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In strongly correlated electron systems near

a magnetic quantum-critical point (QCP),

many-body effect of electron correlation causes

unusual transport properties (TPs) deviat-

ing from the Fermi liquid (FL). One of

the examples is cuprate: near an antifer-

romagnetic (AF) QCP, the in-plane resistiv-

ity, ρab, and Hall coefficient, RH, show the

T -linear dependence and Curie-Weiss (CW)

like T dependence, respectively. Another

is ruthenate near an AF or a ferromagnetic

QCP: in Sr2Ru0.075Ti0.025O4, near the AF

QCP, ρab shows the T -linear dependence; in

Ca2−xSrxRuO4 around x = 0.5, near the FM

QCP, ρab and RH show the T 1.4 dependence

and CW like T dependence, respectively. Note

that ρab and RH show the FL behaviors.

For cuprate, the origins of these non-FL

behaviors in ρab and RH have been clarified

by fluctuation-exchange (FLEX) approxima-

tion with Maki-Thompson (MT) current ver-

tex correction (CVC), the correction of the cur-

rent due to MT electron-hole (el-h) four-point

vertex function (VF). The T -linear ρab arises

from the strong T and k dependence of the

quasiparticle (QP) damping; the CW like T

dependence of RH arises from the strong T and

k dependence of MT el-h four-point VF; these

dependence of the QP damping and MT el-h

four-point VF arise from the CW like T depen-

dence of the spin susceptibility at k = (π, π).

Although the roles of the QP damping and

MT el-h four-point VF will be significant in

multiorbital systems, these roles have not been

clarified yet due to a large numerical cost aris-

ing from the large mesh of the Brillouin zone

and the number of the Matsubara frequencies.

In this project, to clarify the roles of the

QP damping and the MT el-h four-point VF

in the charge transports of ruthenate, I ana-

lyze ρab and RH for the t2g orbital Hubbard

model on a square lattice by the FLEX ap-

proximation with the MT CVC [1]; ρab and

RH (in the weak-field limit) are formulated by

using the Kubo formula and considering the

most divergent terms with respect to the QP

lifetime. Technically, I resolve the numerical

difficulty about the large numerical cost ex-

plained above by constructing an optimized

algorithm, where without using a rotational

symmetry, the memory and time of the cal-

culations are about eight times smaller than

those for a usual algorithm.

I have revealed the roles and achieved quali-

tative agreement with experiments. The main

contribution arises from the dxz/yz orbital due

to the smaller QP damping and larger band

velocity of that orbital than those of the dxy
orbital. Also, the non-FL like QP damping

of the dxz/yz orbital near the AF QCP causes

the T -linear ρab. Moreover, the MT CVC aris-

ing from the non-diagonal spin fluctuation at

k = (0.66π, 0.66π) between the dxz/yz and

dxy orbitals causes the negative enhancement

and the peak at low T as a result of the sign

change and enhancement of the component of

the transverse conductivity of the dxy orbital.
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CORRELATION BETWEEN THE FERMI
SURFACE SHAPE AND Tc

In 2001, Pavarini et al. showed for the cuprate
superconductors that there is a correlation between
the experimentally observed Tc and the Fermi sur-
face warping[1]. Namely, they have obtained single-
orbital tight-binding models for various cuprates
to estimate the ratio “r” between the nearest and
second-neighbor hoppings, which is a measure of
the warping of the Fermi surface. Plotting the ex-
perimental Tc against the theoretically evaluated r,
they showed that Tc systematically increases with
the Fermi surface warping.
In an attempt to investigate the origin of this

correlation, we have previously introduced a two-
orbital model that explicitly considers the dz2 Wan-
nier orbital on top of the dx2−y2 [2, 3]. There,
we showed that ΔE, the level offset between
dx2−y2 and dz2 orbitals, dominates both of the
warping of the Fermi surface and Tc. It was
shown that La2CuO4, despite its less warped (more
nested) Fermi surface, has lower Tc than those of
HgBa2CuO4, Tl2Ba2CuO6, and Bi2Sr2CuO6 due
to a strong dz2 orbital mixture on the Fermi surface
that degrades Tc. However, among the above men-
tioned four single-layer cuprates, only La2CuO4 has
a small ΔE (i.e., a strong dz2 mixture), so that we
are still in need of a convincing study as to whether
ΔE is systematically controlling Tc in a wider range
of cuprates, including the multi-layered ones that
were included in Pavarini’s plot[1]. Hence, in the
present project, we have examined the systemat-
ics by extending the analysis to bilayer cuprates as
well as those single-layer ones that have relatively
lower Tc [4].

MODEL CONSTRUCTION

First-principles electronic structures of the ma-
terials are obtained with the VASP package[5],
where experimentally determined lattice param-
eters are adopted. We then employ the
dx2−y2 and dz2 Wannier orbitals as projection
functions[6] to model the band structure around
the Fermi level. The calculation is performed for
single-layer La2CuO4, Pb2Sr2Cu2O6, and bilayer
La2CaCu2O6, Pb2Sr2YCu3O8, EuSr2NbCu2O8,

YBa2Cu3O7−δ(YBCO), HgBa2CaCu2O6(HBCO)
and Tl2Ba2CaCu2O8. Experimentally, the first five
materials are known to have relatively lower Tc’s
(below 70K), while the last three have higher Tc’s
(above 90K)[7].
We also construct single-orbital models for the

above materials so that the main bands intersecting
the Fermi level are reproduced with a single Wan-
nier orbital per site. This Wannier orbital mainly
consists of the dx2−y2 orbital, but also has tails
with a dz2 orbital character. We can then define
the parameter, r = (|t2|+ |t3|)/|t1| in terms of the
second (t2) and third (t3) neighbor hoppings of the
single-orbital model, which is a direct measure of
the Fermi surface warping[1]. For bilayer materials,
r can be defined with hoppings within each layer.
Since these materials have two sites per unit cell,
with outer and inner Fermi surfaces, so that we can
alternatively obtain the respective measures of the
warping of the outer and inner Fermi surfaces as
router,inner = (|t2±t2⊥|+|t3±t3⊥|)/|t1±t1⊥|, where
ti⊥ is the interlayer hopping to the sites vertically
above (or below) the i-th neighbor.

