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Key Sentence:

1. Understand universal properties of materials

2. Understand diversities of materials

3. Find a new state of matter

4. Understand phase transitions

Key Words:

strongly-correlated electron systems, magnetism, superconductivity, novel quantum orders,

quantum phase transitions, mesoscopic systems, Anderson localization

Outline

Main aims of our research are to discover theoretically novel properties of materials of
macroscopic scale and understand them from the physical laws that govern microscopic world.
Many-electron systems go into ordered phases with spontaneous symmetry breaking at low
temperatures. Typical examples are superconductivity and magnetism found in strongly-correlated
electron systems like transition-metal or rare-earth oxides and molecular conductors, which are our
major research subjects.

In strongly-frustrated quantum spin systems such as triangular, kagome, and pyrochlore
antiferromagnets, exotic quantum states, instead of magnetic ordered states, are expected to
emerge. For example, we have recently studied spin liquids, spin nematic states, and chiral ordered
states. Furthermore, we study states with some kind of topological order: topological insulators and
superconductors.

We also study universal properties at localization-delocalization transition of electrons moving in

random potential, which is a disorder-induced quantum phase transition.

1. Phase diagram of the classical Heisenberg antiferromagnet on a triangular lattice in applied
magnetic field (Momoi, Shindzingre, Shannon)

The Heisenberg antiferromagnet on a two-dimensional triangular lattice is a paradigmatic
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problem in frustrated magnetism. It is well known that three distinct phases, including a collinear
one-third magnetization plateau, are stabilized by thermal fluctuations in applied magnetic field.
After more than thirty years of study, many of the details of its phase diagram remain surprisingly
obscure. We used modern Monte Carlo simulation techniques to determine the finite-temperature
phase diagram of the classical Heisenberg antiferromagnet on a triangular lattice in applied
magnetic field. At low to intermediate values of magnetic field, we find evidence for a continuous
phase transition from the paramagnet into the collinear one-third magnetization plateau, belonging
to the three-state Potts universality class. We also find evidence for conventional
Kosterlitz-Thouless transitions from the one-third magnetization plateau into the canted “Y-state”,
and into the 2:1 canted phase found at high fields. However, the phase transition from the
paramagnet into the 2:1 canted phase, while continuous, does not appear to fall into any

conventional universality class.

2. Gauge theory of effective quantum pseudospin-1/2 model for integer-spin pyrochlore magnets
(Onoda)

In pyrochlore magnets such as Pr:B:07(B=Zr, Sn, Hf, Ir), rare-earth ions having integer
electronic spins are responsible for the magnetism. For the effective quantum pseudospin-1/2 model
describing these systems, we have formulated a U(1) gauge theory on the dual diamond lattice by
introducing quantum-mechanical interactions into degenerate ground-state manifold of nearest
spin ice. Then, it has been analyzed by means of a mean-field approximation. We have found a
region where the ground state is given by a U(1) quantum spin liquid hosting deconfined spin-1/2
quasiparticles (spinons) carrying monopole charges of magnetic moments, and harboring a fictitious
“quantum electrodynamics” with “photons”. This state is stable in a rather wide region in the phase
diagram, particularly when the U(1)-symmetric exchange interaction is antiferromagnetic. Phase
transitions from the U(1) spin liquid to ferroquadrupole and antiferroquadrupole ordered phases
are of first order and associated with a Bose condensation of spinons and a confinement to Higgs

phases.

3. Theory of magnetic neutron scattering in Yb2Ti2O7 (Onoda)

The coupling constants of the effective quantum pseudospin-1/2 model for a quantum pyrochlore
magnet Yb2Ti207 have been determined to explain overall results of polarized magnetic
neutron-scattering experiments within the random phase approximation. In particular, we have
shown that it exhibits a growth of pinch-point singularity on cooling in the high-temperature
paramagnetic phase as an indication of a magnetic Coulomb liquid, and a ferromagnetic ground
state with the uniform magnetization along [100]. The transition between the two phases is
described as a Higgs transition of the first order. Besides, the spin excitation spectra in the
low-temperature ordered phase have been calculated. They are characterized by the spin waves

that have an energy gap corresponding to the Higgs mass.

4. Mean-field theory for ProZrs07, Nd2Zr2O7, ErsTi2O7: a theoretical proposal of a U(1) spin liquid
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ground state (Onoda)

Effective quantum pseudospin-1/2 models for Pr2Zr207, Nd2Zr207, Er2Ti207 have been derived on
a microscopic basis. It has been predicted theoretically from a mean-field approximation that
Pr2Zr207 shows a U(1) spin liquid ground state. On the other hand, it has been shown that
Nd2Zr207 and Er2Ti207 undergo a second-order phase transition to an antiferromagnetic state with
the magnetic moments aligned perpendicular to the <111> direction, which accounts for the
experimental observations. Spin-wave spectra in this antiferromagnetic state have also been
calculated. This theory can be tested in detail by neutron-scattering experiments. It is expected that
the work provides a systematic understanding of the magnetism in the series of magnetic
rare-earth pyrochlore oxides, which are described with analogous effective quantum pseudospin-1/2

models.

