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Key Sentence:
1. Understand various properties of materials

2. Find a new state of matter
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transitions, Mesoscopic systems

Purpose of Research

Condensed matter theory laboratory is aiming at theoretically understanding, at the level of
guantum and statistical physics, various quantum orders (such as magnetism, superconductivity
and other novel exotic orders), exhibited by strongly-correlated electron systems which are realized,
e.g., in transition metal oxides and organic conductors. We also study mesoscopic systems and, in

particular, metal-insulator transitions in disordered solids.

1. Novel phases in two-dimensional frustrated ferromagnets (Sindzingre, Shannon, Momoi)

The phase diagram of the S=1/2 Ji-J2-J3 Heisenberg model on the square lattice with
ferromagnetic 1st neighbor and antiferromagnetic 2nd and 3rd neighbor interactions is studied by
means of exact diagonalization and spin wave calculations. Quantum fluctuations are shown to
induce phases that are not present classically and a shift in the wave vector of the spiral phases.

Results are compared with recent experimental data.



2. 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 J1 and next-nearest-neighbor interaction Jz in a
magnetic field. We found that there exist a phase in which a vector chiral order parameter has
long-range order, 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.

3. Signatures of magnetic multipolar orders in frustrated spin chains in magnetic fields seen in
NMR and dynamical structure factors (Sato, Momoi, Furusaki)

We have recently shown that magnetic multipolar correlations are quasi long-range ordered in
the wide region of the magnetic-field-induced Tomonaga-Luttinger liquid (TLL) phases in the
frustrated spin-1/2 zigzag chains. The zigzag chain is a minimal model for several
guasi-one-dimensional cuprates, such as LiCuVOas. The multipolar liquid phases are thus expected
to be realized in these materials. To directly detect multipolar orders, one would have to observe
four- or more-point spin correlation functions, which however is a difficult task. Instead, we have
found that the temperature and magnetic-field dependence of NMR relaxation rate 1/T1 and the
wavenumber k dependence of dynamical structure factors S(k,w) contain features characteristic of
multipolar liquid phases in the zigzag spin chains. Namely, we have shown that, in contrast to
conventional TLLs, 1/T1 decreases with lowering temperature in the high-magnetic-field region,
and that the gapless points of S(k,w) appear at clearly distinct positions from those of
antiferromagnetic spin chains. These features would help us distinguish multipolar liquid phases in

guasi-one-dimensional magnets.

4. Quantum fluctuations of chirality in one-dimensional frustrated magnets (Furukawa, Sato,
Onoda)

To understand the interplay of chiral spin ordering and quantum fluctuations in one-dimensional
multiferroic cuprates such as LiCuVO4 and LiCu202, we analyzed the spin-1/2 frustrated chain with
ferromagnetic nearest-neighbor and antiferromagnetic second-neighbor exchange interactions. We
determined the ground-state phase diagram in the presence of easy-plane anisotropy using the
iTEBD algorithm, and found that the chiral ordered phase extends to the vicinity of the
SU(2)-symmetric case. We also analyzed the quantum dynamics of the chirality, which contributes

to the dielectric response though the magnetoelectric coupling.

5. Ground-state phase diagram of asymmetric three-leg spin tubes (Sato)
Three-leg antiferromagnetic spin tubes with interchain coupling J, i.e., coupled three spin chains
with periodic boundary condition for the interchain direction, are one of the simplest magnets with

geometric frustration. It is known that the spin tubes have a gapped ground state with broken



translational symmetry, in contrast to three-leg spin ladders with gapless excitations. If we change
the strength of one of the three interchain bonds to Jz, the system interpolates between a three-leg
ladder and a decoupled system of a spin chain and a two-leg ladder, and both limits have gapless
excitations. Therefore, at least two quantum phase transitions are expected to occur as Jz is varied.
To describe them, we have proposed a simple effective theory for the spin tube, which is based on an
electron system on the tube lattice. We then constructed a qualitative ground-state phase diagram
in the whole (J1, J2) space. Furthermore, numerical analyses of finite-cluster diagonalization and

DMRG have quantitatively improved the phase diagram.

6. Nematic and chiral orders for planar spins on a triangular lattice (Onoda)

A variant of the antiferromagnetic XY model has been proposed by including the biquadratic (%)
as well as the quadratic (W) interaction on the triangular lattice. The phase diagram for large &/
has a phase with coexisting quasi-long-range nematic order and long-ranged vector spin chiral order
in the absence of magnetic quasi-long-range order. A variety of critical properties are derived by

means of Monte-Carlo simulation.