FLUCTUATION EXCHANGE ANALYSIS

In the the two-orbital model we consider intra-
and inter-orbital electron-electron interactions.
The intra-orbital U is considered to be in the range
of 7-10t (where t � 0.45 eV is the nearest-neighbor
hopping) for the cuprates, so we take the intra-
orbital U = 3.0 eV. The Hund’s coupling J and
the pair-hopping J ′ are typically ∼ 0.1U , so we
take J = J ′ = 0.3 eV. Here we observe the orbital
rotational symmetry which gives the inter-orbital
U ′ = U − 2J = 2.4 eV. We apply FLEX[8] to
this multi-orbital Hubbard model, and solve the
linearized Eliashberg equation. Its eigenvalue λ in-
creases upon lowering the temperature, and reaches
unity at T = Tc. Therefore λ at a fixed temper-
ature can be used as a qualitative measure for Tc.
The temperature is fixed at kBT = 0.01eV in the
present calculation. The total band filling (number
of electrons /site) is fixed at n = 2.85, for which the
filling of the main band amounts to 0.85 (15 % hole
doping). We take a 32× 32× 4 k-point meshes for
the three-dimensional lattice with 1024 Matsubara
frequencies.

Activity Report 2013 / Supercomputer Center, Institute for Solid State Physics, The University of Tokyo

142



2

La2CaCu2O6

YBa2Cu3O7-δ

EuSr2Cu2NbO8

Pb2Sr2YCu3O8

La2CuO4

Pb2Sr2Cu2O6

HgBa2CaCu2O6

Tl2Ba2CaCu2O8(a)

 0.2

 0.4

 0.6

 0.8
λ

 0.1  0.2  0.3  0.5

r
 0.4

FIG. 1. Eigenvalue of the Eliashberg equation λ ob-
tained for the two-orbital model plotted against r.
rinner and router are also shown.

In Fig.1, we plot λ (obtained for the two-orbital
model) against the measure of the Fermi surface
warping r (of the single orbital model). The figure
strikingly resembles Pavarini’s plot[1] for the exper-
imentally observed Tc against r. This resemblance
unambigously shows that the Tc of the cuprates
is strongly affected by the dz2 orbital component
mixture.

CONCLUSION

To conclude, constructing two- and single-orbital
models of various bilayer as well as single-layer
cuprates, we have revealed a systematic correlation

between the Fermi surface warping and the theoret-
ically evaluated Tc. Its striking resemblance with
Pavarini’s plot for experimental Tc’s[1] unambigu-
ously indicates that the dz2 mixture is indeed a key
factor that determines the Tc in the cuprates.
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Stability of the superfluid state in three components

fermionic optical lattices
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Ultracold atomic systems provide a variety

of interesting topics. One of the active top-

ics is the superfluid (SF) state in ultracold

fermions, where interesting phenomena have

been observed such as pseudogap behavior and

the BCS-BEC crossover. Recently, degener-

ate multi-component fermionic systems have

experimentally been realized,[1, 2, 3] which

stimulates further theoretical investigation on

the SF state in multi-component fermionic sys-

tems.

U’/D PM

TM

U/DD/U

CFM

Metal

SF

Figure 1: Phase diagram of the system at

T/D = 0.015. Triangles (squares) represent

the phase transition points between the SF and

PM (metallic) states. The dashed lines repre-

sent the phase boundaries in the paramagnetic

system. Dotted lines indicate the ridges of the

pair potential in the SF state.

Motivated by this, we have studied low tem-

perature properties of the three-component

Hubbard model. By combining dynami-

cal mean-field theory with a continuous-time

quantum Monte Carlo method, we have ob-

tained the finite temperature phase diagram,

as shown in Fig. 1. We have found that the

s-wave superfluid state proposed recently [4] is

indeed stabilized in the repulsively interacting

case and appears along the first-order phase

boundary between the metallic and paired

Mott states in the paramagnetic system [5].

Moreover, we have studied low-temperature

properties in the BCS and BEC regions. It

is found that the BCS state is characterized

by the second-order phase transition, while the

BEC state is by the first-order one. This is con-

trast to the two-component system, where the

second-order phase transitions occur in both

limits. It is also interesting how the SF state is

realized in the multi-component fermionic sys-

tems for lithium and ytterbium atoms, which

is now under consideration.
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Numerical study of topological order
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Numerical studies have been quite successful to describe phases of matter by evalu-
ating correlation functions of local order parameters such as magnetization and pairing
amplitudes of superconductors. Recent development of condensed matter physics moti-
vates characterization of quantum phases from different aspects. One of such examples is
an anisotropic superconductor where there can be a lot of phases even though all phases
are supplemented by the gauge symmetry breaking as superconductivity. It clearly shows
that the symmetry breaking is important but not enough. Then structure of the gap
nodes of the superconductivity distinguishes the phases which is reflected by boundary
states as the Andreev bound states. This is one of the typical examples of the bulk-edge
correspondence which was discovered in the study of the quantum Hall effects. Today one
may consider non trivial topological phases by the existence of the edges state governed
by the bulk-edge correspondence. Then by using this bulk-edge correspondence, we define
the topological order. In this sense, the edge states are kinds of order parameters. Then
numerical studies are again quite important to directly observe these edge states. Also
note that non trivial edge sates implies existence of non trivial Berry connections which
characterizes the bulk.

Historical and very well known edge state is a dangling bond of the semiconductors.
One may say that the edge states of graphene at the zigzag boundary belongs to this class.
To use a symmetry breaking for the characterization of the phases, one needs to treat
thermodynamic large systems. Contrary to this, topological order also works for a finite
system. In this sense, we investigate topological properties of finite size graphene flakes
by using Berry phases. As shown in Fig.1, existence of the dimers along the boundaries
of some graphene flakes is clearly described by the Z2 Berry phases[1].

