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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) Strongly-interacting electrons in one dimension

We have studied a system of one-dimensional electrons in the regime of strong repulsive interactions, where the spin
exchange coupling /is much smaller than the Fermi energy, and the conventional Tomonaga-Luttinger theory does not apply.
In the energy scale above </, we bosonize charge density excitations only. Only at much lower energy scale, spin density
excitations can be bosonized as well. We have calculated electron’s spectrul function using this formalism.

(2) Electronic structure of LiV2O4

We investigated the electronic structure of LiV204, for which heavy fermion behavior has been observed in various
experiments, using the combination of the local density approximation (LDA) and dynamical mean field theory (DMFT). To
obtain results at zero temperature, we developed a projective quantum Monte Carlo method and employed it to solve the
effective DMFT impurity problem. We found that the strongly correlated aig band is a slightly doped Mott insulator which at
low temperatures shows a sharp heavy-quasiparticle peak just above the Fermi level, which is consistent with recent
photoemission experiments.

(3) Electronic structure of SrzVO4 and BazVO4

We studied SraVO4 and Ba2VO4 under high pressure by means of the LDA+DMFT method. While Sr2VOy4 is a 1/6-filling
three-band system at ambient pressure with a small level splitting between the dxy- and dyzzx-bands, we found that an orbital
polarization occurs under uniaxial pressure, which will lead to dramatic changes of the magnetic and transport properties.
When pressure is applied in the c-direction, a d! analog of d° cuprates is realized, making Sr2VOs a possible candidate for a d!
superconductor. We also studied the effect of chemical pressure by substituting Sr by Ba, and found that a d! analog of cuprates
can be realized by growing BazVOu on a substrate with lattice constant 4.1~4.2A.

(4) Octupolar order in a spin liquid

We have shown how a gapless spin liquid with hidden octupolar order arises in applied magnetic field, in a model applicable to
thin films of 3He with competing ferromagnetic and antiferromagnetic (cyclic) exchange interactions. Evidence is also
presented for nematic—i.e., quadrupolar—correlations bordering on ferromagnetism in the absence of magnetic field.

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

We have studied the spin-1/2 Heisenberg model with ferromagnetic nearest-neighbor coupling J1 and antiferromagnetic
next-nearest-neighbor interaction J2. We have found that the lowest excitations are two-magnon bound states when —2.7<
J1/J2<0 while they are three-magnon bound states when J1/J2 is around 3.

(6) Orbital physics in the Co oxide superconuctor

We have pointed out the important role of degeneracy of Co 3d orbitals in understanding the physical properties of the cobalt
oxide superconductor Na,CoOz-yH20. We have shown that its phase diagram and various experimental results, which might
seem conflicting to each other, can be understood coherently by taking into account the orbital degrees of freedom.

(7) Mott transition in the half-filled Hubbard model on an anisotropic triangular lattice: zero temperature

We have numerically studied the ground-state phase diagram of the half-filled Hubbard model on an anisotropic triangular
lattice. We have used the Lanczos exact diagonalization method to calculate the Drude weight, double occupancy, charge gap,
and spin structure factor. From the numerical results obtained for finite-size clusters of up to 18 sites, we have proposed a
phase diagram which has a metallic phase, an antiferromagnetic insulating phase(s), and a non-magnetic insulating phase.

(8) Mott transition in the half-filled Hubbard model on an anisotropic triangular lattice: finite temperatures

Inspired by the unusual reentrant Mott transition observed in the organic material & -(ET)2Cu[N(CN)2]Cl, which is not seen
in traditional three-dimensional systems such as V203, we have studied the finite-temperature Mott transition in the Hubbard
model on the anisotropic triangular lattice by means of the cellular dynamical mean-field theory. We have obtained the phase
diagram which is qualitatively consistent with the experiments, and showed that the reentrant Mott transition is induced by
change in mechanism of entropy release with lowering temperature.

2. Mesoscopic systems and disordered systems

(1) Full counting statistics of single-electron transistors

We have developed a theory of full counting statistics of single-electron transistors, which can be mapped to the anisotropic
multi-channel Kondo model. Motivated by recent experiments, we have formulated and calculated the joint probabililty
distribution for electric charge and current by using the Schwinger-Keldysh formalism. The joint distribution can provide novel
information on the Coulomb correlations in single-electron transistors.

(2) Full counting statitics of a molecular quantum dot magnet

We considered transport through a molecular quantum dot magnet in the incoherent tunneling regime. We have proposed a
model in which the conduction electron spin on the dot is coupled to the molecular magnet s by an exchange interaction, and
formulated full counting statistics (FCS) of charge and current in the framework of master equation. Using some
unconventional relations among Clebsch-Gordan coefficients, we solved analytically the modified master equation with
counting fields to derive some exact expressions for the FCS generating function.

(3) Conformal invariance at a critical point of Anderson metal-insulator transition

The Anderson metal-insulator transition is a quantum phase transition driven by disorder. We have examined the existence of
conformal invariance at an Anderson transition point for a two-dimensional tight-binding model with on-site disorder and the
spin-orbit interaction. We have numerically calculated multifractal exponents of critical wave function moments at surfaces
and corners of finite-size samples with open boundaries. We have shown numerically that the corner multifractal exponents are
related to surface multifractal exponents through a relation arising from conformal invariance. We have thus numerical proved



the existence of conformal invariance in the critical two-dimensional disordered system with the spin-orbit interaction.

(4) Network model for the quantum spin-Hall effect

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. This state is characterized by the Zs topological number representing the number of Kramers-degenerate edge
states. This should be contrasted from quantum Hall insulators in strong magnetic fields which are characterized by an integer
topological number. A quantum spin Hall insulator can be realized in a system with time-reversal symmetry but without
spin-rotation symmetry due to strong spin-orbit coupling. We have constructed a network model describing motion of a
quasiparticle in a two-dimensional quantum spin Hall insulator with spatially smooth disorder potential. Using this model, we
have numerically obtained the critical exponent for the diverging localization length at a Anderson transition point, which was
found to be the same as that obtained for the conventional symplectic class for the two-dimensional disordered system with the
spin-orbit interaction.

3. Experimental study of surface nanostructures
Nonlinear optical studies have been performed to understand adsorbate-induced structural transformation in the Si(111)
surfaces.
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