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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, statis-
tical physics, and materials science, in pursuit of the devel-
opment of new concepts to describe collective behavior
of interacting systems, prediction of novel interesting
phenomena, and useful theoretical modeling of materials,
in close contact with experimental groups.

The topics in recent research span such diverse areas as
spin-charge-phonon(-orbital) complex properties in transi-
tion-metal oxides and organic conductors, quantum phase
transitions and critical phenomena in the strongly-corre-
lated systems such as low-dimensional quantum magnets
and electron systems including the Kondo lattice, metal-
insulator transitions, heavy-fermion physics, both phenom-
enological and microscopic theories of superconductivity
in various materials, exchange and correlation effects on
dynamic properties in metals and semiconductors, dynamic
processes and catalytic properties at surfaces, and quantum
transport and interactions in mesoscopic conductors.

In performing those pieces of research, individual
members employ calculation techniques in accordance with
their expertise and taste, but as a whole, the theory group
covers virtually all modern theoretical methods, ranging
from sophisticated analytical techniques in mathematical
physics and formal many-body theory to large computa-
tional approaches, such as quantum Monte Carlo simula-
tions and state-of-the-art ab-initio calculation of electronic
structures based on the density functional theory.
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Two regimes in the low temperature behaviors of Kondo effect of a
vibrating magnetic ion. On the boundary the two-channel Kondo

behavior is identified.
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In strongly correlated electron systems, a rich variety of the
ground states are realized, including magnetic and supercon-
ducting states. Boundaries between different phases define
quantum phase transitions. One of the simplest examples of the
quantum phase transitions is the order-disorder transition in
localized spin systems. Typical examples we have studied include
the spin systems in the two-dimensional orthogonal dimer
lattice and the three-dimensional pyrochlore lattice. We are now
interested in quantum phase transitions in itinerant electron
systems.

Materials which have a network of cages are under intensive
studies in these days. A unique feature of such systems is the
strongly anharmonic vibration of ions contained in the cages.
We have shown that it is the origin of unusual temperature
dependences of resistivity and NMR relaxation rates in this
class of materials. Recently effect of vibrations of a magnetic
ion coupled with conduction electrons is studied. It is shown
that opening of a new hybridization channel accompanied with
phonons leads to a line of critical points of the two channel
Kondo effects.

Concerning the transport phenomena through quantum
dots, it is shown that generalization of the Kubo formula into
non-equilibrium situations is possible, which leads to a new
theoretical definition of the shot-noise. Concerning numerical
study of Kondo transport, a direct method to calculate current
with the time-dependant DMRG has been developed.
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1. BEAEYRB L CBEBFRICK T 2EFHES

Quantum phase transitions in localized spin systems and itinerant electron systems

2. IRENT BHEA A VI BT B RERNR
Kondo effects of a vibrating magnetic ion
3. BF Ry MNMCHIT 2 EHEEXAR
Kondo transport phenomena through quantum dots
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In the hierarchic structure of nature, condensed matter
theory is mainly concerned with the complex system of many
nuclei and electrons, interacting to each other through electro-
magnetic fields. This system is so complex that no rigorous
solution is allowed. It is, however, regarded as an astonish-
ingly simple one if we compare it with the systems in the upper
hierarchy (the domain of biology) as well as those in the lower
one (the domain of high-energy physics). Thus we consider it
as one of the most fundamental problems in the whole theory
of physics to make its thorough investigation. With this recog-
nition, we study this system faithfully from first principles
with mainly using the density functional theory and the
Green’s-function method. More specifically, we are constructing
a framework for calculating the superconducting transition
temperature from first principles with the aim of proposing a

high-T. mechanism.
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Structural change of the pseudoelectron peak in the one-electron spec-
tral function for the Luttinger liquid (Yang-Gaudin model). Inset: The
entire structure of the spectral function near the Fermi point.