We have also published several papers using the computer facilities at ISSP. Let us
make a list of short descriptions for these works. Ref.[2,3]: calculation of the excitation
gap is performed for the spin-resolve chiral condensate state of graphene under a strong
magnetic field where many body interaction plays a crucial role. Ref.[4,5,6]: effects of
chiral symmetry and randomness are studied numerically for multilayer graphene. Ref.[7-
9]: bulk-edge correspondence is studied for massless/massive Dirac fermions.
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Figure 1: An example of the Z2 Berry phases for a graphene flake[1]. The red lines
correspond to the links with the Berry phase π which implies there is a localized dimer
on the link. The other blue links implies the Berry phases of the links are zero.
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Numerical Study of Triangular Hubbard Models
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Remarkable observations of a possible spin

liquid phase and a new universality class of the

metal-insulator transition in organic charge

transfer salts have increased interest in these

materials. It has been argued that a proper mi-

croscopic description of these materials can be

given with a Hubbard model on the anisotropic

triangular lattice at half filling. Parameters of

the model for the description of organic charge

transfer salts fall into the regime of strong cor-

relations and significant frustration of antifer-

romagnetic spin interactions.

In this project, we have investigated two-

magnon Raman scattering for organic charge

transfer salts in collaboration with an experi-

mental group [1]. Starting with an anisotropic

triangular Hubbard model with 1st- and 2nd-

neighbour hoppings and on-site Coulomb inter-

action, we set up an effective spin Hamiltonian

after a strong-coupling expansion involving all

possible processes up to the fourth order of the

hopping terms. The resulting spin Hamilto-

nian contains all of the 1st-, 2nd-, and 3rd-

neighbor exchange interactions together with

four-spin ring-type exchange interactions. Per-

forming exact-diagonalization calculations of

two-magnon Raman scattering spectrum for a

27-site lattice, we have found that the polariza-

tion and material dependence of the spectrum

∗Present Address: Department of Applied Physics,

Tokyo University of Science, Tokyo 125-8585

are consistent with experimental data, suggest-

ing a crucial role of frustration in these mate-

rials and a possible ground state of spin liquid.

We have also investigated the ground state

property of a triangular Hubbard model with

isotropic hoppings by density-matrix renor-

malization group (DMRG). In the ISSP super-

computer, we have performed small-scale cal-

culations, while large scale calculations have

been done on K Computer in Kobe. We

note that the package of DMRG code for two-

dimensional spin and Hubbard systems has

been developed and is now available on several

platforms including ISSP supercomputer and

K computers. We calculated ground-state en-

ergy, double occupation number, entangle en-

tropy, and spin-spin correlation function for

cylindrical shape of the triangular Hubbard

model as well as periodical systems with small

system size. A signature of a metal-insulator

transition and spin-liquid to order transition

has been obtained.

These works were done in collaboration with

Y. Nakamura, H. Kishida, S. Sota and J.

Kokalj.
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Research for Superconductivity in Strongly

Correlated Multi-Orbital Systems
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In this research, the effect of the Fermi-

surface topology on the emergence of supercon-

ductivity is discussed in the two-dimensional

eg-electron system coupled with Jahn-Teller

phonons on the basis of the strong-coupling

theory [1]. It is well known that the van

Hove singularity occurs in the density of states

due to the abrupt change of the Fermi-surface

structure, leading to the enhancement of Tc.

We find that Tc is increased for the hopping

parameters apart from the van Hove singu-

larity point, when the eg-electron system pos-

sesses disconnected Fermi surfaces in compari-

son with the case of single Fermi surface. The

increase of Tc is due to the large pair-hopping

amplitude between different Fermi surfaces en-

hanced by the Jahn-Teller phonons.

We consider the two-dimensional square lat-

tice and the lattice constant is taken as unity.

The model Hamiltonian used here is given by

H =
∑

k,σ,γ,γ′

ε
kγγ′d†

kγσd
kγ′σ

+
∑

q

[g2φ2q(ρ
ab
q

+ ρba
q

) + g3φ3q(ρ
aa
q

− ρbb
q

)]

+
∑

q

(ω2a
†
2qa2q + ω3a

†
3qa3q), (1)

where d
kγσ denotes an annihilation operator

of an eg electron with spin σ and momentum

k in the orbital γ (=a and b), a and b indi-

cate x2−y2 and 3z2−r2 orbitals, respectively,

ε
kaa = (1/2)[3(ddσ) + (ddδ)](cos kx + cos ky),

ε
kbb = (1/2)[(ddσ) + 3(ddδ)](cos kx + cos ky),

ε
kab = ε

kab = −(
√

3/2)[(ddσ)− (ddδ)](cos kx−
cos ky), (ddσ) and (ddδ) denote the Slater-

Koster integrals, a2q and a3q are annihilation

operators for (x2 − y2)- and (3z2 − r2)-type

Jahn-Teller phonons, respectively, g2 and g3

indicate electron-phonon coupling constants,

φ2q = a2q + a†2−q, φ3q = a3q + a†3−q, ργγ′

q

=
∑

k,σ d†
k+qγσd

kγ′σ, and ω2 and ω3 denote, re-

spectively, Jahn-Teller phonon energies for

(x2 − y2)- and (3z2 − r2)-type modes.

In order to calculate the superconducting

transition temperature Tc, we solve the linearl-

ized gap equation obtained by evaluating both

normal and anomalous electron self-energies

due to the electron-phonon interaction. Here

we consider the spin-singlet s-wave Cooper

pair with the even function of frequency.

