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Numerical analysis for extotic quantum states in

strongly correlated electron systems

Akihisa Koga

Department of Physics, Tokyo Institute of Technology, Meguro, Tokyo 152-8551

Strongly correlated electron systems with

orbital degrees of freedom have attracted much

interest. One of the intriguing examples is the

series of the Mott insulators with a honeycomb

structure such as A2IrO3 (A = Na,Li), and

β-Li2IrO3. In these compounds, a strong spin-

orbit coupling for 5d electrons lifts the degener-

acy in t2g levels and the Kramers doublet plays

an important role at low temperatures. Fur-

thermore, there exists the orbital dependent

hoppings due to the lattice structure. These

result in the anisotropy in the exchange cou-

pling between isospins, and the system can be

regarded as the s = 1/2 Kitaev model [1, 2].

This should stimulate the extensive theoretical

study for the Kitaev and related models. Re-

cently, the compound α-RuCl3 with 4d elec-

trons has been synthesized and fermionic re-

sponse characteristic of the Kitaev model has

been discussed. In general, in the 4d electron

system, the spin-orbit coupling is not so large,

comparing with the 5d electron system. There-

fore, a simple question naturally arises how the

finite spin-orbit interaction realizes interesting

ground-state and low temperature properties.

Furthermore, the above compounds show the

magnetic order at low temperatures, and it is

desired to clarify the stability of the spin liquid

state in the correlated electron system with the

orbital degeneracy.

Motivated by this, we have studied the

spin-orbital models with the Kugel-Khomskii

type superexchange interactions on the two-

dimensional honeycomb lattice. Since this

model is reduced to the Kitaev model in the
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Figure 1: The ground state phase diagram of

the spin-orbital model.

large spin-orbit coupling limit (Kitaev limit),

we can discuss how the disordered state, which

is adiabatically connected to the spin liquid

state in the Kitaev limit, competes with the

magnetically ordered state naively expected.

We first use the cluster mean-field theory with

the exact diagonalization to determine the

ground state phase diagram in the model (see

Fig. 1). Furthermore, calculating the specific

heat and entropy in terms of the thermal pure

quantum state, we have discussed how thermo-

dynamic properties characteristic of the Kitaev

model appear in the intermediate spin-orbit

coupling region [3].
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Study of correlated topological materials using many-variable

variational Monte Carlo method

Takahiro Misawa

Institute for Solid State Physics, University of Tokyo
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Topological insulators that show exotic sur-

face metallic states [1] have been attracted

much attention because the topologically pro-

tected metallic surface states are expected

to be useful for new generation devices.

Recent theoretical and experimental studies

have proven the existence of the topological

semimetals [2] such as the Weyl semimetals

and the topological Dirac semimetal. In these

topological semimetals, although the bulk gap

is zero and the point nodes such as the Weyl

points or the Dirac points exist in the bulk

state, the exotic surface states called Fermi

arcs appear.

In this project, we study the quantum trans-

port phenomena originating the exotic surface

states in the topological semimetals by directly

solving the time-dependent Schrödinger equa-

tions, which is given by

i
∂ |ϕ(t)⟩
∂t

= H(t) |ϕ(t)⟩ , (1)

where |ϕ(t)⟩ is a single Slater determinant and

H(t) is time-dependent Hamiltonian. To effi-

ciently solve the time-dependent Schrödinger

equations, we use the fourth-order Suzuki-

Trotter decomposition [3, 4].

We first analyze the charge pumping in

the disordered Weyl semimetal. To perform

the charge pumping we introduce the time-

dependent vector potentials Ay(t) in y direc-

tion as follows:

Ty(t) = eiAy(t) × Ty, (2)

Ay(t) =
2πt

LyT
, (3)

where Ty is the hopping matrix in y direction

and Ly is the linear dimension in y direction.

By introducing Ay(t) in y direction, the charge

pumping in x directions occurs if the Hall con-

ductivity is finite. Actually in the clean limit,

we confirm that the charge pumping ∆N is

quantized [5, 6, 7] as follows:

∆N = 2∆k × Lz

2π
, (4)

where Lz is the linear dimension in z direction

and ∆k is the distance between Weyl points in

the momentum space. We examine the effects

of the disorders in the chemical potentials and

show that charge pumping is robust against

the disorders. Interestingly, the charge pump-

ing is enhanced in the intermediate strength of

the disorder, which is consistent with previous

studies [8, 9, 10].

By using the same method, we analyze the

quantum transport phenomena in the bilayer

system of the ferromagnetic insulator and the

topological Dirac semimetals. In this system,

we show that the oscillating magnetic moment

in the ferromagnetic insulator induces the spin

and charge current in the topological Dirac

semimetals. We also show that the induced

charge current is governed by the topological

nature and robust against the disorder.

These results show that real-time evolution

of the wave functions is useful for analyzing the

exotic quantum transport phenomena in the

topological materials. The real-time evolution

of the correlated quantum many-body system

is possible based on the variation Monte Carlo
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method [11, 12]. By using the many-variable

variational Monte Carlo method [13, 14], we

are now examining the stability of the topo-

logical magnetic insulators (Chern insulator)

in the correlated electron systems. We are also

examining the quantum transport phenomena

in the topological magnetic insulators by using

the real-time evolution of the correlated many-

body wavefunctions.
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Numerical study of correlated electron systems with strong 
spin-orbit coupling 

 

Yukitoshi MOTOME 
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We have theoretically studied intriguing 

properties originating from electron 

correlations and spin-orbit coupling. During 

this fiscal year (project number: H29-Ca-0060 

and H29-Cb-0034), we have been making 

substantial progress on the following topics. 

We summarize the main achievements for each 

topic below.  

(i) Exotic magnetism and electronic states in 

spin-charge coupled systems: We constructed a 

new effective spin model for the Kondo lattice 

model, on the basis of higher-order perturbation 

theory in terms of the spin-charge coupling [1]. 

The model includes the bilinear and biquadratic 

spin interactions in momentum space: the 

exchange interactions are characterized by 

specific wave numbers dictated by the Fermi 

surfaces. We demonstrated that the model well 

reproduces variety of peculiar magnetic orders, 

such as vortex crystals and skyrmion crystals. 

We also extended the study to the systems with 

the relativistic spin-orbit coupling and 

predicted the realization of unconventional 

skyrmions [2]. Another topic is the chiral 

soliton lattice in quasi-one-dimensional chiral 

magnets. To clarify the magnetic and electronic 

properties, we have studied a model explicitly 

including itinerant electrons. By Monte Carlo 

simulations at finite temperature, we revealed 

nonlinear magnetoresistance proportional to the 

soliton density [3]. We also found lock-in of 

the period of chiral soliton lattices at a 

particular set of values related with the Fermi 

wave number [4]. In addition, we studied the 

generation and control of exotic magnetism by 

supercurrent in heterostructures [5]. 

(ii) Off-diagonal and nonreciprocal responses 

in parity broken systems: We analyzed a model 

for eg electron systems on a diamond structure, 

bearing AOsO4 (A=K, Rb, and Cs) in mind [6]. 

We predicted possible band structures and 

magnetoelectric responses under various 

electronic orders that break spatial inversion 

symmetry. The results will be useful for 

identifying the unknown order parameters in 

AOsO4. We also summarized the first-

principles studies for honeycomb-monolayer 

transition metal trichalcogenides [7]. In 

addition, we studied bilayer and bulk cases [8]. 