7. SU(2) formulation of bond-nematic ordered states (Shindou, Momoi)

It is recently recognized that, when either frustration or ring exchange interaction is introduced
into the ferromagnetic Heisenberg model, a new type of spin ordering state with the so-called
“bond-nematic” order can be stabilized. We have constructed SU(2) mean-field formulations of this
exotic state. To be specific, we extended the so-called SU(2) formulation of symmetric quantum spin
liquids to the p-wave sector, to describe those bond ordered state breaking the spin-rotational
symmetry. In this formulation the d-vector describing the particle-particle (also hole) triplet pairing
of the “spinon” actually characterizes the director of the bond-nematic orders. Using this
correspondence, we worked out the ferromagnetic Ji1-J2 model on the square lattice, to (i) enumerate
the SU(2) mean-field solutions and (ii) argue their stability against the gauge fluctuations, i.e.,
clarify the number of the massless gauge bosons within the PSG arguments. The bond-nematic
state is therefore described by a sort of the spinon-analogue of the BW state known to be realized in
the 3He B-phase.

8. Spontaneous Hall effect and nontrivial time-reversal symmetry breaking in Przlr.O7 (Onoda)
A recent experimental study has clarified that the anomalous Hall effect appears in the apparent
absence of both magnetic field and magnetization in a itinerant frustrated magnet Przlr.O7 and
that this state dominantly consists of local “2-in, 2-out” configurations of <111> rare-earth magnetic
moments in an analogy to the spin ice. Motivated by this experiment, theoretical calculations of the
intrinsic anomalous Hall effect and the magnetization have been performed by taking the
tight-binding bands for the Ir 5d conduction electrons coupled to the rare-earth moments. In
particular, it has been shown that there exist the chiral spin states where the rare-earth moments
locally satisfy the “2-in, 2-out” spin-ice rule and give rise to the anomalous Hall effect under zero net

rare-earth moment. This state, macroscopically breaking the time-reversal symmetry, is



accompanied by a negligibly small magnetization due to conduction electrons. The results explain

the main experimental findings.

9. Quantum spin ice and time-reversal symmetry breaking in Pr pyrochlore-lattice magnets
(Onoda, Tanaka)

Recent neutron scattering experiments have unveiled that the pyrochlore-lattice magnet
Pr2Sn207 does not show a magnetic long-range order even at lowest temperatures and that the
magnetic moments strongly fluctuate quantum-mechanically. Then, we have theoretically
proposed new scalar-chiral states comprising a quantum-mechanical analogue of the spin ice for
pyrochlore magnets. We first derived an effective relativistic spin-orbital Hamiltonian for PrsO
tetrahedron that is a primitive unit of the pyrochlore magnets Pr27A207 with 7M being the
transition-metal element. It has been found that the relativistic and anisotropic nature inherent to
the £-electrons with strong LS coupling and crystal-electric field can significantly modify the
effective nearest-neighbor exchange interaction from antiferromagnetic to ferromagnetic. Then, the
“two-in  two-out” spin-ice rule of Pr magnetic moments is predominantly caused by the
super-exchange interaction but not a small magnetic dipolar interaction, in contrast with the
conventional dipolar spin-ice like Dy2Ti2O7. In fact, six “two-in two-out” configurations are
guantum-mechanically entangled and the degeneracy is lifted by a further small energy splitting
originated from the trigonal crystal field, leaving doubly degenerate ground states per tetrahedron.
In the thermodynamic limit, this degree of freedom can produce a long-range multipolar order,

which is accompanied by a time-reversal symmetry breaking and/or a lattice distortion.

10. Scaling of mutual information in one-dimensional quantum critical systems (Furukawa)

We applied the informational perspective to the characterization of one-dimensional quantum
critical systems. Specifically, we investigated the scaling of the mutual information in
Tomonaga-Luttinger liquids. Through a numerical analysis of a spin-chain model, we found that the
mutual information depends directly on the boson compactification radius (or Luttinger parameter),
irrespective of the microscopic details. This result provides a universal way to determine the boson

radius from the ground-state wave function of any one-dimensional quantum system at criticality.