In the second-order perturbation theory

in terms of g2 and g3, the linearized gap

equation at T = Tc is given by φµν(iωn) =

−T
∑

n′

∑
k

∑
µ′,ν′,µ′′,ν′′ Vµµ′,νν′(iωn − iωn′)

Gµ′µ′′(k, iωn′)Gν′ν′′(−k,−iωn′)φµ′′ν′′(iωn′),

where φµν(iωn) is anomalous self-energy,

ωn = (2n + 1)πT with a temperature T

and an integer of n, G indicates the normal

Green’s function, given by [G(k, iωn)]−1
µν =

[G(0)(k, iωn)]−1
µν − Σµν(iωn), G(0) denotes the

non-interacting electron Green’s function,

given by [G(0)]−1
µν = (iωn + µ)δµν − ε

kµν , µ

is a chemical potential determined from the

relation of n = 2T
∑

n

∑
k

TrG(k, iωn), n is

electron number per site, Σµν(iωn) denotes

the normal electron self-energy, given by

Σµν(iωn) = −T
∑

n′

∑
k

′

∑
µ′,ν′ Vµµ′,ν′ν(iωn −

iωn′)G
(0)
µ′ν′(k′, iωn′). The phonon-mediated in-

teraction Vµµ′,νν′(iνn) with νn = 2πTn is given
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Figure 1: Variation of the Fermi surfaces for

(ddσ)/t = −1.0 depicted in the first Brillouin

zone of −π ≤ kx ≤ π and −π ≤ ky ≤ π with

Γ = (0, 0), X=(π, 0), Y=(0, π), and M=(π, π).

by Vaa,aa = Vbb,bb = −Vaa,bb = −Vbb,aa = g2
3D3,

and Vab,ab = Vab,ba = Vba,ab = Vba,ba = g2
2D2,

where phonon Green’s functions are

given by D2 = 2ω2/[(iνn)2 − ω2
2] and

D3 = 2ω3/[(iνn)2 − ω2
3].

In the actual calculations, we set n = 1.5

and the energy unit t is taken as t = |(ddσ)|.
Note that we set (ddσ) = −t. For the sum

on the imaginary axis, we use 131,072 Mat-

subara frequencies. As for the phonon en-

ergy, we set ω2/t = ω3/t = 0.2. We de-

fine the non-dimensional electron-phonon cou-

pling constants as λ2 = 2g2
2/(tω2) and λ3 =

2g2
3/(tω3), which are set as λ2 = λ3 = 0.8.

In Fig. 1, we show the change of the Fermi

surfaces, when we control the Slater-Koster in-

tegral (ddδ)/t from −2.0 to 2.0 for (ddσ)/t =

−1.0. In Fig. 2, we show Tc/t vs. (ddδ)/t. In

the region of negative (ddσ), we observe the

overall tendency of the increase of Tc with the

increase of (ddδ)/t from −2.0 to 0.0, except for

the cusps at (ddδ)/t = −1.5 and −0.7 due to

the van Hove singularities. When we increase

(ddδ) from zero, Tc is monotonically increased

for 0 ≤ (ddδ)/t . 0.2. For 0.2 . (ddδ)/t . 0.6,

there appears the single Fermi surface and Tc

is totally low, since the density of states is sup-

pressed in this region. However, when we in-

crease (ddδ), Tc is rapidly increased. Around

at (ddδ)/t = 0.6, there occurs a new Fermi sur-

(ddδ)/t

T
 /

t
c

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
10

-4

10
-3

10
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ω  =ω  =0.2
2 3

λ  =λ  =0.82 3

Figure 2: Superconducting transition temper-

ature Tc/t vs. (ddδ)/t for (ddσ)/t = −1.0,

ω2/t = ω3/t = 0.2, λ2 = λ3 = 0.8, and n = 1.5

in the range of −2.0 ≤ (ddδ)/t ≤ 2.0.

face and the Fermi-surface topology is abruptly

changed again, leading to the van Hove singu-

larity. For 0.6 . (ddδ)/t . 1.6, Tc depends

on the values of (ddδ), but we observe that

the magnitude of Tc is kept high as Tc/t =

0.005 ∼ 0.01, even though the Fermi-surface

topology is changed in this region. Note that

for 1.6 . (ddδ)/t ≤ 2.0, Tc is totally low and it

is difficult to obtain Tc with enough precision

in this region, since Tc approaches the lower

limit which we can safely calculate.

The enhancement of Tc in the case of the plu-

ral numbers of the Fermi surfaces is explained

by the enhancement of the pair-hopping at-

traction between Cooper pairs on different

Fermi surfaces due to Jahn-Teller phonons [2].

This pair-hopping attraction does not work for

the case of the single Fermi surface. Thus,

Tc in the case of the plural numbers of the

Fermi surfaces is enhanced in comparison with

the case of single Fermi surfce. This enhance-

ment mechanism still works even for the case

of small-size pocket-like Fermi surfaces.
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Phase formation and dynamics in correlated cold

atom systems

NORIO KAWAKAMI
Department of Physics, Kyoto University, Kyoto 606-8502, Japan

In this decade, cold atom systems have at-
tracted much attention as a new field, be-
cause of recent rapid progress in cooling and
manipulation techniques [1]. The progress in
these techniques has enabled experimentalists
to cool confined atomic gases to nano-Kelvin
temperatures, to make a lattice potential by
using interfering laser beams, and also to mod-
ify strength and sign of interaction between
cold atoms by Feshbach resonance. Further,
these system parameters can be adapted in
real time or instantaneously, so even the dy-
namics of cold atom systems is also enthusi-
astically studied. Therefore cold atom sys-
tems are expected to be quantum simulators
of model Hamiltonians developed in the field
of condensed matter physics.

One of the main issues in our research
project is to study non-equilibrium dynam-
ics of cold atom systems. We focus on drag
dynamics of a trapped fermion cluster in a
fermion cloud, from interest in non-equilibrium
dynamics when the system parameters gradu-
ally change in real time. These systems are dif-
ferent from quantum quench systems in which
the system parameters suddenly change and
are fixed after that sudden change.

In this study we simulate the drag dynam-
ics in the following system. Initially a cluster
of n fermions is trapped by a harmonic poten-
tial within a cloud of the other type of free
fermions, where the average fermion density of
the cloud is D. The fermion cluster is trapped
by a harmonic trap potential, and the interac-
tion exists between two fermions of the differ-
ent types. Then we suddenly move the trap
potential and the cluster by a constant speed
for the cluster to push the cloud.

We simulate this dynamics by using time-

dependent density matrix renormalization
group [2], and calculate the energy of the sys-
tem. As a result, the moving trap increases
the total energy of the system as a linear func-
tion of the time approximately. We evaluate
the energy increase per unit time P from the
energy-time plot.
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Figure 1: Energy increase per unit time P .