5. Incommensurate Antiferromagnetic State in MDT System (Seo, Otsuka)

We have investigated the incommensurate (IC) antiferromagnetic state in a two-dimensional
molecular conductor system composed of MDT-TSF and related molecules (called MDT here), which
have IC filling factors. These materials crystalline with IC ratio near 2:1 of MDT and closed-shell
monovalent anion, giving rise to a HOMO band of MDT off 1/4-filling. Among them, as the
mechanism of the low-temperature insulating behavior in (MDT-TS)(Aul2)o.441, we have proposed
the existence of a peculiar “IC Mott insulator” based on an analysis of a simplified one-dimensional
model. In this study, we constructed a more realistic two-dimensional Hubbard model under the
periodic potential & from the anions, and sought for magnetic ordered states applying mean-field
approximation to the on-site Coulomb interaction U, on MDT molecules. We find an
antiferromagnetic insulating state in the large U and 6 region, which does not match the periodicity
of the MDT molecules but does that of the anions. This state does not show symmetry breaking in
the charge sector from the paramagnetic metallic state therefore can be understood as the IC Mott

insulating state seen in the one-dimensional model.

6. Understanding of Phase Diagram of TMTTF Systems (Seo)

We provided an understanding of the complex charge/spin states in the experimental phase
diagram in TMTTF systems. On the phase diagram of the well-studied quasi-one-dimensional
molecular conductors TM2X (TM=TMTTF or TMTSF, X: monovalent anion), an extension to the
low-pressure side corresponding to the TMTTF systems was recently proposed. In this system the
role of applied pressure has been interpreted as to relatively increase the interchain transfer
integrals, whereas it is hardly applicable to this extension, since there the ground state shows a
non-trivial reentrant behavior as antiferromagnetic (AF) — spin-Peierls — AF phases. To resolve
this problem, we investigated an electron-lattice coupled extended Hubbard model and considered
its spin states taking into account of the ferroelectric-type charge ordering peculiar to this system.
We find that the AF correlation enhances by the charge ordering, and that within the parameter
plane of the interchain transfer integral and the intersite Coulomb repulsion the spin-Peierls phase

is only stabilized when both are small. By estimations of the transfer integrals for TMTTF2SbFs
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and TMTTF:PFes within first-principles band structure calculations and deducing the variations
under pressure we showed that the pressure dependence of the complex magnetic ground states
seen in experiments can be reproduced. Moreover, we studied the effects of a diagonal transfer
integral which acts as spin frustration between dimers, and found that it rather acts as enhancing
the AF ordering in TMTTF2SbFe.

7. Theory of electric, thermoelectric, and thermal transport phenomena in quasi-1D electron
systems (Akhanjee, Onoda, Furusaki)

We have been studying the transport properties of quasi-1D electron systems, to explain recent
experiments that have demonstrated a violation of the Wiedemann-Franz law in the Hall geometry
unambiguously. The law states that the ratio of the electronic contribution to the thermal and
electrical conductivity of a metal is given by the temperature multiplied by a universal constant, the
Lorenz number, in the low-temperature limit. A violation of this law implies that the system is a
non-Fermi liquid. We have calculated both the electric and the thermal current operators for a
model system consisting of 1D Luttinger liquids coupled with inter-chain hopping. The interaction
and temperature dependent electric, thermoelectric, and thermal Hall conductivities are to be

calculated on this basis.

8. Quantum phases of dipolar Bose gases in a triangular optical lattice (Yamamoto)
Experimental techniques for the preparation of ultracold gases with a strong dipole moment have
been rapidly advanced over the last few years. We have considered a system of dipolar Bose gases
loaded into a triangular optical lattice. Our cluster mean-field calculations showed that the
ground-state phase diagram contains many different solid phases with different filling factors and
the corresponding various supersolid phases. Additionally, we found that the supersolid-superfluid

transition is first-order unlike that previously reported in other systems.

9. Anomalous hysteresis accompanying re-entrant first-order phase transitions (Yamamoto)
Some ultracold-gas systems such as triangular-lattice dipolar gases and spin-1 Bose gases are
theoretically expected to exhibit “re-entrant” first-order phase transitions. For example, it is known
that the antiferromagnetic spin-1 Bose-Hubbard model has a superfluid-Mott insulator-superfluid
first-order phase transition. We have found that the hysteresis accompanying the re-entrant
first-order phase transitions can show a particular behavior; the hysteresis curve does not form a
“hysteresis-loop” structure unlike the case of the conventional first-order transitions. Moreover, the
phase transition can occur only unidirectionally from one phase to the other along the anomalous

hysteresis curve.

10. Time-reversal invariant extension of Kitaev model (Nakai, Ryu, Furusaki)
The Kitaev model on the honeycomb lattice is known to be reduced to a free Majorana fermion
model by representing spin operators in terms of Majorana fermions. We have constructed an

extended Kitaev model on the square lattice which preserves time-reversal symmetry. Our model is
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equivalent to a tight-binding model of free two-flavor Majorana fermions and can be regarded as a
time-reversal invariant two-dimensional topological superconductor. The quasiparticle excitations
in the bulk have a superconducting gap while there exist a Kramers’ pair of gapless Marorana

fermion excitations propagating along the edge.

11. Localization of Dirac fermions in two dimensions (Ryu, Mudry, Furusaki)

The Anderson localization problem of two-flavor Dirac fermions in two dimensions is studied in
the presence of random perturbations which have time-reversal and chiral symmetries. The phase
diagram is obtained from renormalization-group analysis of an effective field theory with random

masses and vector potentials.
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