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Condensed matter theory laboratory is aiming at understanding theoretically various properties of materials, such as
magnetism and superconductivity, at the level of quantum and statistical physics. In particular, we are interested in
(low-dimensional) strongly-correlated electron systems and mesoscopic systems.

1. Strongly-correlated electron systems

(1) Large thermopower in NaxCoO2 and LiRh204

Using the Blotzmann equation approach, we studied the origin of the coexistence of the large thermopower and the large
conductivity in NaxCoO2. We found that it is not just the density of states, the effective mass, nor the band width, but the
peculiar shape of the aig band, that is playing an important role in this phenomenon.

Motivated by the newly synthesized mixed-valent spinel LiRh204 for which a large thermopower is observed in the metallic
cubic phase above 230K, we calculated the Seebeck coefficient by the combination of local density approximation and dynamical
mean field theory (LDA+DMFT). We found that the experimental values were well reproduced not only by LDA+DMFT but
also by the Boltzmann equation approach. A careful analysis of the latter shows that the origin of the large thermopower
shares a common root with NaxCoO2. We also discussed how to increase the powerfactor of LiRh20a.

(2) Multi-magnon bound states in a frustrated spin chain

We studied the ground-state phase diagram of the spin-1/2 Heisenberg model with ferromagnetic nearest-neighbor coupling J:
and antiferromagnetic next-nearest-neighbor interaction Jz2 in a magnetic field. We extended the analysis we did last year and
found that, just below the saturation field, there appear a sequence of phases with multipolar orders due to Bose condensation
of multi-magnon bound states, as we approach the ferromagnetic phase at Ji/J2= 4. We also found that there exist a phase in
which a vector chiral order parameter (outer product of two spins) has long-range order. We calculated various correlation
functions in the nematic phase, the triatic phase, and the vector chiral-order phase using the density matrix renormalization
group method. The results agree with field-theory predictions.

(3) Mean-field approximation for frustrated ferromagnets

A Schwinger boson mean-field theory is developed for a frustrated square lattice ferromagnet, which has a nematic phase and
other ordered phases in its phase diagram. The theory gives qualitative description of a ferromagnetic phase and a collinear
antiferromagnetic phase.

(4) Spin-polarization coupling in multiferroics

We calculated the electric dipole moment induced on a Mott-insulating cluster consisting of transition-metal ions sandwiching
the ligand ion, by means of a strong-coupling perturbation from the limit of the strong Coulomb interaction. The spin-orbit
interaction was also taken into account. Then, we showed that in addition to the trivial contribution purely from charge degrees
of freedom, there exist the following three mechanisms of the electric dipole moment generation, driven by the magnetic
degrees of freedom of the localized spins: (i) When the inversion symmetry is broken at the bond center of the two spins, a
contribution from the magnetostriction appears. It generates a macroscopic electric polarization in a four-period collinear
magnetic order. (ii) The vector spin chirality of the two spins also contributes to the electric dipole moment. It usually induces a
macroscopic polarization in the case of helical magnets. (iii) There occurs a contribution from the single-ion spin anisotropy,
which is a source of the magnetically induced ferroelectricity in delafossite systems. In particular, the magnetoelectric
couplings for the mechanisms (ii) and (iii) are proportional to the spin-orbit coupling. All these magnetoelectric couplings are
ubiquitous in Mott insulators, irrespective of their electronic configurations. It remains finite even in spin-1/2 systems. We
performed a semi-quantitative analysis for TbMnOs, to explain the experimentally observed electric polarization.

(5) Crossovers in the anomalous Hall effect

Two crossovers in the anomalous Hall effect are revealed for itinerant ferromagnets with dilute impurities as a function of the
longitudinal electric conductivity, by means of the quantum transport theory based on the Keldysh Green’s function method. In
superclean cases where the relaxation rate is smaller than the spin-orbit interaction energy around the Fermi level, extrinsic
skew-scattering mechanism is dominant over other mechanisms, leading to the relation oxy Oxx. As the relaxation rate
becomes larger, the intrinsic mechanism described in terms of the Berry phase in the Bloch wavefunction, which gives a
constant behavior of Oxy. We revealed a novel behavior of oxy ©Ox! for poorly conducting systems with the relaxation rate
larger than the Fermi energy. We also showed that experimental results on the anomalous Hall effect in a wide class of
ferromagnets including transition-metals, oxcides, and semiconductors agree with our theoretical findings.

(6) Chirality and quantum effects in quasi-one-dimensional multiferroics

We have studied the interplay of chiral spin ordering and quantum fluctuations in a spin-1/2 frustrated chain with easy-plane
anisotropies, which is the simplest model for one-dimensional multiferroic cuprates like LiCuVO4 and LiCu202. We have shown
that quantum fluctuations appreciably reduce the chiral order amplitude, leading to the concurrence of weak helical and strong
collinear spin correlations. Quantum fluctuations also bring about a gapless soliton in the in-plane chirality dynamics, which
contributes to the dielectric function through the electromagnetic coupling.