Figure 1 shows how P depends on n and
D. In the n = 1 case, P has a single peak,
but in the n > 2 case, P has double peaks.
This double-peak structure is explained by our
concise model, which includes quantum many-
body effects. Our model suggests that the sec-
ond peak is due to the dynamical collective
modes in which momentum is properly dis-
tributed [3].
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Analysis of Topological Phases in Strongly

Correlated Systems

NORIO KAWAKAMI
Department of Physics, Kyoto University, Kyoto 606-8502, Japan

Recently, the topological band insulator
(TBI) has attracted much interest as a new
class of quantum phases, where the spin-orbit
coupling plays an essential role. One of the
current major issues is the influence of strong
correlation effects upon the topological phase
because electron correlations are expected to
create new topological phases. This issue has
further been stimulated by theoretical propos-
als in d- and f- electron systems [1].
　One of the main issues in our research is to
study the spatial dependence of electron cor-
relations in these topological phases to clar-
ify the edge state. In this study, we consider
a generalized Bernevig-Hughes-Zhang model
[2] having electron correlations with the vari-
ational Monte Carlo (VMC) method. In or-
der to study how interactions affect the edge
states and bulk states respectively, we intro-
duce spatially-dependent variational parame-
ters (Fig. 1).

Figure 1: Periodic (free) boundary condition
in the x (y) directions. y = 0 and y = 9 corre-
spond to the boundary in this system.

To perform the large-scale numerical cal-
culation, we have fully made use of the su-
percomputer resource at ISSP. Namely, we
have optimized many spatially-dependent vari-
ational parameters efficiently, where we have
performed large-scale MPI parallel computing.

Figure 2 shows average electron numbers at

Figure 2: (Color Online). Average electron
numbers at each y as functions of interaction
strength U . The solid line with square (cir-
cles) represents the topological (Mott insulat-
ing) state.

each y as functions of the interaction strength
U . This result clearly evidences a first-order
Mott transition, which is accompanied by a
hysteresis. This result also shows that the av-
erage electron number at the edge sites (y = 0)
decreases more rapidly than in the bulk be-
cause the coordination number at the edge
sites is smaller. In this calculation, however,
phase transitions simultaneously occur in the
entire system and we cannot find the novel in-
termediate phase which is expected in some
previous works.
　We have also calculated the correlation func-
tions to discuss the topological properties of
this system. These will be reported elsewhere.

References

[1] T. Yoshida et al., Phys. Rev. B 87, 165109
(2013).

[2] B. A. Bernevig, T. L. Hughes and S. C.
Zhang, Science 314, 1757 (2006).

Activity Report 2013 / Supercomputer Center, Institute for Solid State Physics, The University of Tokyo

151



Ab initio calculations for iron-based superconductors

FeTe and FeSe

Takahiro MISAWA

Department of Applied Physics, University of Tokyo,
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Iron-based superconductors have diverse
magnetic properties, although most of them
have essentially the same band structures. For
example, LaFeAsO (called 1111-type) shows
the stripe antiferromagnetic (AFS) phase and
its magnetic ordered moment is about 0.8µB.
The AFS phase is stable not only in the 1111-
type compounds but also in the 122-type such
as BaFe2As2. In contrast to this, FeTe (called
11-type) shows bicollinear antiferromagnetic
state (AFB) and its ordered moment is about
2.0µB, while another 11-type compound FeSe
does not show any magnetism but supercon-
ductivity appears below 10 K. Our previous
studies show that this magnetic diversity can
not be explained by the band structure alone
and it is necessary to consider effects of elec-
tronic correlations [1,2].

To study the electronic correlation effects on
the magnetism in iron-based superconductors,
we employ ab initio downfolding scheme (for
a review, see [3]). In this scheme, we first
obtain the global band structures based on
the density functional theory. From the band
structures, we derive the low-energy effective
models by using constrained random phase
approximation. However, it is pointed out
that double counting of the electron correla-
tion between the low-energy states exists, and
the effects of them are essential especially in
the non-degenerate multi-band materials such
as the iron-based superconductors [4]. To
overcome this problem, constrained self-energy
method is proposed, which can eliminate dou-
ble counting of the electron correlations. In
this method, the exchange-correlation energy
in the conventional downfolding replaced with
the self-energy corrections coming from the

eliminated high-energy degrees of freedom as
well as from the frequency-dependent part of
the partially screened interactions.

In this study, we solve the low-energy effec-
tive models for FeTe and FeSe [5]. As a result,
we find that the AFB state becomes the ground
state in FeTe, while the AFS phase is the
ground state in the previous effective model [6].
Moreover, we find that FeSe shows peculiar
magnetic degeneracy, i.e., four different mag-
netic orders including AFS and AFB are en-
ergetically degenerate, while the AFS phase is
also singled out in the previous model. This
degeneracy may explain the absence of mag-
netic order and superconductivity observed in
FeSe.

References

[1] T. Misawa, K. Nakamura, and M. Imada:
J. Phys. Soc. Jpn. 80 (2011) 023704.

[2] T. Misawa, K. Nakamura, and M. Imada:
Phys. Rev. Lett. 108 (2012) 177007.

[3] T. Miyake and M. Imada: J. Phys. Soc.
Jpn. 79 (2010) 112001.

[4] H. Hirayama, T. Miyake, and M. Imada:
Phys. Rev. B 87 (2013) 195144.

[5] H. Hirayama, T. Misawa, T. Miyake, and
M. Imada: in preparation.

[6] T. Miyake, K. Nakamura, R. Arita, and
M. Imada: J. Phys. Soc. Jpn. 79 (2010)
044705.

Activity Report 2013 / Supercomputer Center, Institute for Solid State Physics, The University of Tokyo

152



Effect of fluctuation near the ordered state in

strongly correlated electron systems

Tetsuya MUTOU

Interdisciplinary Faculty of Science and Engineering, Shimane University
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We studied some theoretical models of

strongly correlated electron systems by nu-

merical approach based on the many-body

perturbation theory. To solve self-consistent

equations in a three- or four-dimensional

momentum-energy space, we carried out large-

scale numerical calculations mainly on System

A of the SCC-ISSP. In practical calculations,

we applied simple program parallelizations to

numerical integrals in the self-consistent equa-

tions.