Furthermore, we investigated the nonreciprocal 

spin Seebeck effect in antiferromagnets with 

asymmetric magnon dispersions [9]. We 
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theoretically predicted spin rectification and 

directional dependence of the nonreciprocal 

spin Seebeck effect. 

(iii) Spin fractionalization in the Kitaev models: 

We summarized our studies on spin dynamics 

at finite temperature in the Kitaev models, 

obtained by the newly-developed numerical 

techniques on the basis of Majorana fermion 

representation [10,11]. Comparing our results 

with those by inelastic neutron scattering for a 

candidate material α-RuCl3, we found a good 

agreement in a wide range of energy scale and 

temperature [12]. We also studied thermal 

conductivities in the Kitaev model [13] and 

compared the results with experiments [14]. In 

addition, we studied a gas-liquid type phase 

transition on a hyperoctagon lattice [15], and 

phase transitions to chiral spin liquids on a 

hypernonagon lattice [16]. We also proposed a 

new mechanism for the Kitaev type anisotropic 

interactions in d7 high-spin systems [17].  
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Spin-orbit interaction provides the possibility to 

manipulate the spin polarization of a material by 

applying electric fields as desired for spintronics, 

as well as the possibility to create an inverted 

gap in the band structure necessary for 

topologically nontrivial phases. Although many 

new phenomena can be expected, the interplay 

between spin-orbit interaction and the Coulomb 

interaction in strongly correlated materials is 

still not well understood.  

Electron correlation can change the topological 

classification of a system. For example, 

Fidkowski and Kitaev have found that for a one-

dimensional topological superconductor of class 

BDI, electron correlation changes the 

topological classification from Z to Z8. 

We have studied the topological classification of 

superconducting phases in a superlattice system 

composed of CeCoIn5/YbCoIn5 layers. We have 

found that in the case of quad-layer of CeCoIn5 

the strongly correlated system is topologically 

trivial, while eight pairs of helical edge modes 

are predicted at the non-interacting level. Thus, 

this system can serve as a test bed for the 

reduction of the topological classification. [1] 

Also, we aimed at understanding the effect of the 

interplay between the spin-orbit interaction and 

electron correlation on anomalous transport such 

as the magnetoelectric effect. We have studied a 

periodic Anderson model including the Rashba 

spin-orbit interaction, which describes 

noncentrosymmetric f-electron materials such as 

CePt3Si, using the combination of dynamical 

mean field theory and the numerical 

renormalization group to calculate transport 

properties with high precision. Our calculations 

demonstrate that while at low temperatures the 

magnetoelectric effect is small due to 

cancellation effects of bands with different spin 

polarization, at high temperatures, where f-

electrons become localized due to strong 

interactions, the magnetoelectric effect is 

strongly enhanced. [2] 
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Microscopic analysis of the vortex state in

superconductors using the augmented quasiclassical

equations with the Lorentz force, Kopnin force and

slope in the density of state

Takafumi KITA
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We derived augmented Eilenberger equa-

tions that incorporate the following missing

force terms: (i) the Lorentz force, (ii) the

pair-potential gradient (PPG) force (or Kop-

nin force), and (iii) the pressure difference aris-

ing from the slope in the density of states

(DOS). Using it, we studied the vortex-core

charging due to the three force terms. This

study have been performed to calculate the

sign change of the flux-flow Hall coefficient mi-

croscopically. We required much memory due

to the presences of the spatial inhomogeneity

in the system.

The vortex-core charging in type-II super-

conductors has been pointed out to be related

to the sign change of the flux-flow Hall conduc-

tivity [1], and numerous studies on the charg-

ing of a superconducting vortex have been car-

ried out. However, the forces responsible for

the charging of a superconducting vortex are

not fully understood. This is because all the

force terms used to describe charging in su-

perconductors are missing from the standard

Eilenberger equations (i.e., the quasiclassical

equations of superconductivity) used to study

superconductors in a magnetic field microscop-

ically.

The existence of the Lorentz force acting

on the supercurrent was first pointed out by

London [2]. In 2001, the Lorentz force was

microscopically recovered in augmented quasi-

classical equations of superconductivity in the

Keldysh formalism. The PPG force was first

discussed by Kopnin [3]. In recent years, Ara-

hata and Kato first included the Lorentz and

PPG force terms in their augmented quasiclas-

sical equations as an extension of the standard

quasiclassical equations of superconductivity

in the Keldysh formalism [6]. The charging

mechanism of a superconducting vortex due

to the pressure or chemical potential differ-

ence between the normal and superconduct-

ing states was first proposed by Khomskii and

Freimuth [4]. They regarded the core as a

normal region and considered its chemical po-

tential difference from the surroundings due

to the particle–hole asymmetry in the DOS.

For the general case of the DOS, Khomskii

and Kusmartsev have also given a formula for

the chemical potential difference between the

normal and superconducting states due to the

slope in the DOS [7]. However, despite this,

quasiclassical equations considering this pres-

sure dependence have not yet been derived mi-

croscopically. Therefore, quasiclassical equa-

tions for superconductors still have room for

improvement.

We perform numerical calculations for the

isolated vortex systems of clean s-wave su-

perconductors with a spherical Fermi surface

based on the augmented Eilenberger equa-

tions. We assume the spin-singlet pairing

Activity Report 2017 / Supercomputer Center, Institute for Solid State Physics, The University of Tokyo

179



Figure 1: (Color online) Normalized charge

density due to the Lorentz force (green square

points), PPG force (blue circular points), and

SDOS pressure (red triangular points) at the

vortex center for λ0 = 5ξ0 as a function of tem-

perature.

without spin paramagnetism. The parame-

ters of this system are the coherence length

ξ0, magnetic penetration depth λ0, Thomas–

Fermi screening length λTF, quasiclassical pa-

rameter δ, and the smearing factor η in the ad-

vanced and retarded Green functions. We fixed

the parameters to λTF = 0.01ξ0, δ = 0.01, and

η = 0.01∆0. Figures 1 and 2 plot the logarithm

of the charge density at the vortex center for

λ0 = 5ξ0 as a function of temperature and for

T = 0.2Tc as a function of λ0.

We observe that when the London penetra-

tion depth is much larger than the coherence

length, the contribution of the Lorentz force to

the vortex-core charge is negligibly small com-

pared with that of the other forces, the con-

tribution of the SDOS pressure becomes dom-

inant near the transition temperature, and the

contribution of the PPG force is so large that

the other forces are negligible near absolute

zero temperature. We also find that when the

London penetration depth is about the same

as the coherence length, the contribution of

the Lorentz force to the core charge becomes

substantial over the value of that of the SDOS

pressure, but smaller than that of the PPG

force. Thus, because the force that dominantly

Figure 2: (Color online) Normalized charge

density due to the Lorentz force (green square

points), PPG force (blue circular points), and

SDOS pressure (red triangular points) at the

vortex center for λ0 = 5ξ0 as a function of λ0
calculated for T = 0.2Tc.

contributes to quantities may vary with the

parameters of the materials, the temperature,

the external field, and the system, we need to

consider all three forces to study charging and

transport phenomena such as the flux-flow Hall

effect in type-II superconductors.
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FLEX-S approximation
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Fluctuation-exchange (FLEX) approxima-

tion [1] is a method that succeeds in describing

various normal-state properties of high-Tc su-

perconductors qualitatively [2]. In the FLEX

approximation, we include the contributions of

spin fluctuations caused by the Coulomb inter-

action into the self-energy. We can incorporate

not only Feynman diagrams called “ring dia-

grams” which represent particle-hole scatter-

ing processes, but also those called “ladder di-

agrams” which represent particle-particle scat-

tering processes in this framework.

