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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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Ueda Group
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1/5-regularly-depleted square lattice with the
intraplaquette hopping (t1) and the intradimer

hopping (t2).
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UEDA, Kazuo FUJII, Tatsuya
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Professor Research Associate

Phase transitions to magnetic or superconducting states
sometimes take place close vicinity of metal-insulator (MI)
transitions. Understanding of the interplay between the MI
transitions and various long range ordered phases is one of the
central issues of the condensed matter physics.

It has been established that a Heisenberg model on the
1/5-depleted square lattice shows quantum phase transitions
from the antiferromagnetic state to a dimer phase or a plaquette
phase. Recently we have been interested in quantum phase
transitions of the Hubbard model on the 1/5-depleted square
lattice (Figure) both at the quarter filling and the half filling.

One body Hamiltonian on the 1/5-depleted lattice contains
Dirac cones at I' and M points when the two hopping param-
eters are symmetric (t1=t;). Each of these Dirac cones intersects
with a nearly flat band at its apex. At the quarter filling quantum
phase transitions around the symmetric point are controlled by
the Dirac electrons embedded in the SU(3) space.

At half-filling we have investigated MI transitions by using
the cluster DMFT under the assumption of paramagnetic phase:
no antiferromagnetic long range order. We observe that the
nature of the MI transition is very different depending on the
parameters. On the plaquette side (t;>t2), it is a discontinuous
first order transition, while it is continuous on the dimer side
(tz>t1). The latter continuous MI transition can be understood
as a Lifshitz transition brought by the on-site Coulomb interac-

tion.

Quantum phase transitions in localized spin systems and itinerant electron systems

2. IRENT BHMEA A 2 IC & I BIREEZR
Kondo effects of a vibrating magnetic ion
3. EF Ry MIH T 2 EBERER
Kondo transport phenomena through quantum dots
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Takada Group
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TAKADA, Yasutami
%

Professor

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
Greens-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.

BFEABFARRICE T 2BHHB. ALY —FEHIF AR
KREA A VEAUADREEOHF W EREE, 2T NIELE
FH. rs F—HRBEBTHARZIEET 2BERBTH 2.

Sharp sequential transitions among charge resonance,
singlet-spin resonance, and closed-shell H™ ion confinement
states in the proton-embedded electron gas. Here N is the
total number of electrons and r; is the density parameter to
describe the homogeneous electron gas.

1. GWI & 1 7— RNEERZEICHI I EFEHS IR T — D EFEORE S EEEETFH X OYIMERER
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

2. BIoEERBEEDE—REHE | BENBLBCEER TONEEFRABRORTE L 5| NRAIERRTOSEBCEEBIRK
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

3. BF - FBABTFHARR | F—FREN S OMERE & [IEERET RV ¥ —NEETORE
Atom/molecule embedded electron gas: Kondo problem from first principles and developments of the exchange and

correlation energy functional
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Oshikawa Group

BT ER0MGHmEHLELTEERIfT> TS, BT
AR EHILHET IR E KO O Bliw O R 2 B (R & 15
T2, JAHIZRICOWTHIL T 2R AR E R T2
Livic, EEREROM— BRI RN 5
TEOHELE TS, ERICHPZICBE 28 LT, L
ZIXETAE VL (ESR) O FEGRICHD HLATED, BT
DFEIELT S=1 AEVEICEITZ ESR &7 F &AW E
T P T E RIS R D 5 Z ISR L7z,

—Hi. BTFHERRICHETEEDOHAEDMER IR THD
IR HEARI 2 R REIC O WO &I R RS 208 L
Tw5, ZOAATOREOHRELT, & 2O SHEN
2RO I RIGR FAE Y RICBWLTE, JRATAE VIREE
DREICHIEINIC D232 THHZ: ) MHPEEH D, Z DI
ISR R T E T2 2 L2 I L, &
THOSFEIRTZ VY AR FEHEBICEELTE
D, ThzEFH0IRFIEHRE R R iR & OB
WORMHLERL WS,

