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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
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Outline

The ultimate goal of our research is to understand theoretically various properties of materials of
macroscopic scale 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 oxides and molecular conductors, which are our major research subjects.

In strongly-frustrated quantum spin systems such as triangular or kagome antiferromagnets, an
exotic quantum state, instead of a magnetic ordered state, is expected to emerge. For example, we
have recently considered spin nematic and vector 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.
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1. Phase diagram of frustrated antiferromagnetic spin chain in magnetic field (Hikihara, Momoi,

Furusaki)

We studied the ground-state phase diagram of the spin-1/2 one-dimensional Heisenberg model
with antiferromagnetic nearest-neighbor coupling &1 and next-nearest-neighbor interaction % in a
magnetic field. We found chiral ordered phase, non-chiral phase with incommensurate pitch angle,
and spin density wave phase. We calculated various correlation functions in these phases using the
density matrix renormalization group method. The results agree with field-theory predictions. The
incommensurate non-chiral phase can be well described with a theory for two-component

Tomonaga-Luttinger liquid.

2. Phase diagram of the spin-1/2 frustrated ferromagnetic chain with easy-plane anisotropy

(Furukawa, Sato, Onoda, Furusaki)

We determined the ground-state phase diagram of the frustrated spin-1/2 chain with competing
ferromagnetic nearest-neighbor J4 and antiferromagnetic next-nearest-neighbor . couplings in the
presence of easy-plane anisotropy. We found that in the classically spiral regime J&/| a]>1/4, the
vector chiral ordered phase appears in a large portion of the parameter space and is robust up to the
close vicinity of the SU(2)-symmetric case. This result is in accord with the observation of the
helimagnetism and the associated ferroelectricity in quasi-one-dimensional cuprates such as
LiCuVO4 and LiCuz202. Furthermore, around /| A|=1/4, we found unconventional types of Neel

and dimer orders, which appear alternately when changing the anisotropy.

3. Chiral order and electromagnetic excitations in quasi-one-dimensional multiferroics LiCuz202

(Sato, Furukawa, Onoda)

Recently, many physicists have strenuously investigated new type of multiferroics, in which spin
spiral order and electric uniform polarization emerge simultaneously below a certain temperature.
From these studies, the static correlation between the polarization and spin chirality has been well
understood, but basic theory for low-frequency excitations observed in the optical response has not
been established yet. Some theories for optical responses in multiferroic manganites are proposed,
but their results are not in good agreement with experimental ones. In these manganites Mn ions
have spin-2, and such high-spin magnets usually contain various types of magnetic anisotropies,
which would make the spin dynamics complicated. We therefore focus on a spin-1/2
guasi-one-dimensional multiferroic compound, LiCu202. Since spin-1/2 magnets have only a few
kinds of magnetic anisotropies, it is easier to develop the corresponding theory. First, we propose a
realistic simple model of LiCu202 and its spiral ordered state, taking into account the established
experimental results. It is also confirmed that the NMR spectrum evaluated in the spiral state is
consistent with the recent experimental result. On the basis of this classical ordered state, we
consider the effects of quantum fluctuation by means of the standard spin-wave theory. Under the
assumption that the polarization is coupled to spin chirality and magneto-striction terms, we

calculate optical response spectrum. The resulting peak structure explains well observed optical



spectrum.

4. Possible “mixed” RVB states in frustrated magnets (Shindou, Momoi)

We investigate possible quantum spin ground states in those quantum frustrated spin systems
having either ferromagnetic or anisotropic exchange interactions. Namely, unlike an
anti-ferromagnetic (AF) exchange interaction, these interactions support the spin-triplet pairing of
spinons. As a result, such mixed Heisenberg models would realize, as its ground state, those exotic
guantum spin liquid (actually “nematic”) states, which go beyond the X.G. Wen’s “zoology” of the
symmetric spin liquid. To be specific, we study the following two lattice models. (i) In the J:-Jz
square lattice model (nearest neighbor ferromagnetic Jz, next nearest neighbor AF J2), we found
two mixed RVB states which are (at least locally) stable against the gauge fluctuations (i.e.,
emergent ones) in the intermediate coupling regime (J::J2=1:0.4). One is the spinon-version of the
so-called Balian-Werthamer (BW) state, stabilized by the Higgs mechanism. The other is the
spinon-version of the chiral p-wave state, where three “apparently massless” gauge fluctuations are
controlled by the Chern-Simons mass term. In particular, we found that the former BW state is
consistent with the results obtained by the recent exact diagonalization studies. (ii) In the J:-Jz
honeycomb lattice model (nearest neighbor J: AF, next nearest neighbor Jz anisotropic), we found
that no meaningful mixed RVB ansatz is realized in the entire parameter regime. Instead, we found
that, in the strong J- limit, the model can be decomposed into two copies of the Heisenberg AF
triangle lattices. From this, we found that a certain coplanar (i.e. classical) spin structure having 12

sub-lattice structures is realized in the strong Jz limit.