Subsequently, Dahm and Tewordt per-

formed a theoretical study on the supercon-

ducting phase of high-Tc’s by incorporating

only the particle-hole scattering processes [3].

Specifically, they incorporated some anoma-

lous diagrams characteristic of the supercon-

ducting state besides the ring diagrams in

the normal state. Their results agree with

the properties of the cuprate superconductors

which are measured in experiments qualita-

tively.

FLEX-S approximation [4] adopted in our

study is an extension of the FLEX approx-

imation. However, in this improved frame-

work, we can consider both the normal-state

and anomalous diagrams systematically be-

yond the ring and/or ladder approximations

by introducing a symmetrized vertex. There-

fore, we can incorporate more processes from

spin fluctuations than the previous framework.

In our study, we calculated one particle

Green’s function for cuprate superconductors

using both frameworks, i.e., Dahm-Tewordt

framework and FLEX-S approximation. We

compared the density-of-states between the

two frameworks that can be obtained from the

one particle Green’s function. In both frame-

works, we have to solve self-consistently the

Dyson–Gor’kov equation and equation for the

self-energy given in terms of the one-particle

Green’s function, and it took a lot of compu-

tational cost to perform these calculation. For

this reason, we use parallel machine to per-

form these calculations, so we need to use the

supercomputer in ISSP. In our calculation, we

use two-dimensional Hubbard model, and the

band dispersion ϵk is given as follows

ϵk = −2t0(cos kx + cos ky) + 4t1 cos kx cos ky

+2t2(cos 2kx + cos 2ky).

t0, t1, and t2 are the first, second, and third

nearest neighbor hopping pareameter, and we

choose t0 = 1, t1 = 1/6, and t2 = −1/5 to rep-

resent the band structure of YBCO [5]. More-

over, we choose the on-site interaction param-

eter as U = 6.5t0.

Figure 1 shows the density-of-states in

the superconducting state calculated in both

frameworks. In this figure, we present the re-

sult for dimensionless temperature T/t0 = 0.01

and filling n = 0.85. The peak-to-peak values

of both lines that represents the value of su-

perconducting pair potential is 0.1 correspond

to 10[meV], and it is consistent with the result

from STM experiments [6]. However, we can’t

find a large difference between two lines in Fig.
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1.

Figure 1: The black line is calculated by the

FLEX-S approximation, and purple one is cal-

culated in the framework that incorporates

particle-hole scattering processes.

Figure 2: The black line is calculated in the

FLEX-S approximation, and purple one is cal-

culated in the framework that incorporates

particle-hole scattering processes.

Figure 2 compares the chemical-potential

difference between the normal and supercon-

ducting states calculated in the two frame-

works using the same parameters at T/t0 =

0.01. We can see that the difference between

two results is about 10% at most. So we con-

clude that the ladder diagrams contribute lit-

tle to the physical property obtained from one

particle Green’s function in this model.

This framework is important to obtain the

precise temperature and filling dependence of

various physical properties in the supercon-

ducting state concisely. We are planning to

investigate the difference between these two

frameworks to analyze two particle Green’s

function or calculate in other models such as

the d-p model. From these, we aim to clal-

rify various parameter dependences such as the

temperature and filling ones more precisely,

and we aim to find those physical proper-

ties which are overlooked in the previous work

where the ladder diagrams were neglected.
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In multi-orbital strongly correlated materials, 

it has been found that the Hund’s coupling 

plays a crucial role in the electronic 

correlations [1]. The Hund’s coupling has two 

effects. It influences the energy scale of the 

Mott gap, extending the metallic region when 

the filling is away from half-filling. At the same 

time, it suppresses the coherence temperature to 

form the fermi liquid. With these effects, there 

emerge strongly-correlated metals even when 

the system is away from Mott insulator. Such 

kind of strongly-correlated metals are called 

“Hund’s metal”.  

So far, the effect of Hund’s coupling in 

Hund’s metal has mainly been studied by the 

dynamical mean-field theory (DMFT) [2]. 

However, the DMFT cannot capture the spatial 

correlations. Therefore, the effect of Hund’s 

coupling on non-local correlations is still not 

understood well. In this study, we employ a 

cluster extension of DMFT [3], cellular DMFT, 

to study the interplay between Hund’s coupling 

and spatial correlations.  

For this purpose, we employ an improved 

continuous-time quantum Monte Carlo solver 

based on interaction expansion (CT-INT) [4]. 

The improved CT-INT makes use of efficient 

update schemes, “submatrix update” and 

“double-vertex update”. With the 

improvements, applications to multi-orbital 

cluster DMFT become feasible [5]. We study 

the two-orbital Hubbard model on the square 

lattice using the 2x2 cluster. We set the size of 

Hund’s coupling JH to be JH/U = 1/4 with U 

begin the Hubbard interaction.  

We first try the model with Ising-type 

interaction form, namely we neglect spin-flip 

and pair-hopping interactions. When the filling 

n is n = 1.5 (n = 2: half-filled), around U/t = 16 

(JH/t = 4), we have found that the non-local 

correlations become significant. If we set JH = 0, 

we do not see such significant non-local 

correlations. Therefore, the significant non-

local correlations are induced by Hund’s 

coupling. This result suggests that the Hund’s 

coupling strongly affects not only the onsite 

correlations but also the spatial correlations. 

The simulations with SU(2) symmetric 

interactions are now under way.  
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Exotic phenomena induced by topology and strong 
correlations 

 

Tsuneya YOSHIDA 

Department of Physics, Kyoto University, 

Kitashirakawa, Sakyo-ku, Kyoto 606-8502 

In these years, topological perspective on 

condensed matter has increased its importance. 

One of the significant issues of this field is to 

understand the correlation effects on 

topological insulators/superconductors where 

novel phenomena are expected due to 

combination of these two effects. In particular, 

it is found that electrons correlations induce the 

reduction of topological classifications; only 

eight topologically distinct phases are allowed 

under the electron correlations for one-

dimensional topological superconductors of 

symmetry class BDI, while infinite number of 

topologically distinct phases are allowed in the 

absence of correlations. 

 This remarkable phenomenon induced by 

electron correlations is extensively studied in 

these several years. In spite of the extensive 

studies, the reduction has not been well 

understood. In particular, the following 

questions remain unsolved: (i) what happens in 

the bulk when the reduction occurs for edges?; 

(ii) In which systems can one observe the 

reduction in experiments? In this project, we 

have addressed these questions. 

 Firstly, in order to understand bulk behaviors, 

we have carried out numerical simulation of the 

reduction phenomena for a weak-topological 

insulator in two dimensions.  Our analysis 

based on real-space dynamical mean-field 

theory combined with continuous-time 

quantum Monte Carlo have elucidated that all 

of the gapless edge modes are gapped out 

without symmetry breaking while the bulk 

remains a band insulator characterized with the 

winding number w=4. This result indicates that 

a gapped Mott insulator emerges only around 

the boundary.   

 Secondly, we have addressed theoretical 

proposal of candidate materials of the reduction. 