INSDMEDL CIE, BRI E LTHEEL TV 5,

~ 1800
I 7
S 15001 //’
3 /,///
& 1200+ L
C //’
S
o 900 el
g
® 600 e
8 /’//
© o @ experiments
S 300+ // -—- paramagnetic resonance
8 // — free fermion (near H¢1)
m 0 // T T T T T T T T T T T
0 10 20 30 40 50 60

Magnetic field H (T)

1. BRITRAEVRICE T ZEFALE Y HIEDIHZDERIC L B2 ERL

7 N

B/l ER ZH B

OSHIKAWA, Masaki TADA, Yasuhiro
% EUE
Professor Research Associate

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.
An example of our studies closely related to experiments is
theory of Electron Spin Resonance (ESR). Recent achievements
include quantitative theory of ESR shift in § =1 antiferromag-
netic chains in a wide range of temperature and magnetic field.

On the other hand, recent developments in quantum many-
body problems motivate us to reexamine the fundamental issue
of classification of quantum phases, at the conceptual level. For
example, recently we elucidated that there are more than one
distinct “trivial” phases, each of which is adiabatically connected
to a product of local spin states, in one-dimensional quantum
spin systems with a certain point-group symmetry. These
phases are inevitably separated by a quantum phase transi-
tion. Classification of quantum phases is also closely related to
quantum entanglement. Exploiting this connection, we also aim
to develop an interdisciplinary field with quantum information
theory and quantum computation.

Much of our research is carried out in international collabora-
tions.

B—AAYVRAMZRD S=1 REBUEAEVHICEFTHESR YTk,
ETI/ILYE NDMAP [C BT 2REER (FA) &HLDER (FRR)
NEL—HLTWS,

ESR shift in an S=1 antiferromagnetic chain with a uniaxial
anisotropy. Experimental data on the model compound NDMAP
(red dots) agree well with our theory (blue curve).

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

2. HGER & T DYIEYEANDEHA

Conformal Field Theory and its applications to condensed matter physics

3. MRBYAIBEBFIVIVTILXAY
Topological phases and quantum entanglement
4 HA ZIBREDOHERESSE
Orbital angular momentum of chiral superfluids
5 BVWEFRICK T2 HER L BEE

Phase transitions and superconductivity in heavy fermion systems
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Tsunetsugu Group
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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
triangular lattice. For orbital physics in Pr-based compounds, we
have discovered a new type of criticality in quadrupole response
associated with an orbital order. We have also studied Mott transi-
tion on a triangular lattice, and clarified the change in dynamics
of doublon (doubly occupied site) and holon (vacant site) correla-

tions.

U TR —ENFEERICE > TEHESINZ1/2 710 VYT D=ZAKF/\IN—R
BRICH T 2 REEY 1 NE D& doublon-holon 183, R FENICKEFEE
O#EE 7Oy by TRILF—BEAFROBOES v TH D, REE T/v =0.08.
REH vt EBRITILL TH D, BFREFA U/v=105 DIEIFRAEEICHE W T
vt >2 TERICES ENNF E A EE I TREBIHEME <di><h2> ICNERT HY U/v
=8.0 DEERICEVTIE vt ~50 DEKHE X TESEINE>TWS,

Dynamical doublon-holon correlation in the triangular-lattice half-filled
Hubbard model between nearest neighbor sites calculated by cluster
dynamical mean-field method. Plotted in the complex plane is the trajec-
tory of its time evolution. Energy units are the transfer integral v, and the
temperature is 7/v =0.08. Time is also shown by dimensionless value vt
in the figure. For the electron repulsion U/v =10.5 in the insulating phase,
doublon-holon correlation almost loses its fluctuations for the time vt >2
and nearly saturates to its long-time asymptotic value <d;><h>>. At Ulv
=8.0 in the metallic phase, fluctuations persist up to very long time vt ~50.

