has been studied for long time by
focusing on quantum mechanical nature of electrons. Recently,
mesoscopic systems are studied from novel viewpoints such as
nonequilibrium many-body phenomena, shot noise, high-speed
drive phenomena, spintronics, and so on. In order to explain
these phenomena, we are constructing theories by utilizing
nonequilibrium statistical mechanics, fundamental theory of
quantum mechanics, and many-body physics. Examples of our
recent activities are nonequilibruim transport properties of the
Kondo quantum dots, electron and heat transport under time-
dependent external fields, and many-body effect in thermal

transport of phonons.
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The photon-assisted zero-bias noise (the solid line) and the
equilibrium thermal noise (the dashed line) evaluated at the cor-
responding Teq (the right inset) are displayed as a function of the
strength of the external filed. The left inset: a schematic picture of
the present model.
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Fundamental theory of non-equilibrium statistical mechanics and quantum measurement
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Visiting Associate Professor

Recent researches showed the existence of entirely new quantum
states such as topological insulators and Weyl semimetals. In this
project we work on the interplay between spin-orbit coupling and
magnetism, such as spin-electricity correlation, magnetotransport
phenomena, and application to spintronics devices.

A Weyl semimetal is a new type of topologically protected gapless
quantum state, with either time-reversal or spatial inversion symmetries
broken in three dimensions. Weyl semimetals with broken time-reversal
symmetry are more interesting and rewarding for spintronics applications.
We derive an effective free energy functional of magnetization which
describes electromagnetic responses of a Weyl semimetal with ferromag-
netic order. We also demonstrate that Weyl electrons in a magnetic Weyl
semimetal exert a spin torque on the local magnetization, without a flowing
current, when the chemical potential is modulated in a magnetic field. The
spin torque is proportional to the anomalous Hall conductivity, and its
effective field strength can be comparable to the Zeeman field. Using this
effect, the direction of the local magnetization is switched by gate control
in a thin film. Dynamics of local magnetization is analyzed by solving the
Landau-Lifshitz-Gilbert equation. We also discuss magnetic textures such
as domain walls in magnetic Weyl semimetals and show the charge density
and the current density are generated near the domain walls, which might
be used to manipulate the motion of domain walls electrically.
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Spin current, a flow of electron spin angular momentum, is

a key concept in spintronics. Spin current generation has been
achived by using exchange ineteraction in magnets, electro-
magnetic interaction, and spin-orbit interaction. Recently, we
have proposed an alternative scheme wherein the spin-rotation
coupling is exploited for spin-current generation. The spin-
rotation coupling is the fundamental coupling between spin and
mechanical rotational motion, and emerges in both ferromag-
netic and paramagnetic materials, and allows the interconver-
sion of spin and mechanical angular momentum. Spin-current
generation by the spin-rotation coupling has been experimen-
tally demonstrated using the mechanical rotation of liquid
metals. Now we are extending our theory of mechanical genera-
tion of spin current and also developing the inverse effect, where

mechanical rotational motion is induced by spin-injection.
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The physics and applications of unconventional spin and heat
transport in low dimensional quantum magnets has attracted
significant theoretical and experimental interest. The proposal
that integrable quantum many-body systems show fundamen-
tally different finite temperature transport properties than the
non-integrable ones promoted the experimental investigation
of the thermal conductivity in quasi-one dimensional novel
magnetic materials.

Currently I am working in the development of a semi-
phenomenological transport theory for topological excitations
in low dimensional quantum magnets. I pursue the idea of
going beyond a low-energy, dilute gas approach by combining
a quasi-particle Bethe ansatz description to exact spin-phonon
scattering matrix elements. Furthermore, I have shown that
the Bethe ansatz formulation of the easy-plane 1D Heisenberg
model thermodynamics (TBA) by Takahashi and Suzuki and the
subsequent analysis of the spin Drude weight, also reproduces
the thermal Drude weight and magneto-thermal coefficient
obtained by the Quantum Transfer Matrix method (QTM).
In a novel extension of the Bethe ansatz method to far-out of
equilibrium transport I studied the energy current generated at
the interface between two semi-infinite chains held at different
temperatures and successfully compared it to recent DMRG

numerical simulations.
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