11. Scaling behavior of the anomalous Hall effect in disordered ferromagnets (Onoda)

Scaling relation between the longitudinal conductivity and the anomalous Hall conductivity in
ferromagnets is revisited with a particular emphasis on the disordered regime. We take a minimal
model which contains both the band-intrinsic and extrinsic contributions to the anomalous Hall
effect. Employing the coherent potential approximation appropriate for describing the disordered
regime away from the critical region, we have obtained the scaling relationOxy Oxx” with 7~ 1.6,
which was previously obtained for dirty metals. This explains recent experimental observations in

the nearly localized regime of bcc Fe and magnetite.

12. Classification of three-dimensional topological insulators (Furusaki)



A topological insulator is a band insulator with gapless excitations which are stable against
perturbations. Its best-known example is an integer quantum Hall insulator with an integer
number, determined by the Hall conductivity, of edge states. By contrast, a Z2 topological insulator
has an odd number of Kramers pair of edge states. We have developed a theory that gives
exhaustive classification of topological insulators in three spatial dimensions. The theory accounts
for any free fermion Hamiltonian, including fully gapped superconductors. It is well known that
such Hamiltonians are classified into ten (random matrix) symmetry classes, according to the
presence/absence of time-reversal and charge-conjugation (i.e., particle-hole) symmetry. We have
shown that, for each spatial dimension d=1, 2 and 3, there are two classes of Zz topological
insulators (superconductors) and three classes of topological insulators (superconductors) with an

integer number of edge states, among the ten symmetry classes.

13. Disorder effects onto the Z> quantum spin Hall systems (Shindou)

Three-dimensional Z2 quantum spin Hall insulators (Z2QSHI) are a new state of matter, having a
gapless helical surface mode. Such a topological insulator is separated from an ordinary insulator
by a new type of the topological quantum critical point (TQCP) which is distinct from those TQCPs
located between two neighboring quantum Hall plateaus. To understand stability of bulk criticality
at the new TQCP, we took an effective continuum model and performed (a) self-consistent Born
calculations, (b) calculation of weak-localization corrections from the Kubo-formula (c) mean-field
calculations of the diffusion constant within the mode-mode coupling theory. Specifically, we first
considered (a sort of) parity degree of freedom, which happens to become a conserved quantity only
at the TQCP. Because of this additional U(1) symmetry recovery at the TQCP, not only the usual
charge diffusion mode but also the parity diffusion mode exhibits the quasi-divergent behavior at
infrared. In parallel to this anomaly in the parity diffusion channel, the Cooperon mode acquires an
additional anti-weak localization (AWL) contribution, which becomes effective only at the TQCP
(*quantum conductivity correction doubling”). From this observation we argued that the
emergence of the U(1) symmetry associated with the parity degree of freedom guarantees stable
TQCPs in Z2QSHI systems.

14. Boundary multifractality at the integer quantum Hall plateau transition (Obuse, Furusaki)

It is an unsolved problem to theoretically describe critical properties at the integer quantum Hall
plateau transition. About 10 years ago some Wess-Zumino models were proposed to be the effective
theory for the transition, according to which one expects that singular spectrum f(c) be parabolic
and the ratio Yy (Q)=A¢/[q(1-q)] is independent of g, where Agq is anomalous dimension. We
numerically calculated the bulk and boundary values of y(q) of critical wave functions of the
Chalker-Coddington network model. We found that v (q) is clearly dependent on q, thereby

refuting the above-menitoned proposals.

15. Andreev reflection and the Kondo effect in a T-shaped double quantum dot (Tanaka)

We studied Andreev transport through side-coupled double quantum dots connected to normal



and superconducting leads with a T-shape configuration. Using numerical renormalization group,
we showed that the destructive interference effect via the side dot is suppressed with increasing the
Coulomb interaction, and the conductance in the Kondo regime is enhanced. This behavior stands
in stark contrast to the normal conductance, which is suppressed in the Kondo regime. We also
found that the superconducting proximity effect penetrating into the interfacial dot pushes the
Kondo clouds, which screen the local moment in the side dot, towards the normal lead to make the

singlet bond longer.

16. Correlation functions of one-dimensional spin-1/2 Bose liquids (Matveev, Furusaki)

The ground state of a spin-1/2 Bose liquid with hard-core repulsion is a ferromagnetic state with
full spin polarization. Using the bosonization technique, which we developed last year, for strongly
interacting particles, we have calculated spectral functions of spin-wave excitations and
one-particle excitations of the spin-polarized Bose liquid. These spectral functions have
singularities at momentum near even multiples of the Fermi momentum of the free Fermi gas

which is equivalent to the hard-core Bose gas.
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