Specifically, we have pointed out that the 

superlattice systems composed of 

CeCoIn5/YbCoIn5 can be a promising platform 

for the reduction of topological classification, 

ZxZ to ZxZ8; the all of the gapless edge modes 

are gapped out without symmetry breaking 

when the number of Ce-layer is multiple of four. 
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Numerical Studies on the Superconductivity in Systems with Coexisting
Wide and Narrow Bands

KAZUHIKO KUROKI

Department of Physics, Osaka University

1-1 Machikaneyama, Toyonaka, Osaka, 560-0043, Japan

In this report, we present two of the studies, re-
lated to superconductivity due to electron corre-
lation, performed in our group in 2017 fiscal year
using the supercomputer at ISSP.

HIGH Tc SUPERCONDUCTIVITY ARISING
FROM WIDE AND INCIPIENT NARROW

BANDS

　An ideal situation for realizing high-Tc super-
conductivity is to have strong pairing interaction
and light electron mass simultaneously, but strong
pairing interaction usually induces heavy effective
mass. In ref.[1], we proposed that high-Tc super-
conductivity is possible in Hubbard-type systems
(with the on-site U) having wide and narrow bands,
where light effective mass and strong pairing in-
teraction is realized when the Fermi level sits in
the vicinity of, but does not intersect, the narrow
band (i.e., the incipient narrow band) (Fig.1). The
two-leg Hubbard ladder with diagonal hoppings, a
model for the ladder-type cuprates, was studied
as a system in which such a situation is realized,
where a possible occurrence of extremely high Tc

was suggested. More recently, the so-called dia-
mond chain model, which has a flat band and two
dispersive bands when a certain condition is sat-
ified, was studied using DMRG, and there it was
shown that superconductivity is strongly enhanced
when the Fermi level sits in the vicinity of, but not
within the flat band[2]. 　Motivated by the study

FIG. 1. Schematic image of pair scattering processes in
systems with wide and incipient narrow bands
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FIG. 2. Eigenvalue of the Eliashberg equation for vari-
ous systems with wide and flat bands. They are plotted
as functions of the chemical potential measured from
the flat band energy. The on-site U is taken as U = 6t,
and the temperature is fixed at 0.05t, where t is the
nearest neighbor hopping.

in ref.[2], in 2017 fiscal year, we have extended the
study of ref[1], showing that this high-Tc mecha-
nism works in a variety of systems that consist of
wide and　 incipient narrow (or flat) bands, such
as the diamond lattice, three-leg ladder, and the
crisscross ladder. We have applied the fluctuation
exchange approximation to the Hubbard model on
these lattices, and have shown that superconductiv-
ity is strongly enhanced when the Fermi level sits
close to the narrow band[3](Fig.2). This shows the
generality of the mechanism of high-Tc supercon-
ductivity originating from wide and incipient nar-
row bands.

WIDE AND INCIPIENT NARROW BANDS
IN RUDDLESDEN-POPPER BILAYER
COMPOUNDS ORIGINATING FROM

“HIDDEN LADDERS”

In reality, it is very difficult to control car-
rier doping in ladder-type cuprates. As a way
to realize in actual materials the coexising wide
and incipient narrow band systems mentioned in
the previous section, we have introduced a con-
cept of“ hidden ladder” electronic structure in
the bilayer Ruddlesden-Popper compounds, where
anisotropic d-orbitals give rise to ladder-like elec-
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FIG. 3. Schematic image of the hidden ladders in
RP327 bilayer systems.

tronic structures[4](Fig.3). Namely, considering
the case in which t2g orbitals form the bands cross-
ing (or lie near) the Fermi level, an electron in the
dxz/yz orbital selectively hops in the x/y direction
as well as in the z direction normal to the bilayer.
This means that the dxz/yz orbitals form ladders
with x/y and z directions being the leg and rung
directions, respectively. Furthermore, considering
that the best situation for superconductivity in the
ladder-type cuprates occurs for about 30 percent
electron doping from half-filling[1], we expect that

materials with two electrons per three t2g orbitals
(d2 configuration) should bring about the ideal sit-
uation, where the Fermi level sits in the vicinity of
the narrow-band edge without large amount of car-
rier doping. Hence we expect that Sr3Mo2O7 and
Sr3Cr2O7 are good candidates, and this is indeed
confirmed from first principles band calculation.
We have performed fluctuation exchange study on
a 6 orbital model that is derived from the first prin-
ciples band structure, and proposed the possibility
of high-Tc superconductivity in these materials.

[1] K. Kuroki, T. Higashida, and R. Arita, Phys. Rev.
B 72, 212509 (2005).

[2] K. Kobayashi et al., Phys. Rev. B 94, 214501
(2016).

[3] K. Matsumoto, D. Ogura, and K. Kuroki, Phys.
Rev. B 97, 014516 (2018).

[4] D. Ogura, H. Aoki, and K. Kuroki, Phys. Rev. B
96, 184513 (2017).

Activity Report 2017 / Supercomputer Center, Institute for Solid State Physics, The University of Tokyo

187



Two-channel Kondo effect and multipole

susceptibility

Takashi HOTTA

Department of Physics, Tokyo Metropolitan University

1-1 Minami-Osawa, Hachioji, Tokyo 192-0397

In this research, we have analyzed a seven-

orbital impurity Anderson model hybridized

with Γ8 conduction electrons for the case with

three local f electrons corresponding to a Nd3+

ion by employing a numerical renormalization

group technique [1, 2]. The model Hamiltonian

is given by

H =
∑
k,µ,τ

εkc
†
kµτ ckµτ+

∑
k,µ,τ

V (c†kµτfaµτ + h.c.)

+ Hloc, (1)

where εk is the dispersion of a Γ8 conduc-

tion electron with wave vector k, ckµτ denotes

the annihilation operator of a Γ8 conduction

electron, µ distinguishes the cubic irreducible

representation, Γ8 states are distinguished by

µ = α and β, while Γ7 and Γ6 states are labeled

by µ = γ and δ, respectively, τ is the pseudo-

spin which distinguishes the degeneracy con-

cerning the time-reversal symmetry, fjµτ indi-

cates the annihilation operator of a localized f

electron in the bases of (j, µ, τ), j is the total

angular momentum, j = 5/2 and 7/2 are de-

noted by “a” and “b”, respectively, V is the

hybridization between conduction and local-

ized electrons, and Hloc denotes the local f -

electron term. In the present case, we consider

the hybridization between Γ8 conduction elec-

trons and the Γ8 quartet of j = 5/2.

The local term, Hloc, is given by

Hloc =
∑
j,µ,τ

(λj +Bj,µ + Ef )f
†
jµτfjµτ

+
∑
j1∼j4

∑
µ1∼µ4

∑
τ1∼τ4

Ij1j2,j3j4µ1τ1µ2τ2,µ3τ3µ4τ4 (2)

× f †j1µ1τ1
f †j2µ2τ2

fj3µ3τ3fj4µ4τ4 ,

where λa = −2λ, λb = (3/2)λ, λ is the

spin-orbit coupling of f electron, Bj,µ denotes

the CEF potential energy, Ef indicate the f -

electron level, and I denotes the Coulomb in-

teractions between f electrons.

The Coulomb interaction I is expressed with

the use of four Slater-Condon parameters, F 0,

F 2, F 4, and F 6. Although the Slater-Condon

parameters of a material should be determined

from experimental results, here we simply set

the ratio as F 0/10 = F 2/5 = F 4/3 = F 6 = U ,

where U is the Hund rule interaction among

f orbitals. The CEF potentials for f elec-

trons from ligand ions are given in the table of

Hutchings for the angular momentum ℓ = 3.

