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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,

guantum 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 a magnetic ordered state, are expected to
emerge. For example, we have recently considered 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. Mean-field and numerical studies on the effective quantum spin model for Pr pyrochlore-lattice
magnets (Onoda, Tanaka)

The effective quantum pseudospin-1/2 model for magnetic pyrochlore oxides, which we previously
derived for non-Kramers magnetic doublets of rare-earth ions, such as Pr ions, has been studied
systematically by mean-field and numerical analyses in a wide range of coupling constants. It has
been found that introducing anisotropic quantum-mechanical exchange couplings to the
nearest-neighbor spin-ice model produces several phases including ferroguadrupolar and

antiferroquadrupolar phases and a U(1) spin liquid phase.

2. Effective quantum spin model for Yb pyrochlore-lattice magnets (Onoda)

Recently, guantum spin dynamics has been experimentally observed in another class of magnetic
pyrochlore oxides such as Yb2Ti2O7 and Yb2Sn207. Yb 4f magnetic moments, which are responsible
for the magnetism of these materials, show easy-plane single-ion magnetic anisotropy, and undergo
a first-order phase transition at a low temperature. However, magnetic properties, including the
presence or absence of magnetic order, reported by several experimental groups are not compatible
and are not understood reasonably well. We have provided a microscopic derivation of the effective
guantum model for Yb 4f magnetic moments. In particular, the superexchange interaction is
calculated under large local Coulomb repulsion, LS coupling, and crystal field by means of the
strong-coupling perturbation expansion. It reveals a ferromagnetic exchange coupling between the
planar components as well as an appreciably large violation of the U(1) symmetry. This anisotropic

interaction supports the experimentally observed strong correlation within kagome planes.

3. Magnetism and Z2 and U(1) topology of the effective Hubbard model for Ir pyrochlore oxides
(Onoda)

There has been an intriguing possibility that the iridate materials may provide platforms of
topological band and Mott insulators, because of the large spin-orbit coupling for the Ir 5d orbitals.
We have performed first-principles calculations on pyrochlore iridates and calculated maximally
localized Wannier function to obtain the effective single-oribtal Hubbard model. Further
calculations of the model by the dynamical mean-field and Hartree-Fock approximations show that

the system cannot exhibit a nontrivial topological structure of the Zz character but U(2).

4. Magnetism of 2D solid 3He induced by multiple-spin exchange interactions (Momoi, Sindzingre,
Kubo)

Aiming at microscopic understanding of anomalous magnetism observed in the 2nd layer of solid
3He films on graphite, we extensively studied the multiple-spin exchange model with two-, four-,
five-, and six-spin ring exchange on the triangular lattice. We used exact diagonaliation analysis of
finite-size systems, complemented with magnon instability arguments at the fully polarized state.

We found that a half-magnetization plateau appears in a wide parameter region, extending near to
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an FM phase boundary. Near the experimentally estimated parameter point, this magnetization
plateau ends up with an edge and hence can be very narrow, as observed in a recent magnetization
measurement. In the parameter regime close to the edge of the magnetization plateau, magnons

form d+id-wave two-magnon bound states, giving rise to a non-chiral nematic order.

5. Dynamical quantities in spin nematic states (Shindou, Momoi)

Spin nematic state is a “magnetic analogue” of liquid crystals, which has both quantum spin liquid
character and “spin-solid” (i.e. conventional magnetic ordered state) character. Previously, we have
succeeded in constructing a proper mean-field description of the bond-type spin nematic state in the
spatial dimension greater than two. To give unique physical characterization to this novel quantum
ordered state, we have calculated the dynamical spin structure factors, where the fluctuations
around the mean-field solution are taken into account within the random phase approximation
(RPA). Based on this result, we have discussed the low-temperature behavior of the longitudinal

relaxation time of the nuclear magnetic resonance and that of the specific heat.

6. Variational Monte Carlo studies on square-lattice quantum frustrated ferromagnet (Shindou,
Momoi )

We have introduced several kinds of projected spin-triplet pairing states of spinons as the
bond-type spin nematic state and calculated their energies using the variational Monte-Carlo
method. Based on these energetics, we speculated the phase diagram of the square-lattice quantum
frustrated ferromagnet with the spin-1/2. Furthermore, we have calculated the finite size scaling of
the energy and static spin correlation functions of the lowest trial wavefunction (which we dubbed
as Z: planar state). The latter information gives the information on physical properties of bond-type

spin nematic state, which is complementary to those obtained in the RPA calculations.

