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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, topological insulators

Outline

Main aims of our research are to discover theoretically novel properties of materials and
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understand them from microscopic theory (quantum and statistical physics). Many-electron
systems go into ordered phases with spontaneous symmetry breaking at low temperatures. Typical
examples are superconductivity and magnetism of strongly-correlated electron systems in
transition-metal or rare-earth oxides and molecular conductors, and these are our major research
subjects.

However, in strongly-frustrated quantum spin systems such as triangular, kagome, and
pyrochlore antiferromagnets, exotic quantum states without conventional magnetic order are
expected to emerge. For example, we have recently studied spin liquids, spin nematic states, and
chiral ordered states. In addition, we study novel topological states of matter: topological insulators

and superconductors, and other symmetry protected topological states.

1. Relation among the many-body Chern number, rotation symmetry, and filling (Shiozaki)

We established nonperturbative constraints on the quantized Hall conductance of many-body
systems with arbitrary interactions. We showed that the many-body Chern number modulo a
certain integer is determined solely by the rotation eigenvalues and the average particle density of

the many-body ground state with or without magnetic flux per unit cell.

2. Majorana stripe order on the surface of a topological insulator (Kamiya, Furusaki)

We studied a system of interacting Majorana fermions that may be realized on the surface of a
topological insulator subject to a superconducting proximity effect. Specifically, we looked into the
strong coupling limit of this problem, which we showed can be faithfully mapped to a quantum spin
model with only local interactions. This spin model can be studied with a quantum Monte Carlo
simulation free from a negative sign problem. We found that the interacting system of Majorana
fermions on a square lattice spontaneously breaks translational and rotational symmetries of the

lattice, forming a novel state that we call a Majorana stripe state.

8. Magnetic monopole supercurrent through a quantum spin ice junction (Nakosai, Onoda)
Materials called quantum spin ice host quantized magnetic monopoles in an emergent fictitious
quantum electrodynamics described by a U(1) lattice gauge theory. These monopoles act as
deconfined bosonic spinons coupled to emergent gauge fields in a U(1) quantum spin liquid (e.g.,
Pr2Zr207), namely, a Coulomb phase, or they are Bose condensed to form long-range magnetic
orders in charge-1 Higgs confined phases (e.g., Yb2Ti2O7) where monopoles and gauge fields are
screened. We have theoretically studied junctions of quantum spin ices systems. In particular, we
have revealed that monopole supercurrent flows across the junction of two Higgs ferromagnets that
are weakly linked through and placed on top of the U(1) QSL, when a gauge-invariant phase
difference of monopoles across the junction is generated by an applied electric voltage parallel to the
junction. This novel phenomenon paves the way to a new paradigm of spinonics for a dissipationless

control of magnetism.

4. Haldane spin gap and ferroelectricity in Rb2Cu2Mo3O12 (Onoda)
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We have found combined experimental and theoretical evidence that the quasi-one-dimensional
spin-1/2 magnet Rb2CuzMo3012 has a nonmagnetic tetramer ground state and a Haldane spin gap
of emergent spin-1 pairs connected by spin-singlet short-range resonating valence bonds. Three
lowest-energy spin excitations split from the spin-1 triplet by a Dzyaloshinskii-Moriya interaction
are identified in inelastic neutron-scattering and electron spin resonance spectra. Remarkably, two
orders of magnitude smaller magnetic field than this spin gap stabilizes a ferroelectricity without
closing the spin gap. Overall experimental results on the magnetic properties have been
quantitatively explained from numerical simulations on a two-leg ladder model of
antiferromagnetically coupled frustrated spin-1/2 chains. The current discovery of a ferroelectricity
in the spin-gapped state highlights a long-sought scenario that the vector spin chirality is ordered

but spins are not.

5. Theory of tripod kagome magnets (Benton)

Recently a new class of magnetic rare-earth materials with a kagome lattice has been discovered.
These “tripod kagome” materials combine strong spin-orbit coupling with a frustrated lattice
geometry, opening up a route to new and interesting magnetic ground states. We have derived a
general Hamiltonian describing these materials from symmetry arguments and determined its
phase diagram. This phase diagram enables us to explain the low temperature properties of several
different tripod kagome materials. In the case of one material, Mg2YbsSbsO14, we predict the
existence of excitations with a topologically nontrivial band structure and associated chiral edge

modes.

6. Disorder in Pr-based quantum spin ice systems (Benton)

Pr-based pyrochlore magnets such as PraZr207 and Pr2Hf207 have been intensively studied as
potential realizations of a U(1) quantum spin liquid. Recent work has revealed that these systems
can be strongly influenced by structural disorder, which introduces random splittings in the low
energy states of the crystal field. An important issue is to determine the stability of the proposed
U(1) quantum spin liquid state against this kind of disorder. Deriving stability bounds from
perturbation theory leads us to the conclusion that current samples of Pr2Zr207 and Pr2Hf207

likely fall outside the spin liquid regime.