1. GWI % 7— R EZEXZEICH LI BFESIRILF—DHEFEORE L EBREET 1R OYIEER
GWT method: Development of the calculation method for the electron self-energy always satisfying the Ward identity
and investigation of the properties in the low-density electron gas
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First-principles calculation of the superconducting transition temperature: Proposal of a good functional form for
the pairing interaction in the density functional theory for superconductors and investigation of high-temperature
superconductivity in an attraction-repulsion competitive system
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Atom/molecule embedded electron gas: Kondo problem from first principles and developments of the exchange and

correlation energy functional
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Our main focus is quantum many-body theory. Based on the
close correspondence among quantum many-body systems,
classical statistical systems and field theory, we pursue universal
concepts in physics. At the same time, we aim to give a unified
picture on experimental data and to make testable predictions.
For example, recent experimental observation of superfluid-
like behavior in liquid Helium 4 confined in one dimension is
described as a dynamical phenomenon related to anomalously
slow relaxation characteristic in one dimension. Moreover,
frequency dependence of the “superfluid transition” temperature
is predicted.

On the other hand, recent developments in quantum
many-body problems motivate us to reexamine the fundamental
issue of classification of quantum phases, at conceptual level. For
example, we study characterization of topological phases, which
has no local order parameters, in terms of quantum entangle-
ment. With these studies, we also aim to develop an interdisci-
plinary field with quantum information theory and quantum
computation.

Much of our research is carried out in international collabora-
tions.
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Superfluid response of liquid Helium 4 confined in one
dimension. As the frequency is lowered from 200kHz(right)
to 20Hz(left), the onset temperature of superfluid response
approaches to zero. The inset shows a dissipation peak at
about the same temperature as the onset of the superfluid
response at each frequency, and a power-law dependence of
this temperature on the frequency.

Field-theory formulation of Electron Spin Resonance in low-dimensional quantum spin systems

2. HI5IER & Z DY IEYIEN DN

Conformal Field Theory and its applications to condensed matter physics

3. MRAVAIEEEFIVIVTILAY K
Topological phases and quantum entanglement

4 F/ZABHROBRENY UL 4 DEFERFIRR

Liquid Helium 4 in nanoporous media and quantum critical phenomena

5 BVWEFRICHTBBEHGR & BIGE

Phase transitions and superconductivity in heavy fermion systems

THE INSTITUTE FOR SOLID STATE PHYSICS 2013



Lz i b

Division of Condensed Matter Theory

http://www.issp.u-tokyo.ac.jp/maincontents/organization/labs/tsunetsugu_group.html

RS

Tsunetsugu Group

EREELAEY. fitE - 77F /A LEYREDET
M7 —a MR D3R 58 B & 1R O Y o Bl G 2 1T
LT3, 7—ay ARG RICE LT, KifI
BOTHREOREIREC R ERE, BERED%
ML PIESHET S, ZhoDEMERYEOR 7%
Bz HEEE T2 L EBICH LOBRORBREZHIEL W13,

FIHELTVET—=lk, 77APL =2 arRPAL
B - PLEOEAHMEZ R ORICBIBH LWy ToR
THREFPRTOSETHS, INS6DRIKAD L DE—
FDY 7 B ENFEA LT OB EAICEB T BT LR
BROF B, BHRECHERBRBED L) %22
LD %FRTVD, FEAEOKRELT, ZAKFLOEY
MEBICB I 2ELRBEORREEZH O, £, Pr
LBV DWGERR P IAE ) TSRO BT LRz F R L 7,

0.8
H/Hc
0.6

0.4

0.2

T/Tc

FAIIZEBUC & B PrirzAlzo OIRERSHER,. BIBERE &I 3 DD RBEEK
B (-1 DR,

Temperature-magnetic field phase diagram of PrlroAlyg determined by
mean field theory. Three antiferro orbital ordered phases (I-IIT) appear with
magnetic field sweep.
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Professor Research Associate

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 transport properties. We have recently
studied electric transport singularity at Mott transition on a trian-
gular lattice. We have also discovered a new type of divergence in
quadrupole response associated with an orbital order in Pr-based
compounds.
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Orbital states on two sublattices in each phase in the left figure. Repre-
sented by vectors in quadrupole space and related states are shown. Two
types of orbital orders are degenerate in phase I.