5. Quantum melting of spin ice (Onoda, Tanaka)

In pyrochlore-lattice magnets Pr27AV207 (TM = Zr, Sn, Ir), the basic magnetic properties are
characterized by spin-ice-like correlations and the absence of dipole long-range order, as in the
classical dipolar spin ice A:Ti2O7 (R = Dy, Ho). On the other hand, it also shows the
antiferromagnetic Curie-Weiss temperature, the reduction in the spin-freezing behavior, and
appreciable guantum magnetic fluctuations, which sharply contrast to the classical spin ice. To
understand these nontrivial phenomena, we derived the effective quantum pseudospin-1/2 model
for Pr27M:O7 where the superexchange interaction is dominant over the magnetic dipole
interaction, unlike the case of the classical spin ice. The theoretically obtained ground state as a
guantum-mechanically melt spin ice has short-range “2-in, 2-out” spin-ice correlations. This
produces the same peak positions of the magnetic scattering structure factor as in the classical spin
ice. However, the large exchange magnetic anisotropy incorporates “3-in, 1-out” and “1-in, 3-out”
configurations to the ground state. This lifts the macroscopic degeneracy and removes the
pinch-point singularity. The calculated magnetization curve agrees quantitatively with the
experimental result. In fact, this ground is characterized by the magnetic quadrupole moment and
the chirality on each tetrahedron. In particular, it is most likely that in the thermodynamic limit, it
shows the ferroquadrupole order with the cubit unit cell having 16 Pr moments. On the other hand,

the geometrical frustration prevents a long-range order of the chirality. These research results will
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shed a new light of nontrivial quantum effects on otherwise classical spin-ice systems.

6. Spinon excitations in optical conductivity of one-dimensional Mott insulators with Peierls
instability (Sato)

Optical response in Mott insulators has attracted much attention since the discovery of new
multiferroic compounds with a strong coupling between polarization and spin degrees of freedom.
We have considered the optical response of organic quasi-one-dimensional Mott insulators with
spin-Peierls instability, such as TTF-CA and TTF-BA. These materials can be described by using an
ionic Hubbard chain coupled to the lattice modulation. For half-filled Mott phase with a strong
Coulomb interaction, we showed that the electric polarization operator is equivalent to a
dimerization operator. Above (Below) the spin-Peierls transition temperature, the low-energy
effective model is given by a spin-1/2 Heisenberg chain (bond-alternating spin-1/2 chain).
Low-energy properties of these models and the dimerization operator can be understood accurately
through conformal field theory and integrability techniques. Using these methods, we calculated
the optical conductivity in the Mott phase of the half-filled ionic Hubbard chain. It is shown that (1)
in the high-temperature phase, the optical conductivity contains a gapless continuum spectrum due
to spinon excitations, (2) in the low-temperature Peierls phase, a gapped singlet excitation gives a
sharp peak in the conductivity. The amplitudes of the spectra, the singlet-excitation gap, etc., are

exactly evaluated.

7. Charge frustration and charge-lattice ordering in a molecular conductor (Seo, Motome)
Molecular conductor DI-DCNQI2Ag with a quasi-one-dimensional crystal structure has been
considered as a typical charge-ordering compound, while there remained some controversies on the
nature of the low-temperature ordered phase. Recently, a synchrotron x-ray crystal analysis
revealed that the ordering has a complicated pattern of charge density modulation and lattice
distortions, and the importance of “charge frustration” has been pointed out. To elucidate the origin
of such charge-lattice ordering we have carried out mean-field calculations on an extended Hubbard
model coupled to the lattice degree of freedom, and found that this pattern can be stabilized in a
realistic parameter region, by taking advantage of the phase competition in the one-dimensional
chain to relax the frustration effect. In addition, we found two distinct characteristic temperatures
for the development of the two order parameters, i.e., charge and lattice, which provide a clue on the

mysterious experimental results such as in transport properties and in NMR.