With applying the fluctuation-exchange ap-

proximation to the single-band Hubbard model

with realistic tight-binding parameters, we in-

vestigated the spin fluctuation effect in spin

excitation spectra observed by neutron scat-

tering experiments on electron-doped high-

transition-temperature (high-Tc) superconduc-

tors [1]. In this study, we showed that the mag-

netic response of electron-doped high-Tc super-

conductors can be explained with the conven-

tional Fermi-liquid approach.

The self-consistent second-order perturba-

tion theory (SCSOPT) was applied to the

multi-band Hubbard model corresponding to

the electron system in bcc iron [2]. It was

found that the spin stiffness constant is in good

agreement with other theoretical results and it

is smaller than the experimental value.

To investigate dynamical spin and density

response functions in correlated fermion sys-

tems corresponding to two-dimensional (2D)

liquid 3He, the SCSOPT was also applied to

the Hubbard model with repulsive interactions

between fermions on up to fourth-neighbor

sites [3]. It was pointed out that it is neces-

sary to treat the large damping effect properly

in explaining the propagating mode found in

2D liquid 3He.

We investigated quasiparticle excitations in

the periodic Anderson model which is one of

models of the heavy Fermion systems by the

dynamical mean-field theory with the iterated

perturbation theory. We compared the renor-

malized Fermi energy of the quasiparticle with

the effective hybridization energy, and investi-

gated the quasiparticle-formation condition.
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Numerical study of various phases and

non-equilibrium phase transitions in correlated

electron systems

Hideo AOKI

Department of Physics, University of Tokyo

Hongo, Tokyo 113-0033

Supersolid phase in electron-phonon

systems[1, 2]

Competition and coexistence of various or-

dered phases are central issues of strongly cor-

related electron systems. Particularly inter-

esting is the case where the diagonal and off-

diagonal long-range order coexist. A primary

example is the supersolid (SS) phase, in which

superconductivity (SC) and charge order (CO)

emerge simultaneously. Supersolid phases have

long been pursued both theoretically and ex-

perimentally.

We have examined the existence of a su-

persolid phase in electron-phonon systems, in

which a coexistence of e.g. s-wave SC and

CO is known to occur in Ba(Bi,Pb)O3 and

(Ba,K)BiO3. To this end, we take the Hol-

stein model, one of the simplest and repre-

sentative models for electron-phonon systems,

and solve its ordered phases with the dynami-

cal mean-field theory (DMFT). For the impu-

rity solver of DMFT, we use the numerically

exact continuous-time quantum Monte Carlo

method, which has been extended so that one

can treat SC, CO, and antiferromagnetic (AF)

phases without bias[1, 2]. Obtained phase

diagram for the intermediate electron-phonon

coupling in the BCS-BEC crossover regime is

shown in Fig. 1. One can see that SS phase ap-

pears between CO and SC phases, where the

SS is accompanied by a quantum critical point

(QCP) at zero temperature. We have checked

that SS phase is indeed stable against phase

separation. The transition from SC to SS is

continuous with diverging charge fluctuations

accompanied by a kink in the superfluid den-

sity.
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Figure 1: DMFT phase diagram of the

Holstein model at the intermediate coupling

regime [1]. The colour code in the normal

phase represents the dc conductivity.

Nonequilibrium dynamical mean-field

theory and its cluster extension[3, 4]

Nonequilibrium dynamical mean-field the-

ory (DMFT) is a well-established approach

to simulate nonequilibrium states of corre-

lated many-body systems. It maps the orig-

inal lattice model to an effective impurity

embedded in the self-consistently determined

mean-field bath. The essential approximation

is to identify the local impurity self-energy

with the lattice self-energy, which limits the

range of applicability of the nonequilibrium
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DMFT. The method has been applied to vari-

ous systems, and provided fruitful insights for

nonequilibrium systems. In view of the re-

cent progress, we have written a review ar-

ticle on the nonequilibrium DMFT and its

applications[3].

The local approximation for the self-energy

may break down in low dimensional systems,

where spatially nonlocal fluctuations play an

essential role. To overcome this, we have pro-

posed the nonequilibrium dynamical cluster

approximation (DCA) [4], in which the lattice

model is mapped to a multi-site cluster rather

than a single impurity. As a result, one can

take account of short-range correlations within

the cluster size. We have applied it to the

one- and two-dimensional Hubbard models. In

Fig. 2, we plot the time evolution of the dou-

ble occupancy and the jump of the momentum

distribution at Fermi energy after an interac-

tion quench at t = 0. We find characteristic

momentum-dependent relaxations, which is at-

tributed to the effect of nonlocal correlations.

1/τ(k)

Figure 2: Colour-coded plot of the momentum-

dependent quasiparticle lifetime τ(k) for an in-

teraction quench U/J = 0 → 2 at T = 0.

Solid lines indicate the noninteracting Fermi

surface.[4]
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Numerical Studies on Topological and Spin Liquid

Phases of Iridium Oxides

Youhei YAMAJI
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Cooperation and competition between

strong electron correlations and spin-orbit

couplings have recently attracted much at-

tention. Iridium oxides offer the playgrounds

and indeed exhibit intriguing phenomena. Es-

pecially, theoretical predictions on realization

of novel quantum phases are interesting: The

novel phases are condensed-matter realization

of Weyl fermions predicted in magnetic phases

of pyrochlore iridates R2Ir2O7 (R: rare-earth

elements) and a quantum spin liquid state

with Majorana excitations in honeycomb

iridates A2IrO3 (A=Na, Li).

The Weyl electrons in the bulk are shown to

form metallic surface states called Fermi arcs,

and to exhibit anomalous transports due to

chiral anomalies, which have triggered inten-

sive studies on the emergence of the Weyl elec-

trons. However, the Weyl electrons are easily

annihilated in pairs. The experimental obser-

vation requires fine tunings of the materials.

The spin liquid ground state proven by A.

Kitaev for an exactly solvable model, now

called Kitaev model, has also inspired exten-

sive studies on A2IrO3 as a model system

to realize the Kitaev’s spin liquid. However,

Na2IrO3 does not show spin liquid properties

experimentally but exhibits a zigzag type mag-

netic order. A mechanism that stabilizes the

zigzag magnetic order and a recipe to realize

the Kitaev’s spin liquid phase have remained

controversial yet.