1. dBF. FEFLEYBERBEEEFROBEFRE

Electronic states of strongly correlated systems with d- or f-electrons

2. 77ANL—Y 3 Y ROFEHZFE
Statistical physics of frustrated systems
3. EFHIEAFOHTEFHDOER
Theory of novel phases in quantum magnets

4. BHEEBFRICE T BEANBLE

Unconventional superconductivity in strongly correlated electron systems
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single layer graphene (nearest -neighbor hoppings)
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Energy spectrum and quantum Hall effect of graphen in a magnetic field

1. 7274 YDEFR—ILHER
Quantum Hall effect of graphene
2. BHIRBONZIRTF L DEESR
Quasicrystal of cold atom optical lattice
3. 7Y —=F)UEFIAID A N JLZE{L
Spectrum shift of the Friedel sum rule
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Associate Professor

In many body systems, there appear many interesting
properties due to interaction. A recent example is the quantum
Hall effects on graphene. Also topological long-range correla-
tions give rise to novel properties like gapless surface states in
topological insulators. Traditional theoretical approaches based
on the perturbation theory often fail to analyze these recently
found phenomena. For example, the non-perturbative field
theoretical approach succeeded in the study of the quantum Hall
effects. Our purpose is to develop the non-perturbative method
including field theories and the solution of the basic problems in

physics mentioned above.
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Energy spectrum and quantum Hall effect of souble layer graphen in a
magnetic field
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Absorption spectra of Cgo and alkali-ion encapsulated Cgo. This demon-
strates that the first-principles excited-state calculation is facilitated.
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Associate Professor Research Associate

The purpose of our study is to explore novel property of
matters through a first-principles computer simulation, which
allows us to realistically investigate structural stabilities and the
electronic properties without any input from experiments. This
is a particularly powerful method based on the basic electronic
structure theory and the applied materials science.

The present targets of our study include (1) electronically
excited state and its dynamics, (2) dynamics of the ground
state at finite temperatures, and (3) representation of electron
correlation of a given nuclear configuration. These works are
done to extend possibility of the first-principles calculation.
The extension is particularly important in the surface/interface
phenomena associated with chemical reactions, e.g., micro-
scopic processes of fuel cells. Such study is a central topic of
the energy conversion but has been hampered by the need for
large computer resources. The development of K-computer has
opened possibility to advance microscopic theory and effective

predictions.

Effective
screening
medium
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Electrode dynamics at con-
stant potential. With the
extended Lagrange method,
called potentiostat MD, the
electrode potential can be
kept constant throughout.

First-principles Green’s function calculation of excited-state of a matter

2. TV EE AW EEREDOSEENE

First-principles tensor decomposition approach to accurate electronic structures

3. MAEMEMAREDO AL I 2L -3
Large-scale simulation of the fuel-cell electrocatalysis

4. FEWRED Y T VT DE—RIBETE

First-principles calculation of the nonadiabatic couplings
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The dot-site Coulomb repulsion U enhances a cross correlation of currents
through a normal dot (SU(2)) and an orbital-degenerate dot (SU(4)), while
the orbital degeneracy suppresses the cross correlation.

1. XY RO Y I RICH T 2HERFIE
Transport properties in mesoscopic systems
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Associate Professor Research Associate

The main research subject is theoretical study on transport
properties in mesoscopic systems, in which quantum interfer-
ence of electrons emerges through transport properties. One of
our purposes is to understand novel features emerging in inter-
acting electrons in solid-state mesoscopic devices by utilizing
various theoretical methods. Recently, novel technology on
quantum information, spintronics, and quantum optics has
been intensively studied in small semiconductors/superconduc-
tors. We are engaging in construction of fundamental theory
and development of new numerical method for understanding
of various phenomena in this research field. We are especially
focusing on strong electron correlation in mesoscopic objects.