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

2. 73 ANL—Y 3 Y ROFENE
Statistical physics of frustrated systems
3. EFHEEOHTEFHOER
Theory of novel phases in quantum magnets

4. BEEBFRICHTDEANBEE

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

1. 757z DEFR—ILFHE
Quantum Hall effect of graphene
fﬂﬁ%@%%@?i@—f—l EIEIEI
Ouasu:rystal of cold atom optical lattice
3. 7Y =LA D A NV
Spectrum shift of the Friedel sum rule

By BEA

KOHMOTO, Mahito
IR

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.

m =8 m,=7n,=169 ot=4.41" ¢=5
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WIBRD2EET T7 Y DIRIF AR N TLEEFR—ILEHR

Energy spectrum and quantum Hall effect of double layer graphene in a
magnetic field
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Sugino Group
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1. BiR - KEBRREOE—RENFEBNFFHE

28 (&
SUGINO, Osamu

IR BhZK

NOGUCHI, Yoshifumi

Associate Professor Research Associate

Advance in the supercomputer has facilitated access to a
large-scale Schrodinger equation, thereby extending the target
of study from the property of the homogeneous bulk to the
functionality of inhomogeneous materials having surfaces and
interfaces. Such study was accelerated by the advance in the first-
principles calculation that bridges states of individual electron/
ion to the properties of their agglomeration. This group utilizes
the first-principles calculation for the study of complex material.

The main target is the electrode/solution interface. This
system is well-known as the most important functional inter-
face, such as catalysis, but it is worth emphasizing that this inter-
face is atomically flat and is almost in equilibrium, providing
thus an ideal system for the academic interface study. This group
has advanced methods for the interface study and applied them
using the K-computer. This group has also been developing
novel algorithms for the accurate ground-state wave function
and programs for the excited-state Green’s function, aiming at
developing a general-purpose first-principles package for the
study of materials.

Effective
screening
medium

ERAEDENNFNEE, IR
ZUIVIEERWEFE
(potentiostat MD) Z %9 %
ZEIREDBR—EDTTOE
—RIBEENTREIC R oo

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

1B15011Ua10d

First-principles molecular dynamic simulation of the electrode/solution interface

2. 7 —VBEBEEBWHEREBOE—FIEHE

First-principles Green’s function calculation of excited-states

3. TUVILETEE AW CEEREBOSEERE

First-principles tensor-decomposition approach to accurate ground-state wavefunctions

4. EWTEVD Y T VT DE—REBHEEMEREDT 1+ X

First-principles calculation of the nonadiabatic coupling and the excite-state dynamics
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Kato Group
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1. AV ZOAEY 7 RICH T DEERE
Transport properties in mesoscopic systems

2. EFEMEEER DB \ROEFEXER

Theory of quantum transport in interacting electron systems

3. FFEHRENZE - EFERAEROERER

Meg =4 ¥y £
KATO, Takeo SAKANO, Rui
IR Bh#k

Associate Professor Research Associate

The main research subject of our laboratory is theoretical
study of quantum transport in nano-scale devices fabricated by
fine processing technology. 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, spintronics, high-
speed drive phenomena, and so on. In order to explain these
phenomena, we are constructing theories by utilizing nonequi-
librium statistical mechanics, fundamental theory of quantum
mechanics, and many-body physics. Examples of our recent
activities are nonequilibruim transport properties of Kondo
dots, dephasing effect in two-electron collider experiments, and
Kondo-like effect in thermal transport of phonons.

We are also treating various research subjects related to many-
body effects and nonequilibrium phenomena. Examples of our
recent activities are transition phenomenon in evolutional game

theory and giant dielectric response in relaxors.