We revealed that magnetic domain walls in

R2Ir2O7 host metallic domain-wall states with

Fermi surfaces, instead of arcs, even after pair-

annihilatin of the Weyl electrons [1]. By using

a fully unrestricted Hartree-Fock approxima-

tion for a Hubbard-type model of Jeff = 1/2

states with large supercells at the system B,

we show that domain walls perpendicular to

(011), (100), and (111) directions host metallic

domain-wall states. The insertion of the mag-

netic domain walls induces uniform magneti-

zation. The uniform magnetization enables us

to control the metallic domain-wall states with

magnetic fields and explains weak ferromag-

netism universally observed in R2Ir2O7.

We also derived an ab initio effective spin

model of Na2IrO3 [2], which has dominant

Kitaev-type couplings together with newly-

introduced anisotropy originating from the

trigonal distortion. By using Arnoldi methods

and thermal pure quantum states [3] at the

system B, we show that the magnetic orders,

specific heat, and magnetic susceptibilities of

the effective spin model are indeed consistent

with experiments. We also show how to ap-

proach spin liquids.
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Electronic state calculations of quantum mechanical

order appearing in metal compounds

Koichi KUSAKABE

Graduate School of Engineering Science, Osaka University

1-3 Machikaneyama, Toyonaka, Osaka 560-8531

1. Introduction

To derive unified representation of the

strongly correlated electron systems (SCES),

we need to utilize consistent determination of

a basis for expansion of the Hilbert space,

keeping description of the quantum fluctua-

tion effects appearing as correlated many-body

state vectors and many-body Green’s func-

tions. The multi-reference density functional

theory[1, 2] gives an answer. For the real ap-

plications, we need to set up a good basis. In

this study, we mainly focused on creation of a

proper basis and estimation of scattering am-

plitudes appearing for each specific material

system.

2. Estimation of electronic parameters

and prediction of novel cuprates

A starting expression of the multi-layered

cuprate superconductors may be taken as the

DFT-GGA description of atomic structures.

Actually, we found good convergence in the

atomic structure around the experimentally

observed structures.[3] We rely on the spin

fluctuation mechanism of superconductivity

for a judgment of an optimally doped cuprate.

Recent confirmation of the correlation between

the transition temperature and the Fermi sur-

face shape[4] suggests that, when 3d3z2−r2 or-

bitals do not have notable contribution at the

Fermi level, keeping the energy separation ∆E

from 3d3z2−r2 to 3dx2−y2 large around 2eV,

then the better Fermi surface nesting, the

higher transition temperature appears.

To certify our procedure, we first confirmed

that 1) we have small hole-doping dependence

of the electronic structure parameters, i.e. ∆E

and the Fermi surface shape controlling fac-

tor rx2−y2 , and 2) these parameters are almost

same with little systematic change against the

layer number of CuO2 planes in the unit cell.

Following the rule for the orbital distillation

effect[6], we try to search for materials which

show better sets of (∆E, rx2y2).

We have chosen Hg1223 (Tc ≥ 135K) and

Tl1223 (Tc ≥ 110K) for this optimization.

Our analysis suggests that TlR2A2Cu3O9 with

R=Li, Y, and A=Li, Na, K, Rb, Cs may ap-

pear as stable crystal structures. Among these

candidates, we found better conditions on the

above parameters for (R, A)=(Y, Li), (Y, Na),

and (Y, Rb).[3, 5] When we substitute Cd for

Hg in HgBa2Ca2Cu3O8, we have small rx2−y2 ,

keeping ∆E around 2eV, which is a good con-

dition for the high Tc.

3. Doping mechanism of α-pyridine-

TiNCl

The superconductivity in α-MNX com-

pounds attracts interests because of their spe-

cial two-dimensional electronic structures. Ex-

perimentally, origin of the electron carrier was

not clarified for pyridine-TiNCl. We have

proposed that reduction of pyridine by water

molecules could be the solution. We have ob-

tained the electronic structure of pyridinium-

ion-doped pyridine-TiNCl. (Fig. 1) The con-

duction band is doped by pyridinium ion. The

Activity Report 2013 / Supercomputer Center, Institute for Solid State Physics, The University of Tokyo

157



conformation of pyridine layer is affected by

the doping, which is though to be origin of

change in inter-layer electronic scattering pro-

cesses. We expect that this non-stoichiometry

condition would mediate pair-hopping pro-

cesses.

Figure 1: Optimized crystal structures of

pyridinium-doped py-TiNCl.

4. Hydrogenated vacancies of graphene

In a recent study on argon sputtering and

hydrogenation treatment of graphene, Ziatdi-

nov et al. have succeeded in fabrication of vari-

ous hydrogenated graphene vacancies.[7] They

called stable structures V111 for the vacancy

with three hydrogen atoms and V211 for the

vacancy with four hydrogen atoms. The elec-

tronic structure shows a non-bonding localized

state around V111, while V211 gives a gap at

the Dirac point.

Utilizing the Löwdin charge analysis with

the density of states, we concluded that the

Fermi level is kept at the Dirac point for

charge neutral hydrogenated graphene vacan-

cies. This result suggests existence of a local-

ized spin at V111. In addition, the experimen-

tal finding of bias induced carrier doping of

graphene device structure suggests a possible

Kondo state for V111.
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Electronic properties of multi-orbital electronic
system with strong spin-orbit coupling

Toshihiro SATO
Computational Condensed Matter Physics Laboratory, RIKEN

Wako, Saitama 351-0198, Japan

The transition-metal oxides have been stud-
ied as typical materials of strongly corre-
lated electronic systems. Recent experimen-
tal studies have reported interesting behav-
iors of 5d transition-metal Ir oxides, for ex-
ample Sr2IrO4. In these materials, there ex-
ists a strong spin-orbit coupling (SOC) with
an electron correlation and the SOC splits the
t2g bands in the crystal field into the e!ec-
tive local angular momentum Je!=1/2 doublet
and Je!=3/2 quartet bands. In Sr2IrO4 with
totally five electrons, Je!=1/2 antiferromag-
netic (AF) insulator has been observed against
the expectation from 3d and 4d transition-
metal Ir materials of the similar layered per-
ovskite structure [1, 2, 3], and theoretical un-
derstanding in the experimental results has
been successful by several numerical methods
[1, 4, 5, 6, 7]. However, theoretical understand-
ing of multi-orbital systems with the electron
correlation and the SOC systematically is still
controversial.