7. NMR relaxation rate in field-induced magnetic multipolar liquid phases of spin-1/2 frustrated
chains (Sato, Hikihara, Momoi)

Recently, several quasi-one-dimensional cuprates such as LiCuVOs4 and PbCuSO4(OH)2, all of
which are believed to be approximately described by the Ji-J2 spin chain, have been intensively
studied as multiferroics or frustrated spin systems. Recent theoretical studies revealed that, when
magnetic field H is applied to the Ji-J2 spin chain, magnetic quadrupolar, octupolar or
hexadecapolar liquid phases emerge in a wide parameter space. Motivated by these theoretical and
experimental studies, we previously predicted that the multipolar liquid phases can be
distinguished from usual Tomonaga-Luttinger liquid phase by measuring temperature dependence
of nuclear magnetic resonance (NMR) relaxation rate 1/T:1. In this year, extending this study, we
accurately evaluate temperature and magnetic-field dependence of 1/T1 in the quadrupolar and
octupolar liquid phases, combining numerical data from DMRG with the field-theoretical formula.
It was found that, in addition to the temperature dependence of 1/T1, the field dependence also
exhibits a characteristic feature in the multipolar liquid phases. This result is expected to be

relevant for searching field-induced multipolar phases in above-mentioned cuprate compounds.



8. New method of determining coefficients of bosonized operator in spin-1/2 XXZ chain (Sato)

The spin-1/2 XXZ chain is integrable and its various properties can be quantitatively analyzed by
using Bethe ansatz, numerical methods, and field theories (bosonization). We propose a new method
for calculating coefficients of bosonized operators, focusing on the dimer operator in XXZ chain,
which is an important degree of freedom in spin-1/2 chains. (i) First, we deform the XXZ chain by
introducing an external dimerization term. The resultant low-energy effective theory becomes an
integrable sine-Gordon (SG) model. (ii) The spin gap of the dimerized chain is given as a function of
coefficients of the bosonized dimer operator through the gap formula of SG model. On the other
hand, we can directly evaluate the same spin gap by using numerical diagonalization method for
finite-size dimerized chains. (iii) Comparing two Kinds of evaluated spin gaps, we can obtain
coefficients of the bosonized dimer operator with reasonable accuracy. This method could be
applicable to one-dimensional critical systems if the effective theory for their deformed systems is
well established like SG model. In addition, it is expected that our method is easier than the
established method by Furusaki and Hikihara in principle since the former only requires
calculating excitation gaps, while the evaluation of long-distance behavior of two-point functions is

necessary in the latter.

9. Theoretical study of charge ordering (Otsuka, Seo)

Recently, responses of molecular conductors showing charge order in external field, e.g. magnetic
field, have been investigated experimentally. We studied the one-dimensional extended Hubbard
model under magnetic field, i.e. with Zeeman term, using quantum Monte Carlo method. The
results show that the charge order correlation continuously enhances with applying the magnetic
field, which is connected to the limit of fully spin polarized charge ordered state at strong magnetic
field. We also showed that by introducing interchain coupling the transition temperature increases

with magnetic field.

10. Effective model and magnetic states of single-component molecular condcutors (Seo, Otsuka)
Single-component molecular conductors are newly synthesized material systems, which have been
developed during the last decade. We investigated their electronic structure within first-principles
band calculation and constructed effective models for low energy. A tight binding model with
multiple degree of freedom within each molecule (fragments) successfully describes the band
structure near the Fermi level. Then we considered multiband Hubbard model for these compounds
and showed by mean-field calculations that various magnetic states can appear in different

materials.

11. Chain of Majorana fermions along a magnetic domain wall on the surface of superconducting
topological insulators (Neupert, Onoda, Furusaki)
It has been found that Majorana fermions, fermions that are their own antiparticles, can be

created in the form of a one-dimensional lattice along a magnetic domain wall at the interface of a
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superconducting strong Zz topological insulator and an insulating ferromagnet. In particular, the
transfer integral of the artificial tight-binding Majorana fermions can be controlled by tuning the

chemical potential of the Dirac fermions.