8. Numerical study of ferrimagnetic charge order and magnetic field effect in p-d coupled molecular
conductor (Otsuka, Seo, Motome)

Recently, large magneto-resistance (MR) effect observed in several Fe-Phthalocyanine
compounds has been attracting interest. As a theoretical model for the one-dimensional material
TTP[FePc(CN)z]2 which shows the largest MR, we have numerically studied an extended Hubbard
model (p electrons) coupled to an Ising spin chain (d spins) by means of Monte-Carlo simulations.

The results show that p-electron charge ordering is drastically enhanced by the presence of d-spins,



accompanied by a peculiar p-d coupled ferri-magnetism, which are consistent with experiments. We
have also found large response to the magnetic field, not only the negative MR effect as in the
experiments but also more complicated behavior depending on the parameters, which suggest

interesting possibilities to be explored in future experimental works.

9. Andreev transport through double guantum dots in series (Tanaka)

We studied Andreev transport through double quantum dots connected in series normal and
superconducting leads, using the numerical renormalization group. We found that for small values
of the inter-dot coupling, the ground state of this system shows a crossover between a local
superconducting singlet state and a Kondo singlet state. The difference between these singlet states
is clearly reflected in the transport properties. For the local superconducting singlet with small
Coulomb interaction, the conductance has a peak with the unitary-limit value. In contrast, in the
Kondo singlet region the Andreev reflection is suppressed by the Coulomb interaction. With
increasing the inter-dot coupling, another singlet with an inter-dot character becomes dominant,

and the conductance decreases.

10. Observation of Andreev bound states in a quantum dot coupled to a superconductor (Tanaka)
Andreev bound states are formed in a quantum dot coupled to a superconductor because of the
superconducting proximity. We showed, in collaboration with Tarucha group of University of Tokyo,
that the spectrum of the Andreev bound states can be detected in transport measurements with a
guantum dot strongly coupled to a superconducting lead and weakly coupled to a normal metal lead.
We also observed phase transitions between a spin-singlet state and a magnetic doublet state when
the quantum dot chemical potential is tuned with an electrostatic gate, in good qualitative

agreement with numerical renormalization group calculations.

11. Skyrmion-lattice formation and the anomalous Hall effect (Onoda)

Experimental findings have been accumulated in non-centrosymmetric magnets including MnSi,
which suggest that magnetic field induces a formation of a Skyrmion lattice with the hexagonal
symmetry. Here, the Skyrmion lattice is a superlattice of the substructure where the spin directions
take a noncoplanar configuration having a winding number about the center. To understand this
nontrivial phenomenon, we analyzed a minimal effective spin model including the
Dzyaloshinskii-Moriya interaction and performed numerical simulations. It is found that with
moderate magnetic anisotropy and the applied magnetic field, the system undergoes a phase
transition from a long-wavelength helical magnetic order to another magnetic order in which the
spins form Skyrmion lattices. The Skyrmion lattice can take the six-fold, four-fold, and two-fold
rotational symmetries, depending on the magnitudes of magnetic anisotropy and the magnetic field.
We also calculated the anomalous Hall conductivity associated with these states, and showed a
prominent increase of the anomalous Hall effect due to the spin chirality at the onset of the
Skyrmion-lattice formation. These results will provide a guiding principle for verifying and

understanding the Skyrmion-lattice formation in real materials.
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12. Informational entropy for analyzing quantum critical wave functions (Furukawa)

We applied the informational perspective to the characterization of quantum many-body ground
states. We introduced a new quantity, configuration entropy, which measures the amount of
guantum fluctuations occurring in the ground state of a one-dimensional system. We showed that
this quantity is equivalent to the entanglement entropy of the Rokhsar-Kivelson wave function
built from the corresponding two-dimensional classical model. We studied the scaling law of the
entropy in various models and found that it contain universal constant determined by the basic
properties of the system. In Tomonaga-Luttinger liquid, the universal constant is a simple function
of the boson compactification radius (or Luttinger parameter). In a massive (crystal) phase, the
constant is related to the ground-state degeneracy. These results indicate that the configuration

entropy can be a new tool for analyzing quantum critical phenomena.