7. Nematic quantum spin liquid phase on the pyrochlore lattice (Benton)

The S=1/2 XXZ model on the pyrochlore lattice is the minimal model for quantum effects in
spin-ice like systems. It is known that, when the transverse exchange is weak compared to the
frustrated Ising interaction, this model supports a U(1) spin liquid phase with gapless emergent
photons. However, little is known about the case of strong transverse exchange, particularly when
the transverse interaction has a frustrated sign. We have combined several numerical and analytic
techniques to address this problem and have discovered a new kind of quantum spin liquid, with

hidden nematic order, in the limit of strong, frustrated, transverse exchange.
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8. Dirac composite fermion theory for a kagome spin liquid (Fuji)

The kagome antiferromagnet is believed to be in a quantum spin liquid phase, while the
microscopic derivation of the corresponding theory remains a challenging task. We consider a
kagome spin model with scalar-chiral interactions, which can be mapped onto a bosonic lattice
gauge theory in the Ising limit. The bosonic model can be solved within a gauge mean-field
treatment by using the bosonization technique in the limit of weakly coupled bosonic chains. By
applying a fermion-boson duality, the bosonic model turns out to be described by two copies of a
two-flavor Dirac fermion coupled to a fluctuating gauge field. Having this result, we obtain the
low-energy effective theory for the original spin model, which is a gapless spin liquid with a

four-flavor Dirac fermion coupled to a fluctuating gauge field.

9. Magnetization plateaux and supersolidity in the Heisenberg Kagome model (Plat, Momoi)

The Heisenberg model in a magnetic field on the Kagome lattice possesses several plateaux at
magnetizations m=1/3, 5/9 and 7/9. While the plateaux are now well-understood and known to all
host crystals, less is known about the regions in between them. A recent numerical study hinted
that a supersolid phase could be present below the plateau m=5/9. In our work, we propose a
scenario advocating for its presence. We perturbatively study magnon excitations to find the leading
instability. In our approach, it corresponds to the onset of superfluidity, while the solid order is
preserved, thus producing a supersolid. By deriving an effective model including magnon
interactions and applying a mean field analysis, we discuss the possible spin structures expected in

the supersolid phase.

10. Density matrix embedding theory for 2D spinless fermions (Plat)

Density matrix embedding theory (DMET) is a numerical scheme recently proposed to simulate
electronic system. It is based on a mapping of the original Hamiltonian to an impurity model,
smaller to solve. The efficiency of DMET was so far only investigated through calculations of energy
and local correlations in a few Hubbard models. In this work, we have considered a spinless
fermions model on the anisotropic triangular lattice and shown that the method performs well in
detecting phase transitions, even when using small system sizes. It also allows computing the

entanglement properties, which are usually difficult to obtain for fermions.

11. Electron spin resonance for the detection of spin nematic order (Furuya, Momoi)

Spin nematic phase is an interesting magnetic phase characterized by a quadrupole order
parameter. We discussed a methodology for the detection of the long-range spin nematic order. We
pointed out that the electron spin resonance with the aid of anisotropic magnetic interactions allows
us to probe the quadrupole degree of freedom rather directly in contrast to other experimental

probes which are coupled to dipole degrees of freedom only.

12. Field-induced quantum phase transition in an Ising-like quantum magnets BaCo2V20Os

(Furuya)
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BaCo2V20s is an S=1/2 Ising-like antiferromagnetic spin chain compound. It has been known that
a spinon confinement occurs in this compound in the absence of the magnetic field. In this study, we
showed from the experimental and the theoretical viewpoint that the magnetic field induces a
quantum phase transition from the low-field confined spinon phase to another kind of confined

spinon phase at high fields.

13. Melting of charge order by light irradiation (Seo)

Light irradiation of short pulsed laser onto ordered states can produce their melting and
transformation into different states. Here we try to reconcile two different pictures: inhomogeneity
often discussed in experiments and homogeneous coherent dynamics mainly studied in theories. We
use the one-dimensional spinless fermion model as a model for charge order and use
time-dependent mean-field method introducing laser light-fermion interaction. We find coherent
dynamics when the initial state is the homogeneous charge order, whereas when it is the charge
ordered state with a kink structure, there is a parameter region where inhomogeneous region

expands in space.

14. Study of universal few-body clusters in ultracold atoms (Horinouchi)

Strongly correlated few-body systems often support universal bound-state structure that does not
depend on the short-range details of a given Hamiltonian. In particular, experimental observation
of Efimov states in ultracold atoms provided an enormous impetus to this subject. Recently, a new
family of few-body clusters, called semisuper-Efimov states, was proposed for the 2-dimentional
system of identical bosons with a three-body interaction. Despite its qualitatively distinct feature
from the Efimov states, the semisuper-Efimov effect in other systems is yet to be explored.
Therefore, we extend the universality to mass-imbalanced systems. To further demonstrate the

universality, we also liberate the semisuper-Efimov effect to a 1D system.

15. Dimer correlation amplitudes of XXZ spin chain (Furusaki)

The gapless phase of one-dimensional spin-1/2 XXZ model is a Tomonaga-Luttinger liquid. We
have numerically obtained the dimer correlation amplitudes in the ground state in this phase by
computing the dimer correlation functions using the density matrix renormalization group method
and then fitting the data to the corresponding correlation functions in the effective low-energy
theory (free boson model). Furthermore, we have determined the dimer correlation amplitude with

a multiplicative logarithmic correction in the antiferromagnetic Heisenberg model.
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