For a cubic structure with Oh symmetry, CEF

parameters are expressed by two CEF parame-

ters, B0
4 and B0

6 . Following the traditional no-

tation, we define B0
4 and B0

6 as B0
4 =Wx/F (4)

and B0
6 =W (1−|x|)/F (6), respectively, where

x specifies the CEF scheme for the Oh point

group, while W determines the energy scale

for the CEF potential. We choose F (4) = 15

and F (6) = 180 for ℓ = 3.

Now, we consider the case of n = 3 by ap-

propriately adjusting the value of Ef . As U

denotes the magnitude of the Hund rule inter-

action among f orbitals, it is reasonable to set

U = 1 eV. The magnitude of λ varies between

0.077 and 0.36 eV depending on the type of

lanthanide ions. For a Nd3+ ion, λ is 870−885

cm−1. Thus, we set λ = 0.11 eV. Finally, the

magnitude of W is typically of the order of

millielectronvolts, although it depends on the
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Figure 1: (a) Low-lying eigenenergies of Hloc

versus x for n = 3. (b) Contour color map of

the entropy on (x, T ) plane for W = 10−3.

material. Here, we simply set |W | = 10−3 eV.

In Fig. 1(a), we depict curves of ten low-

lying eigenenergies of Hloc for n = 3 since the

ground-state multiplet for W = 0 is character-

ized by J = 9/2, where J denotes the total

angular momentum of multi-f -electron state.

We appropriately shift the origin of the energy

to show all the curves in the present energy

range. We emphasize that the results are al-

most the same as those of the LS coupling

scheme. For the case of W > 0, we find the

Γ
(1)
8 ground state for x ≤ −0.5, while the Γ6

ground state is observed for x ≥ −0.5. How-

ever, for W < 0, the Γ6 ground state appears

only in the vicinity of x = −1.0. For the wide

range of −0.9 < x ≤ 1, we obtain another Γ
(2)
8

ground state.

In this study, we analyze the model by

employing a numerical renormalization group

(NRG) method. We introduce a cut-off Λ for

the logarithmic discretization of the conduc-

tion band. Owing to the limitation of com-

puter resources, we keep M low-energy states.

Here, we use Λ = 5 and M = 4, 000. In the

following calculations, the energy unit is D,

which is a half of the conduction band width.

Namely, we set D = U = 1 eV in this calcula-

tion. In the NRG calculation, the temperature

T is defined as T = Λ−(N−1)/2 in the present

energy unit, where N is the number of renor-

malization steps.

In Fig. 1(b), we show the contour color map

of the entropy for W = 10−3 and V = 0.75.

To visualize precisely the behavior of entropy,

we define the color of the entropy between 0

and 1.5, as shown in the right color bar. We

immediately notice that an entropy of log 2

(green region) appears at low temperatures for

−1.0 < x < −0.4, while an entropy of 0.5 log 2

(yellow region) is found for −0.4 < x < 1.0.

The region with an entropy of 0.5 log 2 almost

corresponds to that of the Γ6 ground state in

comparison with Fig. 1, although we find a

small difference between them around x ∼ 0.5.

The residual entropies, 0.5 log 2 and log 2, are

eventually released at extremely low tempera-

tures in the numerical calculations. Approx-

imately at x = −0.5, the release of an en-

tropy of log 2 seems to occur at relatively high

temperatures. This is considered to be related

with the accidental degeneracy of Γ6 and Γ
(1)
8

states. In any case, the details on the entropy

behavior at low temperatures will be discussed

elsewhere in the future.

In summary, we have found the two-channel

Kondo effect in the seven-orbital impurity An-

derson model hybridized with Γ8 conduction

electrons for the case of n = 3 with the lo-

cal Γ6 ground state. In near future, we expect

that the two-channel Kondo effect will be dis-

covered in Nd 1-2-20 compounds.
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Numerical study on interplay between stripes and  
electron-phonon interactions in the Hubbard model 

Takahiro OHGOE 
Department of Applied Physics, The University of Tokyo, 

7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033 
 
  Since the discovery of high- Tc  cuprates, 

many experiments have been performed to 

unveil its mechanism and revealed its rich and 

complex physics. Especially in the underdoped 

region, exotic phenomena such as pseudogap or 

stripe order were observed and they are still 

intensively studied both experimentally and 

theoretically. Owing to the recent advance- 

ments of the scanning tunneling microscope 

(STM) and X-ray experiments, charge orders 

have been widely observed in the underdoped 

region of several families of high-Tc cuprates, 

establishing their presence as a universal 

feature [1]. 

 In our recent work [2], we studied the stripe 

states in the Hubbard model by using the many-

variable variational Monte Carlo (mVMC) 

method. As a result, we found that several 

stripes with different periodicities are severely 

competing especially in the underdoped region. 

Furthermore, we found that the ground states 

are stripe states instead of homogeneous 

superconducting state for the doping 

concentration 0.1 ≲ 𝛿 ≲ 0.3 . However, the 

electron-phonon interactions are neglected and 

its roles on stripes remains elusive.  

In this study, we studied the effect of electron-

phonon interactions on the competition 

between stripe states and homogeneous states. 

To this purpose, we used the extended VMC 

method for electron-phonon coupled systems 

which we proposed [3]. As a result, we found 

that electron-phonon interactions with realistic 

phonon frequencies do not change the physical 

quantities such as spin/charge structure factors 

so much. On the other hand, it has been turned 

out that the electron-phonon interactions can 

change the ground states from stripe states to 

homogeneous states. In this study, we 

considered the particular modes of phonons 

individually. The more realistic analysis based 

on fully ab-initio electron-phonon interactions 

will be reported elsewhere. 

  

References 
[1] R. Comin and A. Damascelli, Annu. Rev. 

Condens. Matter Phys. 7, 369 (2016)  

[2] K. Ido, T. Ohgoe and M. Imada, Phys. Rev. 

B. 97, 045138 (2018) 

[3] T. Ohgoe and M. Imada, Phys. Rev. B 89, 

195139(2014)

 

Activity Report 2017 / Supercomputer Center, Institute for Solid State Physics, The University of Tokyo

190



Quantum Monte Carlo approach to local electronic

correlations in unconventional superconductors

Shintaro HOSHINO
Department of Physics, Saitama University, Saitama 338-8570, Japan

Unconventional superconductivity in

strongly correlated electron systems has been

one of the central issues in condensed matter

physics due to their rich physical properties

and presence in a wide range of materials

with p, d, f electrons. Fullerene-based su-

perconductors are typical cases which show

unconventional superconductivity, where the

Mott insulator phase is located near super-

conducting phase [1]. Since the symmetry of

pairing state is identified as s-wave, the local

electronic correlations are capable to describe

its physical properties which are still different

from that of conventional BCS supercon-

ductors. For A3C60, the three electrons are

doped per fullerene molecule. The underlying

mechanism for superconductivity has been

clarified as an effectively sign-reversed Hund’s

coupling. With this antiferromagnetic Hund

coupling, the low-spin state is favored instead

of high-spin state for usual Hund’s rule cou-

pling. Recent experiments show the presence

of the anomalous metalic state [2]. Once

electrons are localized in the Mott phase,

the electron-phonon coupling leads to the

defomation of the fullerene molecule, which

has been detected by the IR spectroscopy. On

the other hand, the metalic regime show a

neary spherical shape. Interestingly, in the

metallic regime close to the Mott phase, the

fulleren molecule is detected to be deformed,

which is called the Jahn-Teller metal [2], as

distinct from the above two cases.