13. Disordered topological quantum critical point in a three-dimensional system (Shindou, Nakai,

Murakami)

Generic non-magnetic disorder effects on those topological quantum critical points (TQCP), which
intervene the 3-dimensional topological insulator and an ordinary band insulator, are investigated.
We first show that, in such 3-d TQCP, any backward scattering process mediated by the
chemical-potential-type impurity (the representative non-magnetic impurity potential) is always
set off by its time-reversal (7-reversal) counter-process, because of the non-trivial Berry phase
supported by these two processes in the momentum space. However, this cancellation does not hold
true for those backward scatterings mediated by generic 7-symmetric impurity potentials, while the
absolute stability of the TQCP against any non-magnetic disorders is generally required by the
bulk-edge correspondence. Motivated by this, we further derive the self-consistent Born phase
diagram and the quantum conductivity correction in the presence of generic non-magnetic disorder
potentials. The distinction and the similarity between the case with only the
chemical-potential-type disorder and that with the generic non-magnetic disorders are

summarized.

14. Quantum phase transition to ferromagnetic liquid in two-component Bose and Fermi gases

(Sato, Furukawa)

Internal degrees of freedom in many-body systems generally enrich their physical properties. We
here focus on two-component (spin-1/2) Bose/Fermi gases on one-dimensional lattice as a simple
system with internal degrees of freedom. This situation could be realized in ultracold atoms. It is
easily expected that a strong inter-component repulsion induces a quantum phase transition from a
population balanced state to an imbalanced (ferromagnetic) state when exchange between different
components is allowed, and this is one of the most fundamental phenomena in two-component gases.
Nevertheless, the corresponding theory has not been developed yet: both the weak-coupling
bosonization and the recent strong-coupling theory for two-component gases cannot capture the

nature of the phase transition. We therefore study the features of the phase transition and the



ferromagnetic state by combining the analytical approaches with powerful numerical methods
(iITEBD and numerical diagonalization). It is shown that (1) the ferromagnetic transition is of
first-order type/ second-order Ising type when the inter-component hopping is absent/present, and
(2) the ferromagnetic state is described by a one-component Tomonaga-Luttinger liquid. The
accurate phase diagram in the wide parameter region is constructed. These results would be a
reference point when we consider various types of two-component gases which appear as effective

theories of cold-atom systems, frustrated magnets, etc.

15. Bose-Fermi Mixtures and Correlated Phenomena in Cold Atomic Gases (Akhanjee, Furusaki)

(a) The excitation spectrum was analyzed for a three-dimensional (3D) Bose-Fermi mixture with
tunable resonant interaction parameters and high hyperfine spin multiplets, with an emphasis on
effects of an attractive 3-particle vertex describing fermionic and bosonic atoms which can scatter to
create fermionic molecules. It was argued that the low lying excitations (broadened energy levels) of
the mean-field theory are described by a local Fermi liquid picture with a Lorentzian density of
states which is justified by a 1/N expansion. Additionally, it was demonstrated how the bosonic
chemical potential exhibits a novel crossover effect which modifies condensation and
superfluid-insulator transitions.

(b) We have utilized the renormalization group method within a bosonization scheme to study
one-dimensional (1D) 3-component mixtures of bosonic and fermionic atoms that can combine to
form molecular fermions.

16. Spin Glasses (Akhanjee)

An exact solution has been developed of a Gaussian spin-glass model with infinite ranged
interactions and a global spherical constraint at zero magnetic field. The replicated spin-glass
Hamiltonian was mapped onto a Coulomb gas of logarithmically interacting particles confined by a
peculiar single particle potential. The precise free energy is obtained by analyzing the Painleve tau
function in the n —0, limit, accounting for neglected fluctuations beyond the semi-circle density

utilized in the large N analysis of Kosterlitz, Thouless and Jones.

17. Superconductivity in the presence of strong Rashba spin-orbit interaction (Neupert, Onoda,

Furusaki)

Recent experiments with gated two-dimensional interfaces demonstrated the possibility of
superconductivity induced by electric field, e.g., at the interface between the insulating oxides
LaAlOs and SrTiOs. Motivated by these experiments, we have been studying Cooper paring in a
two-dimensional electron gas with Rashba spin-orbit interaction, in the regime of low electron

density where the Fermi energy is of the same order as the spin-orbit interaction.
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