K : Hong-Ou-Mandel 8 —BFEHREEBROEAK, 2 DDEFRY AN 5ZN
ZNEASNAEBFR. BFR—IHROT Y IVREZRAL T PROEFRA
YhIAVI U RTERT 2, TR BXER. 2 20BFHFRLCT Y IRECHET
DHEE P2 RR OB EREZE At DB E U CHEUER, MBEENNERTE
HEERF. ARICHBLVC2 DOBFIIHTRLZ Ty JREIC 1 AT DEE S
N (P=0) b\, (IEEAMNFEET & P RIRLICEROEIICK D HEE (P=1/2)
IZED <o

Upper panel: A schematic figure of the Hong-Ou-Mandel-type two-electron
collision experiment. Two electrons injected from two quantum dots propa-
gate along edge states in quantum Hall effect, and collides at a central quan-
tum 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. Two electrons always scatter into difference edge states (P=0) when
At=0 and dephasing is neglected. On the other hand, as dephasing effect
increases, the probability P increases, and approaches the classical value 1/2.

Fundamental theory of non-equilibrium statistical mechanics and quantum measurement

4. ZHRBETFROBEEF RS

Development of numerical algorithms for many-electron systems
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Visiting Professor

Gauge/gravity correspondence (AdS/CFT correspondence) is
a map between a strongly interacting quantum gauge theory and
a general relativity on a curved spacetime. The gravity picture
has advantages such as we may analyze the statistical systems of
gauge particles beyond the linear response regime.

Currently, I am studying on effective temperature of
non-equilibrium steady states consisting of the gauge particles.
In the gravity-dual picture, the effective temperature can be
given as a Hawking temperature of an analog black hole that
appears when the system is driven to out of equilibrium. I
am surveying the dependence of the effective temperature on
various parameters of the system. I am also planning to study on
non-equilibrium phase transitions discovered in the framework
of gauge/gravity correspondence where non-linear conductivity
of the system jumps at a critical value of the parameter of the
system. A detailed analysis of the critical phenomena in the

phase transition will be a possible project.
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KOGA, Akihisa

BEERBIR

Visiting Associate Professor

The main research subject is theoretical study on novel
quantum phases and phenomena in the strongly correlated
electron systems with multiple degrees of freedom. One of the
interesting examples is a quantum critical phenomenon, which
is sometimes induced close to the ordered phases by varying
magnetic field and pressure. Recently in the rare-earth quasicrystal
Aus1Alz4Ybis, quantum critical behavior has been observed,
which stimulates further theoretical and experimental investiga-
tions on electron correlations in the quasi-periodic system.

In our group, we focus on novel quantum phenomena and
their dynamics in the strongly correlated electron systems.
One of our recent projects is to study electron correlations
in two-dimensional quasi-periodic systems by means of the
non-perturbative approach, e.g. the real-space dynamical mean-
field theory, as well as a simple mean-field theory. Our aim is
to predict new quantum phenomena and phases characteristic
of the quasi-periodic systems and to provide qualitative and

quantitative explanation of the quantum states.
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JONCKHEERE, Thibaut

NAEABEHKR

Visiting Professor

My research subject is the theory of electronic transport in
mesoscopic and nanoscopic systems, where quantum coher-
ence plays an essential role. I have studied in particular the
time-dependent transport of single electrons in edge states of
the quantum Hall effect, which can be used to perform funda-
mental interference experiments, like the Hong-Ou-Mandel
experiment. I have also studied transport in superconductors,
in systems where the properties of the Cooper pairs (coherence,
intrication, ...) play an essential role, as in Cooper pair splitters.
In collaboration with Prof. Kato, we try to use advanced numer-
ical techniques -- matrix product states and time-dependent
density matrix renormalization group -- to study the effect of
electronic interactions on the inferences experiments with single
electrons in edge states of the QHE. We also study the trans-
port in unconventional superconductors, which have an order
parameter with a chiral p-wave symmetry, inspired by recent

experiments on SroRuQOy.
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