As a microscopic origin for the Jahn-Teller

metal, we have theoretically proposed the

spontaneous orbital-selective Mott transition

[6] using the dynamical mena-field theory com-

bined with quantum Monte Carlo method

(DMFT+CTQMC) [3, 4]. We have further

clarified the characteristics of this phase based

on the realistic band structures derived in

Ref. [5]. It is found that once the system enters

into the Jahn-Teller metal phase, the strongly

anisotropic conductivity appears [7]. Recently,

using the supercomputer in ISSP, the Univer-

sity of Tokyo, the phase diagram for the doping

regime has also been mapped out by means of

the DMFT+CTQMC. For a strong coupling

regime, the orbital order that breaks original

cubic symmetry has been found. The super-

condcuting region shrinks by tuning the num-

ber of the doped electrons from three toward

two per fullerene. At the filling number two,

the low-spin Mott insulator is realized. These

results would be useful to explore the pres-

sure and carrier number dependences experi-

mentally.
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Theoretical study of strong correlations in Cd2Os2O7

Hiroshi Shinaoka

Department of Physics, Saitama University, 338-8570, Japan

The pyrochlore oxide Cd2Os2O7 is one of

the few compounds whose low-T magnetic

structure has been experimentally determined

among a number of magnetic 5d pyrochlore

oxides. Os5+ ions have a 5d3 configuration,

where t2g is half-filled. This compound ex-

hibits a magnetic transition at T ' 227 K

accompanied by a change of the temperature

dependence of the resistivity from metallic be-

havior to insulator one [1]. The low-T mag-

netic structure was identified as the so-called

all–in–all–out magnetic oder by resonant X-

ray scattering [2]. Then, this was supported

by a first-principles study based on local-

density-approximation (LDA) + U method [3].

The LDA+U calculations indicate that the

metal-insulator transition is a Lifshitz transi-

tion driven by the emergence of the magnetic

order. However, there has been no finite-T

first-principles calculations for the compound.

Thus, the origin of the finite-T transition still

remain to be solved.

In this project, we performed a finite-T first-

principles calculations based on the dynamical

mean-field theory (DMFT). We constructed a

three-orbital tight-binding model for the t2g
manifold projected on the maximally local-

ized Wannier functions. We employed a first-

principles code, Quantum ESPRESSO, for

constructing the maximally localized Wannier

functions in the two-component formalism.

In the DMFT calculations, we solved quan-

tum impurity problems by the continuous-time

quantum Mote Carlo method using the current

state-of-the-art implementation [4].

Figure 1 shows the computed momentum-

resolved spectrum function A(k, ω) at U = 2

Figure 1: Momentum-resolved spectrum

A(k, ω) computed with U = 2 eV.

eV for different temperatures T . The all–in–

all–out magnetic order emerges at low T . Be-

low the magnetic transition temperature, the

quasi-particle bands are split and the spectrum

is gapped out. This is consistent with the sce-

nario of the Lifshitz transition. The quasi-

particle bands survive down to the lowest T

computed, being in a clear contrast to the Mott

nature of the insulating pyrochlore oxides [5].

The above results were obtained in a col-

laboration with Y. Nomura, T. Kondo and M.
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Nakayama.
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Dynamical mean-field calculations

of electronic states and multipolar fluctuations

in strongly correlated electron systems

Junya OTSUKI

Department of Physics, Tohoku University, Sendai 980-8578

Interesting magnetic properties are often ob-

served in transition-metal and rare-earth com-

pounds. Those includes orbital ordering in 3d

electron systems and multipolar ordering in 4f

electron systems. For theoretical descriptions

of those peculiar ordered states, strong elec-

tronic correlations in the atomic orbitals need

to be taken into account. For this reason, the

dynamical mean-field theory (DMFT) gives a

good starting point in studies of long-range or-

dering observed in strongly correlated electron

materials [1].

Here, we give a brief description of our

computation scheme based on the DMFT im-

plemented on top of first-principles calcula-

tions. We first perform DFT calculations

within LDA/GGA using WIEN2k package on

a local computer. The Bloch states are pro-

jected to Wannier orbitals using DFTTools [2]

of TRIQS library [3]. An effective lattice Hamil-

tonian is thus defined. Electronic correla-

tions in a specific orbitals (4f orbital in the

case with rare-earth materials) are incorpo-

rated through a local self-energy Σ(iωn) com-

puted in an effective Anderson impurity prob-

lem within DMFT. In actual computation, we

applied the Hubbard-I approximation in the

strong-coupling regime using an exact diago-

nalization library, pomerol [4], and a triqs-

converter, pomerol2triqs1.4 [5]. The corre-

lated band structure A(k, ω) is obtained in the

procedure thus above.

To discuss long-range ordering, we compute

the static susceptibilities by solving the Bethe-

Salpeter (BS) equation. Since the suscepti-

bilities generally have four orbital indices, it

is essentially impractical to compute the full

orbital dependence in d or f orbitals without

special treatment of the vertex part in the BS

equation.

We derived a simplified BS equation which

is valid in the strong-coupling regime [6]. We

analytically demonstrated that the equation

gives kinetic exchange interaction in the Hub-

bard model and the RKKY interaction in the

periodic Anderson model. Practically, the

equation requires only a partial information of

the vertex part, and hence is possible to treat

full orbital dependence of susceptibilities in d

and f electron systems. This equation pro-

vides a practical way to access multipolar or-

dering in first-principles-based calculations.
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Noncoplanar magnetic textures have at-

tracted great interest in condensed matter

physics, as they often lead to topologically

nontrivial quantum states and related intrigu-

ing phenomena. Such noncoplanar magnetic

orders have been extensively studied in non-

centrosymmetric systems where the spin-orbit

coupling plays an essential role. For exam-

ple, skyrmion crystals with noncoplanar spin

textures are stabilized in noncentrosymmet-

ric crystals under an applied magnetic field.

These skyrmion crystals are categorized ac-

cording to their vorticity and helicity: a Bloch-

type skyrmion with the helicity ±π/2 in chiral

magnets with the Dresselhaus-type spin-orbit

coupling in Fig. 1(a) and a Néel-type one with

the helicity 0 or π in polar magnets with the

Rashba-type spin-orbit coupling in Fig. 1(b).

In this project, we investigate how the inter-

play between the spin-orbit coupling and spin-

charge coupling in magnetic conductors affects

the formation of noncoplanar magnetic tex-

tures [1]. To this end, we begin with a Kondo

lattice model with the spin-orbit coupling on a

square lattice in polar systems. The Hamilto-

nian is given by

H =
∑
kσ

(εk − µ)c†kσckσ + JK
∑
kq

sk+q · Sq

+
∑
k

gk · c†kσσσσ′ckσ′ , (1)

where c†kσ (ckσ) is a creation (annihilation) op-

erator of an itinerant electron at wave num-

ber k and spin σ. The first term in Eq. (1)

represents the kinetic energy of itinerant elec-

trons where εk is the energy dispersion and

µ is the chemical potential. The second

term represents the spin-charge coupling be-

tween itinerant electron spins and localized

spins where sk+q =
∑

σσ′ c
†
kσσσσ′ck+qσ′ , σ =

(σx, σy, σz) is the vector of Pauli matrices, Sq

is the Fourier transform of a localized spin

Si at site i with the fixed length |Si| = 1,

and JK is the exchange coupling constant

(the sign of JK is irrelevant owing to the

classical spins). The third term in Eq. (1)

represents the antisymmetric spin-orbit cou-

pling, which originates from the atomic spin-

orbit coupling in noncentrosymmetric systems.