(7) Chiral order driven by weak four-spin couplings in spin ladders under a magnetic field

Recent theoretical studies on effects of four-spin-exchange interactions in magnets have indicated that four-spin couplings can
induce new dimer order, scalar-chiral order, spin-nematic order, etc. However, it is commonly expected that those new orders



can appear only if coupling constants of four-spin terms are larger than or at lease of the same order as those of two-spin
exchange interactions. In this work we showed that for certain types of four-spin interactions small coupling constants are
sufficient to generate a vector spin chiral order in antiferromagnetic two-leg spin ladders under a sufficiently strong magnetic
field. For the spin-1/2 case, the chiral order is predicted to appear near the saturation field, while for spin-1 and larger spin
cases, it would exist in a wide magnetic-field regime. The predicted chiral ordered state is expected to be realized in some
ladder compounds in a magnetic field.

(8) Spontaneous rotation in one-dimensional cold atoms

We considered one-dimensional (1D) Bose gases in a trap potential. One-dimensional atomic systems have been realized by
applying a 2D trap potential to 3D cold atoms. In the trap potential, energies of the atomic motion perpendicular to one
direction are quantized, and almost all the atoms occupy the lowest band. In this work, we considered effects of higher bands. If
we assume that the trap potential is a 2D harmonic type, the angular momentum "L" defined in the 2D plane becomes a good
guantum number, and the energy band has the following structure: the lowest band has L=0, the second lowest ones have L=+1
and 1 (doubly degenerate). Assuming that cold atoms occupy only the lowest three bands (L=0, +1, 1), we showed that,
when the inter-atom interactions are sufficiently weaker than the trap potential, interactions and quantum fluctuations make
the occupation numbers of L=+1 and 1 bands imbalanced. This leads to a spontaneously rotating ground state with the
spontaneous breaking of the Z: reflection symmetry.

2. Mesoscopic systems and disordered systems

(1) Conformal invariance at critical points of the Anderson transition metal-insulator transition

The Anderson metal-insulator transition in a quantum phase transition driven by disorder. We have investigated conformal
invariance at Anderson transitions in two dimensions. We confirmed, as expected from the conformal symmetry, that corner
multifractal exponents (even for a corner with a reflex angle) are directly related to surface multifractal exponents at a critical
point of a model system without the spin-rotational symmetry. We also confirmed, for both the lattice model without the
spin-rotational symmetry and the network model for the integer quantum Hall effect, that the localization length in the
guasi-one dimensional strip geometry is related to surface multifractality through the relation dictated by conformal
invariance.

(2) Critical properties of metal-insulator transitions for the quantum spin-Hall system

The quantum spin-Hall phase is an insulator having a bulk band gap and a Kramers pair of gapless edge states carrying finite
spin currents. We investigated critical properties of metal-insulator transitions in the network model we constructed last year
as an effective model for the quantum spin-Hall system with disorder. We confirmed that bulk critical properties (including the
critical exponents characterizing the divergence of the localization length and multifractality) belong to the conventional
symplectic universality class. We also studied the critical properties under open boundary conditions. In this case, we need to
distinguish two kinds of critical points; one is a critical point between the metallic and the conventional insulating phase and
the other is a critical point between the metallic and the quantum spin-Hall phase with the edge-states. We found that surface
multifractality at the former critical point is identical to the surface multifractality of the standard symplectic class, whereas
surface multifractality at the latter critical point is different.

(3) Z2 topological term in the nonlinear sigma model for the symplectic class

When inter-valley scattering due to impurities can be ignored, transport of Dirac electrons in grapheme is understood by
solving the two-component Dirac equation with a random scalar potential, which is in the symmetry class of the symplectic
class. The same equation is relevant for Dirac electrons on a two-dimensional surface of a three-dimensional Z> topological
insulator. The effective theory for this problem was found to be the nonlinear sigma model with a new Z topological term,
which eventually prevents Dirac electrons from localizing.

(4) Classification of topological insulators in three dimensions

Insulators having gapless boundary states are called topological insulators. Well-known examples are two-dimensional
(integer) quantum Hall insulators and quantum spin-Hall insulators. As for three dimensions a Z» topological insulator was
predicted to exist in systems with spin-orbit interactions. We classified all possible three-dimensional topological insulators for
the 10 random-matrix ensembles including chiral classes with sublattice symmetry and BdG classes with particle-hole
symmetry. We found there are four additional types of topological insulators.
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