12. Skyrmion Hall effect of topological origin (Onoda)

Topological defects known as magnetic vortices or skymions under static electric field have been
studied by means of a field-theoretical and non-equilibrium Green function methods. Because of the
coupling between the electric/spin current and the Berry phase of the electrons, which is sometimes
called the spin-transfer torque, skyrmions can move over the crystal when the pinning potential is
weak. In particular, there appears an intrinsic topological Hall transport of skrymions in a

finite-size system or with a relativistic spin-orbit coupling.

13. Quantum impurity spin in Majorana edge modes (Shindou, Furusaki)

Massless Majorana fermions are realized in several condensed matter systems, such as boundaries
of superfluid phases of liquid 3He, those of chiral p-wave superconductors and also interface regions
between topological insulators and conventional superconductors/ferromagnets. Being identical to
its anti-particle, Majorana fermion is electrically neutral. Thus, focusing on its spin degree of
freedom, we discussed how to probe this novel emergent particle in terms of the electron spin
resonance (ESR) experiment. We first argue that the Majorana edge modes of two-dimensional
spin-triplet topological superconductors have Ising-like spin density whose direction is determined
by the d-vector characterizing the spin-triplet pairing symmetry in the bulk. Exchange coupling
between a probe spin and this Majorana fermion spin is therefore Ising-type. When the field is
applied transverse to this Majorana Ising spin, the system can be described by the Ohmic
dissipative two-state system. Based on this observation, we have clarified what kind of anisotropic

“Kondo-like” features would be theoretically expected in the ESR absorption spectrum.

14. Transport on edge states of a quantum spin Hall system with a magnetic impurity (Tanaka,
Furusaki, Matveev)

In a two-dimensional quantum spin Hall system, helical edge states that carry spin-up and
spin-down electrons in opposite directions are formed at the boundary. In these edge states, a
nonmagnetic impurity cannot backscatter an electron in the presence of time-reversal symmetry.
On the other hand, backscattering by a magnetic impurity is allowed. We studied the effect of
backscattering from a magnetic impurity on the conductance of a quantum spin Hall system. We
found that the correction to the electrical conductance caused by such an impurity vanishes in the
dc limit. On the other hand, the thermal conductance does acquire a finite correction due to the
spin-flip scattering by the impurity, and its temperature dependence shows a non-monotonic

behavior with a minimum occurring at the Kondo temperature.

15. Crossed Andreev reflection in a three-terminal quantum dot (Tanaka)

We studied transport through a single quantum dot connected to three terminals, consisting of two



normal leads and one additional superconducting lead. In this system there are two processes to
carry electrons between two normal leads; one is the conventional electron cotunneling and the
other is the nonlocal Andreev reflection. The latter is called a crossed Andreev reflection. The sign of
the conductance depends on whether the electron cotunneling or the crossed Andreev reflection is
dominant. We calculated the conductance in this system, using the perturbation approximation and
the numerical renormalization group. We found that the sign of the conductance can be changed by

altering the energy level or the Coulomb interaction at the dot.

16. Bose-Fermi mixtures and correlated phenomena in cold atomic gases (Akhanjee, Furusaki)

The excitation spectrum was analyzed for a three-dimensional (3D) mixture of fermionic and
bosonic atoms which can convert to fermionic molecules through the Feshbach resonance. It was
shown that the system behaves as a Fermi-liquid of mixed atom-molecule pairs. We have extended
our analysis of this model in one-dimension and utilized the renormalization group method within a
bosonization scheme. By studying the spatial decay of various correlation function, we identified

certain paired phases between the fermionic atoms and molecules.

17. Spin glasses (Akhanjee)

An exact solution has been developed of a spherical model of a spin glass, which is a long-ranged,
frustrated spin system with quenched disorder. A new approach to disorder-induced criticality has
been introduced where a disorder averaged system is mapped onto a classical gas of charges and a

phase transition is confirmed from thermodynamic signatures in the dual Coloumb gas phase.
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