In the present model, this term represents

the Rashba-type spin-orbit coupling: gk =

(gxk, g
y
k) ∝ (sin ky,− sin kx), which is induced

by the mirror symmetry breaking with respect

to the square-lattice plane.

Instead of directly examining the ground

state of the model in Eq. (1), we here extract

important magnetic contributions by deriving

an effective spin model, whose Hamiltonian is

summarized as

H = −2
∑
η

∑
αβ

Jαβ
η Sα

Qη
Sβ
−Qη

− 2i
∑
η

Dη · (SQη × S−Qη)−H
∑
i

Sz
i ,

(2)

where the sum of η is taken for the set of Qη

giving the multiple maxima in the bare suscep-

tibility of itinerant electrons. Jαβ
η and Dη are

the coupling constants for symmetric and an-

tisymmetric exchange interactions in momen-

tum space (α, β = x, y, z), which are long-

ranged in real space. These exchange cou-
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(a) (b)

Figure 1: Schematic pictures of (a) Bloch-type and (b) Néel-type spin textures.

plings are related to the second-order pertur-

bative Hamiltonian with respect to JK. In

Eq. (2), we add the Zeeman coupling to an

external magnetic field in the out-of-plane di-

rection. The model in Eq. (2) will give a good

approximation under two conditions: (1) JK
is small enough compared to the bandwidth of

itinerant electrons and (2) the bare suscepti-

bility shows conspicuous peaks at Qη in the

Brillouin zone.

We investigate the magnetic phase diagram

of the effective spin model in Eq. (2) by per-

forming simulated annealing from high tem-

perature. Our simulations are carried out with

the standard Metropolis local updates under

periodic boundary conditions in both direc-

tions. In the simulation, we first perform simu-

lated annealing to find the low-energy configu-

ration by gradually reducing the temperature

with the rate Tn+1 = αTn, where Tn is the

temperature in the nth step. We set the ini-

tial temperature T0 = 10−1-100 and take the

coefficient α = 0.9995-0.9999. The final tem-

perature, which is typically taken at T = 10−4,

is reached after 105-106 Monte Carlo sweeps in

total.

As a result, we discover a vortex crystal of

Néel type even in the absence of a magnetic

field. Furthermore, we demonstrate that a

Bloch-type vortex crystal, which is usually as-

sociated with the Dresselhaus-type spin-orbit

coupling, can also be stabilized in the Rashba-

based model. We also show that a magnetic

field turns the vortex crystals into Néel- and

Bloch-type skyrmion-like crystals with a finite

scalar chirality. Our results indicate that a

variety of noncoplanar spin textures includ-

ing vortices and skrymions can be realized and

controlled by the interplay between the spin-

orbit coupling and the spin-charge coupling in

itinerant magnets.
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When kinetic and Coulomb repulsion ener-

gies are competing, low dimensional materials

with geometric frustration exhibit rich phe-

nomena like superconductivity with various

pairing symmetries and purely paramagnetic

insulator (spin liquid). The organic charge-

transfer salts κ-(BEDT-TTF)2X [1, 2, 3, 4]

are good examples of such materials, where a

transition from paramagnetic metal to spin liq-

uid (Mott transition) has been detected with

X=Cu2(CN)3[3, 4].

We have studied the magnetic and

metal-to-insulator transitions of some

systems[5, 6, 7] using variational cluster

approximation(VCA)[8, 9, 10]. For example,

spin liquid state in κ-(BEDT-TTF)2X is

analyzed in Ref ??.

VCA is an extension of the cluster per-

turbation theory[8] based on the self-energy-

functional approach.[10] This approach uses

the rigorous variational principle δΩt[Σ]/δΣ =

0 for the thermodynamic grand-potential Ωt

written as a functional of the self-energy Σ

Ωt[Σ] = F [Σ] + Tr ln(−(G−1
0 − Σ)−1). (1)

In the above expression, F [Σ] is the Legendre

transform of the Luttinger-Ward functional[11]

and the index t denotes the explicit depen-

dence of Ωt on all the one-body operators

in the Hamiltonian. The stationary condi-

tion for Ωt[Σ] leads to the Dyson’s equation.

All Hamiltonians with the same interaction

part share the same functional form of F [Σ],

and using that property F [Σ] can be eval-

uated from the exact solution of a simpler

Hamiltonian H ′, though the space of the self-

energies where F [Σ] is evaluated is now re-

stricted to that of H ′. In VCA, one uses for

H ′ a Hamiltonian formed of clusters that are

disconnected by removing hopping terms be-

tween identical clusters that tile the infinite

lattice. Rewriting F [Σ] in Eq. 1 in terms of the

grand-potential Ω′ ≡ Ω′
t[Σ] and Green function

G′−1 ≡ G′
0
−1 − Σ of the cluster Hamiltonian

H ′, the grand-potential is expressed as

Ωt(t
′) = Ω′−

∫
C

dω

2π
eδω

∑
K

ln det
(
1 + (G−1

0 −G′
0
−1)G′

)
(2)

and is now a function of t′, which denotes all

the one-body operators in H ′. The functional

trace has become an integral over the diago-

nal variables (frequency and super-lattice wave

vectors) of the logarithm of a determinant over

intra-cluster indices. The frequency integral is

carried along the imaginary axis and δ → +0.

The stationary solution of Ωt(t
′) and the ex-

act self-energy of H ′ at the stationary point,

denoted as Σ∗, are the approximate grand-

potential and self-energy of H in VCA.

In our analyses we have exactly diaogonal-

ized H ′ numerically using Lanczos methods.

Parts of numerical calculations were done us-

ing the computer facilities of the ISSP. We now

try to improve our exact diagonalization pro-

gram using the computer facilities of the ISSP.
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It is widely recognized that the nonequilib-

rium steady and transient dynamics in cor-

related electron systems are one of the cen-

tral issues in recent modern solid state physics.

This research trend is owing to the great de-

velopment of the experimental techniques as

well ans the theoretical calculation methods,

for example, the nonequilibrium Green func-

tion methods, the numerical real-time dynam-

ics and so on. We report our recent research

results obtained by the numerical calculations.

(1) Non equilibrium light induced dynamics in

the double exchange system. We analyze the

light induced dynamics in the double exchange

(DE) model [1]. The intense pulse/CW light

are applied to the ferromagnetic metallic phase

which is widely realized in the DE model. We

show by solving numerically the Schrödinger

equation and Landau-Lifshitz-Gilbert equa-

tion that the DE interaction in highly photoex-

cited states is antiferromagnetic, an almost

perfect Néel state (see Fig. 1). A time char-

acterizing the ferromagnet-to-antiferromagnet

conversion is scaled by light amplitude and

frequency. This observation is highly in con-

trast to the conventional DE interaction in the

thermal equilibrium state in which the car-

rier motion promotes the ferromagnetic state.

This hidden antiferromagnetic interaction is

attributable to the electron-spin coupling un-

der nonequilibrium electron distribution.

(2) Dynamical localization in Hubbard model.

Suppression of electron motion under an al-

ternating current electric field, termed the dy-

namical localization effect, is examined in a

one-dimensional Hubbard model [2]. It is

found by using the iTEBD method that mag-

nitudes of the kinetic-energy suppressions are

influenced sensitively by the Coulomb interac-

tion as well as the electron density. The re-

sults are interpreted as a combined effect of

the Coulomb interaction and the AC field, and

provide a guiding principle for the photocon-

trol of correlated electron motion.

