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General outline of research achievements

Finding of genuine Mott insulator in two-dimensional system

Almost all Mott insulators ever existing have been known to have the translational-

symmetry broken ground states such as antiferromagnetism and dimerization. It has been

a remaining fundamental issue whether the genuine Mott insulator without any transla-

tional symmetry breaking is realized except in one spatial-dimension systems, since P.

W. Anderson’s proposal in 70’s. To resolve this problem, we applied the newly-developed

numerical algorithm “ the path integral renormalization group method”to the half-filled

Hubbard model on the geometrically frustrated lattices in the two dimension [7,8] 1 . The

nonmagnetic-insulator phase sandwiched by the the paramagnetic-metal phase and the

antiferromagnetic-insulator phase shows evidence against translational symmetry break-

ing of the dimerized state, plaquette singlet state, staggered flux state, and charge ordered

state. These results support that the genuine Mott insulator which cannot be adiabatically

continued to the band insulator is realized generically by Umklapp scattering through the

effects of geometrical frustration and quantum fluctuation in the two-dimensional system

[7,8].

Clarification of the nature of quantum spin liquid in Helium 3 on graphite

In the 4/7 solid phase on the 2nd layer of 3He adsorbed on the graphite, the gapless

quantum spin liquid is realized, which has attracted much attention. Although theoretical

analyses based on multiple-spin exchange model have been extensively done so far, it has

been still remaining issue how to explain the gapless ground state as well as the large

saturation filed up to 10 Tesla. We constructed the effective model for the 4/7 phase taking

account of the density fluctuations between the 2nd and 3rd layers as a key factor, which

has been neglected so far [12]. We found that the 4/7 solid phase is located near the solid-

liquid boundary, and hence it is strongly affected by the density fluctuations. We clarified

that the saturation field is enhanced by large density fluctuations. We also pointed out

that the enhanced density fluctuations significantly contribute to the realization of the

quantum spin liquid, which is essentially the same origin of the gapless spin liquid emerging

near the Mott transition in the Hubbard model on geometrically frustrated lattices [7,8].

We also found that holes doped into the 4/7 solid phase move coherently by zero point

motions, which form the energy bands with small Fermi surface. This naturally explains

the temperature and hole-density dependences of the measured heat capacity, whose origin

has not been clarified [14].

1 [number] represents the paper number in swata cv.pdf
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Development of the grand-canonical path integral renormalization group method

and unified understanding of the Mott transitions

A new numerical algorithm for interacting fermion systems to treat the grand-canonical

ensemble is proposed and examined by extending the path-integral renormalization group

method. By using this method, the phase diagram of the two-dimensional Hubbard

model with next-nearest-neighbor transfer is accurately determined by treating the filling-

control (FC) and bandwidth-control (BC) Mott transitions on the same ground. A V-

shaped Mott insulating phase is obtained in the plane of the chemical potential and the

Coulomb interaction, where the transitions at the corner (BC) and the edges (FC) show

contrasted characters with large critical fluctuations near the edges coexisting with the

first-order transition at the corner. This contrasted behavior is shown to be consistent

with the V-shape structure of the phase boundary because of a general relation, in which

the slope of the metal-insulator transition line in the phase diagram is expressed by

thermodynamic quantities. The V-shaped opening of the Mott gap is favorably compared

with the experimental results of the transition metal oxides.

Superconductivity emerging near quantum critical point of valence transition

The valence fluctuations have attracted much attention as a key origin of electronic

instabilities such as unconventional superconductivity and non-Fermi liquid criticalities

observed in Ce- and Yb-based heavy fermion systems. To clarify the nature of the quan-

tum critical point of the valence transition, we applied the density-matrix renormalization

group method to the periodic Anderson model with Coulomb repulsion between f and con-

duction electrons [11]. It is found that the first-order valence transition emerges with the

quantum critical point and the crossover from the Kondo to the mixed-valence states is

strongly stabilized by quantum fluctuation and electron correlation. A remarkable result

is that the superconducting correlation is developed in the Kondo regime near the sharp

valence increase. The origin of the superconductivity is clarified to the development of

the coherent motion of electrons with enhanced valence fluctuation. This results in the

enhancement of the charge velocity, but not the charge compressibility, which is quite

different from ordinary mechanism [11].

Field-induced quantum critical point of valence transition

The valence fluctuations in materials are essentially charge fluctuations between the

orbitals and it is highly nontrivial how the magnetic field affects them. We clarified the

mechanism of how critical end points of first-order valence transitions are controlled by a

magnetic field [13]. We show that the critical temperature is suppressed to be a quantum

critical point (QCP) by a magnetic field and unexpectedly the QCP exhibits nonmono-

tonic field dependence in the ground-state phase diagram, giving rise to emergence of
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metamagnetism even in the intermediate valence-crossover regime. The driving force of

the field-induced QCP is clarified to be cooperative phenomena of Zeeman effect and

Kondo effect, which create a distinct energy scale from the Kondo temperature. This

mechanism explains peculiar magnetic response in CeIrIn5 and metamagnetic transition

in YbXCu4 for X=In as well as sharp contrast between X=Ag and Cd [13,15].

Unified explanation for anomalies in ferromagnetic superconductor UGe2

It is shown that anomalous properties of UGe2 can be understood in a unified way

on the basis of a single assumption that the superconductivity is mediated by the cou-

pled SDW and CDW fluctuations induced by the imperfect nesting of the Fermi surface

with majority spins at T = Tx(P ) deep in the ferromagnetic phase [6]. Excess growth

of uniform magnetization is shown to develop in the temperature range T < Tx(P ) as

a mode-coupling effect of coupled growth of SDW and CDW orderings, which has been

observed by two different types of experiments. The coupled CDW and SDW fluctuations

are shown to be essentially ferromagnetic spin fluctuations which induce a spin-triplet

p-wave attraction. These fluctuations consist of two modes, spin and charge fluctuations

with large momentum transfer of the nesting vector. An anomalous temperature depen-

dence of the upper critical field Hc2(T ) such as crossing of Hc2(T ) at P = 11.4 kbar and

P = 13.5 kbar, can be understood by the strong-coupling-superconductivity formalism.

Temperature dependence of the lattice specific heat including a large shoulder near Tx is

also explained quite well as an effect of a kind of Kohn anomaly associated with coupled

CDW-SDW transition.

Electronic states of U- and Pr-based heavy fermion systems and superconduc-

tivity mechanism

The mechanism of how heavy fermion state is formed and the origin of the uncon-

ventional superconductivity in U and Pr compounds with f2 configuration per site are

central issues in heavy fermion systems. We constructed the effective model for the f2

lattice system by taking account of the exchange interaction between the conduction and

f electrons with the crystalline electric field (CEF) singlet ground state in the atomic

limit [2]. By applying the density matrix renormalization group method as well as the

bosonization method, we found that the CEF singlet continuously changes to the Kondo

single in the ground state. This implies that the localized state is adiabatically continued

to the itinerant state, which is qualitatively different from the Ce and Yb systems with f 1

configuration. We found that the f2 degrees of freedom coexisting with the Kondo effect

induce the attractive force between quasiparticles and pointed out that this can be an

origin of the superconductivity in U and Pr systems.
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In addition to the above researches, I have also studied the following topics:

Magnetization process of the Kondo lattice and topology change of the Fermi

surface [4]

Ground state, dynamical response, and impurity effects in one-dimensional

quantum systems [3]

Derivation of thermodynamic relations applicable to correlated electron sys-

tems [10]
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