We are also trying to understand transport and dielec-
tric properties in the presence of strong electron-electron
interaction in bulk materials by utilizing various theoretical
methods. Recent activities in this direction are charge-ordering
phenomena and dielectric responses in organic conductors and

giant relaxor-type dielectric response in transition oxides.
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A Fermi surface of organic conductors near charge-ordering transition.
The Fermi surface is modified so that the wavenumber of charge-ordering
pattern Q spans it well.

Theory of electron correlation in low-dimensional conductors

3. FETERET N - SFEUEROETEER

Fundamental theory of non-equilibrium statistical mechanics and quantum measurement

4. ZHRBETROBEHEF AR

Development of numerical algorithms for interacting electron systems
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BEHEHRIZ

Visiting Professor

My research subject is first-principles calculation of electrical,
magnetic, optical and structural properties of condensed matter.
Our main target is physical phenomena induced by electron
correlation and/or spin-orbit interaction such as electron-
excitation spectra of iron-based superconductors, noncollinear
magnetism of pyrochlore oxides and surface Rashba effect.
Since standard first-principles approaches are insufficient to
treat these phenomena, development of computational methods
is also an important subject. This activity includes develop-
ment of an ab-initio scheme to derive a low-energy effective
model (downfolding), combining first-principles approach with
many-body techniques and application of Berry-phase theory to
electronic structure calculations. Permanent magnet is another
target. In order to improve magnetic properties and search for
new magnetic materials, we are studying temperature depen-
dence, effects of substitution and surface/interface on magneti-

zation and magnetic anisotropy of rare-earth magnets.
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Hiroyuki KUSUNOSE
BEEHIR
Visiting Professor

Our main focus is theoretical development on entangled
orbital and spin degrees of freedom in rare-earth, actinide, and
transition-metal compounds, based on which we aim to create
novel material sciences. At the same time, we develop a practical
numerical algorithm applicable to degenerate electron systems
with emphasis on efficient inclusion of strong correlations
among electrons. Our goals are to find universal concept and
predictions of new phenomena for a wide range of materials,
focusing on complex degrees of electrons in solids.

The recent main topics of study are (1) cooperative dynamics
through vortices in superconductors coexisting with ferromagne-
tism, (2) fundamental theory on odd-frequency superconductivity
or density wave, which is characterized by a node of an order param-
eter in time domain, (3) theoretical investigation on (spontaneous)
symmetry breaking of spatial inversion, spin-splitting or distortion
of electronic bands owing to parity mixing and spin-orbit coupling,
and related novel phenomena in transport and optics. We are also
developing (4) an efficient numerical algorithm based on integration
of two complementary methods valid at opposite fixed points of
strongly correlated electron systems, such as a hybrid scheme of the
representative non-perturbative method, e.g., the dynamical mean
field theory, with a diagrammatic perturbation theory.
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Visiting Professor

We are interested in the low temperature properties of Mott
insulating systems, like transition metal and rare earth magnetic
compounds and alkaline earth atoms in optical lattices. The
large variety of the geometrical structures, degrees of freedom
(like orbitals next to spins), and various exchange interactions
make the physics of magnetic compounds very rich. We study
systems where the frustration can lead to formation of gapped
or gapless spin liquids, and ordering of quadrupolar moments.
We attempt to characterize the nature of the ground state and
excitations starting from a microscopic model, using analytical
and numerical methods. Our aim is to provide qualitative and
quantitative explanation of experimental results - like magne-
tization measurements and ESR, far-infrared and neutron
spectroscopy - on various magnetic compounds.

In collaboration with the group of Prof. Shojiro Takeyama
in ISSP, we study the relevance of the magnetoelastic coupling
on the properties of the highly frustrated Cr spinels in large
magnetic fields. Recently, we also become interested in the
rapidly evolving field of topological insulators: collaborating
with the group of Prof. Masaki Oshikawa, we have studied
topological properties of ladder systems. New areas include
collaborations with the groups of Prof. Satoru Nakatsuji on rare
earth spinel, and the group of Prof. Masashi Tokunaga on multi-

feroic materials.
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