Figure 1: A schematic view of the light induced

spin conversion.
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We investigated the ground-state properties
of strongly correlated electron systems by us-
ing an optimization variational Monte Carlo
method for two-dimensional Hubbard model.
We improved wave functions by taking into ac-
count intersite correlations to go beyond the
Gutzwiller ansatz. The wave function is an
exp(−λK)−PG-type wave function, which can
be improved systematically by multiplying by
PG and e−λK where K is the kinetic-energy
operator.
The on-site Coulomb interaction U in-

duces strong antiferromagnetic (AF) correla-
tion. The AF correlation increases as U in-
creases in weakly correlated region. The AF
correlation has a peak at Uc, in the intermedi-
ate region of U , and decreases as U increases
further. Uc is of the order of the bandwidth.
This is a crossover from weakly correlated re-
gion to strongly correlated region induced by
U . We expect that there is a large fluctua-
tion when AF correlation is suppressed. Our
idea is that this large fluctuation induces high-
temperature superconductivity.
The single-band Hubbard model is given by

H =
∑

ijσ

tijc
†
iσcjσ + U

∑

i

ni↑ni↓, (1)

where tij are transfer integrals and U is the
on-site Coulomb energy. The transfer integral
tij is non-zero tij = −t for nearest-neighbor
pair 〈ij〉 and tij = −t′ for next-nearest neigh-
bor 〈〈ij〉〉. Otherwise tij vanishes. We denote
the number of sites as N and the number of
electrons as Ne. The energy unit is given by t.
The well-known Gutzwiller wave function

is given by ψG = PGψ0 where PG is
the Gutzwiller operator defined by PG =

∏
j (1− (1− g)nj↑nj↓) with the variational pa-

rameter g in the range of 0 ≤ g ≤ 1. The one
way to improve the wave function is to take ac-
count of nearest-neighbor doublon-holon corre-
lation: ψd−h = Pd−hPGψ0. We can take into
account inter-site correlations by multiplying
by PJ such as PJPd−hPGψ0.
In our study, we take account of inter-site

correlation by multiplying the Gutzwiller func-
tion by the kinetic operator. A typical wave
function of this type is written as[1]

ψλ ≡ ψ(2) = e−λKPGψ0, (2)

where K is the kinetic term in the Hamilto-
nian: K =

∑
ijσ tijc

†
iσcjσ and λ is a variational

parameter to be optimized to lower the energy.
This wave function is further improved by mul-
tiplying ψ(2) by the Gutzwiller operator again:
ψ(3)

≡ PGψλ = PGe
−λKPGψ0. The expecta-

tion values are evaluated by using the varia-
tional Monte Carlo method.
The trial wave function Pd−hPGψ0 was used

to develop the physics of Mott transition fol-
lowing the suggestion that the Mott transi-
tion occurs due to doublon-holon binding. We
examined the Mott transition with the wave
function e−λKPGψ0[4] because the variational
energy by this wave function is much lower
than that of the doublon-holon wave function.
The correlation function S(q) has a maxi-

mum at q = (π, π). S(π, π) has a peak near
U ≃ 10t. The spin correlation is suppressed
when U is extremely large being larger than
the bandwidth. There is a crossover from
weakly to strongly correlated regions as U in-
creases. The antiferromagnetic correlation in-
duced by U is reduced for hole doping when U
is large. being greater than the bandwidth.
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Figure 1: Superconducting order parameter as
a function of U in units of t on 10× 10 lattice.
The number of electrons is Ne = 88 and we
set t′ = 0.0. The upper curve is for the BCS-
Gutzwiller function and the lower one is for the
optimized wave function.

The optimized superconducting order pa-
rameter ∆ increases as U increases, and also
has a maximum at some U (Fig.1). We show ∆
and the antiferromagnetic (AF) order param-
eter as functions of U in Fig.2. The supercon-
ducting correlation is developed in the region
where the AF correlation is suppressed. The
reduction of the antiferromagnetic correlation
the strongly correlated region suggests the ex-
istence of a large antiferromagnetic spin fluctu-
ation. The development of a superconducting
correlation is understood to be induced by spin
and charge fluctuations that are induced by the
process to gain the kinetic energy. The charge
fluctuation induced by the kinetic operator is
appreciable and helps electrons to form pairs.
The spin fluctuation in the strongly correlated
region should be distinguished from that in a
weakly correlated region. The latter is the con-
ventional spin fluctuation.

The ground-state energy is lowered greatly
compared to that of the Gutzwiller wave func-
tion. In the strongly correlated region where
U is greater than the bandwidth, the AF cor-
relation is reduced, indicating that we have
large spin and charge fluctuations. This kind
of fluctuations would induce electron pairing

0
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0.3

0.4

0 5 10 15 20 25

∆

U/t

AF (G)

AF

SC

Figure 2: Superconducting and antiferromag-
netic order parameters as functions of U in
the range of 0 ≤ U ≤ 25t on 10 × 10 lat-
tice. The number of electrons is Ne = 88 and
t′ = 0.0. The solid circles show the SC gap
for the improved wave function. The squares
represent the antiferromagnetic order parame-
ter, where the upper curve is for the Gutzwiller
wave function and the lower curve is for the im-
proved wave function. The boundary condition
is periodic in one direction and anti-periodic in
the other direction.

and lead to high-temperature superconductiv-
ity.
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The family of quasi two-dimensional molec-

ular conductors κ-(BEDT-TTF)2X has been

extensively studied as a typical example of

strongly correlated electron system. Depend-

ing on the monovalent anion X, they show vari-

ous quantum phases such as antiferromagnetic

and spin-liquid dimer-Mott insulators, and su-

perconductivity (SC) [1]. Owing to the sim-

ilarities in the experimental phase diagrams,

κ-(BEDT-TTF)2X system is often compared

with high-Tc cuprates, which exhibit Mott

metal-insulator transition and SC [2]. Re-

cently, carrier doping in κ-(BEDT-TTF)2X

has been realized using electric-double-layer

transistor [3], and the direct comparison with

cuprates becomes possible. The experimental

result shows the electron-hole doping asymme-

try, reminiscent of the high-Tc cuprates.

Here, we theoretically study the electron-

hole asymmetry in κ-(BEDT-TTF)2X by tak-

ing account the intradimer charge degree of

freedom. We consider a four-band extended

Hubbard model including onsite (U) and in-

tersite Coulomb interactions (Vij) with κ-type

geometry with the largest hopping integral tb1
as an energy unit. The ground state properties

are studied with the variational Monte Carlo

(VMC) method. The Gutzwiller-Jastrow type

wave function is used for the VMC trial wave

function. The system sizes for calculation are

from 288 (4×12×6) to 1152 (4×24×12).

Figure 1 shows the ground-state phase di-

agram for κ-(BEDT-TTF)2X in a n-U/tb1
space. The largest intersite Coulomb inter-

action is fixed at Vb1/U=0.5. There ap-

pear various competing phases and significant

electron-hole asymmetry is observed. The SC

phase appears only for electron-doped side and

its symmetry is the extended-s+dx2−y2-wave

type [4, 5, 6], which is a different type with

cuprates .

Figure 1: Ground-state phase diagram of

the extended Hubbard model for κ-(BEDT-

TTF)2X. PM, DAF, PCO, 3-fold CO-1 (2),

and SC denote paramagnetic metal, dimer-

type antiferromagnetic phase, polar charge-

ordered phase, 3-fold charge-ordered phase 1

(2), and superconductivity, respectively.
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