We study electronic and magnetic properties
of the three-orbital Hubbard model with the
full Hund’rule coupling and the SOC terms
at five electrons filling,
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!
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Figure 1: Density of states for two !’s at U=8t
and T=0.06t .

where t! is the nearest-neighbor hopping am-
plitude with orbital "=(yz, zx, xy) and µ! is
the chemical potential. U (U %) is the intra-
orbital (inter-orbital) Coulomb interaction and
J (J %) is the Hund’s (pair-hopping) coupling,
and we set U=U %+2J and J=J %=0.15U . ! is
the SOC and Li (Si) is the orbital (spin) an-

gular momentum operator at site i. c!†i" (c!i")
is an electron creation (annihilation) operator
with spin $ and orbital " at site i and elec-
tron density operator is n!

i" = c!†i"c
!
i". We use

the dynamical mean field theory [8] employ-
ing a semielliptic bare density of states with
the equal bandwidth (t!=t) for the three or-
bitals. We calculate the Green’s functions in-
side the orbital by using the continuous-time
quantum Monte Carlo solver based on the
strong coupling expansion [9]. This numeri-
cal calculation was performed by the numeri-
cal computations with facilities at Supercom-
puter Center in ISSP, e.g., for !=0.1t, U=8t,
and T=0.06t, about 108 Monte Carlo sweeps
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and averaging over 64 samples, and the self-
consistency loop of the DMFT converges about
100 hours. We examine !-dependence of elec-
tronic structure at U=8t and T=0.06t fixed,
and then confirm the transition from metal-
lic to insulating state with a magnetic order
with varying ! as shown in Fig. 1. The insu-
lating state shows Je!=1/2 AF insulator, indi-
cation of the half-filled Je!=1/2 and full-filled
Je!=3/2 bands. Moreover, we find that exci-
tonic insulating state by the electron-hole par-
ing between Je!=1/2 and Je!=3/2 bands is
induced by ! at larger U , in addition to the
Je!=1/2 AF insulator.

This work was done in collaboration with
Dr. T. Shirakawa and Dr. S. Yunoki.
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The mechanisms of superconductivity
in high-temperature superconductors have
been extensively studied using various
two-dimensional models of electronic inter-
actions. The CuO2 plane in cuprates plays
an important role for the appearance of
superconductivity. It is well known that the
parent materials are a Mott insulator and the
hole doping leads to superconductivity. In
this report we present the results on the Mott
transition of high temperature cuprates at
half-filling. In the case of cuprates the insu-
lating state is regarded as a charge-transfer
insulator, We propose a wave function of Mott
state on the basis of an improved Gutzwiller
function. To use computers more efficiently,
we performed parallel computing with 64 or
128 cores.

The three-band model that explicitly in-
cludes Oxygen p orbitals contains the parame-
ters Ud, Up, tdp, tpp, εd and εp. Ud is the on-site
Coulomb repulsion for d electrons and Up is
that for p electrons. tdp is the transfer integral
between adjacent Cu and O orbitals and tpp is
that between nearest p orbitals. The energy
unit is given by tdp.

The Gutzwiller wave function is given as
ψG = PGψ0, where PG is the Gutzwiller
projection operator given by PG =

∏
i[1 −

(1 − g)ndi↑ndi↓] with the variational parame-
ter in the range from 0 to unity. PG con-
trols the on-site electron correlation on the
copper site. ψ0 is a one-particle wave func-
tion such as the Fermi sea or the Hartree-
Fock state with spin density wave. ψ0 contains
the variational parameters t̃dp, t̃pp, ε̃d and ε̃p:
ψ0 = ψ0(t̃dp, t̃pp, ε̃d, ε̃p). In the non-interacting

case, t̃dp and t̃pp coincide with tdp and tpp,
respectively. In this report, we consider the
Gutzwiller function with an optimization op-
erator:

ψ = exp(λK)ψG, (1)

where K is the kinetic part of the total Hamil-
tonian Hdp and λ is a variational parameter.
This type of wave function is an approximation
to the wave function in quantum Monte Carlo
method[1, 2, 3]. The computations were per-
formed by using the variational Monte Carlo
method.

The above wave function of course can be
regarded as a wave function for the Mott state
of the single-band Hubbard model. We first
show the results for the single-band Hubbard
model. In Fig.1 we show the energy per site as
a function of U . The Gutzwiller parameter g is
shown in Fig.2 which indicates that g vanishes
at a critical value Uc. The state with vanish-
ing g would be an insulating state because of
vanishingly small double occupancy. It is seen
from Fig.1 that the energy changes the curva-
ture near U ∼ Uc. The energy is well approx-
imated by a function of C/U with a constant
C when U is large:

E

N
∼ −C

t2

U
∝ −CJ. (2)

This means that the energy gain mainly comes
from the exchange interaction which is of the
order of 1/U .

The figure 3 exhibits the ground state energy
per site E/N−εd as a function of ∆dp ≡ εp−εd

for the d-p model. We can find that the cur-
vature of the energy, as a function of ∆dp, is
changed near ∆dp ∼ 2. The energy is well

Activity Report 2013 / Supercomputer Center, Institute for Solid State Physics, The University of Tokyo

161



fitted by 1/∆dp shown by the dashed curve
in Fig.3 when ∆dp is greater than a critical
value. This is because the most energy gain
comes from the exchange interaction between
nearest neighbor d and p electrons. This ex-
change interaction, denoted by JK , is given
by JK = t2dp(1/∆dp + 1/(Ud − ∆dp)). In the
low carrier limit with large level difference
∆dp, the second term in the exchange coupling
gives a negligible contribution. Thus, the ef-
fective exchange coupling JK is approximated
as JK = t2dp/∆dp. In the insulating state the
energy gain is proportional to JK ,

∆E =
E

N
− εd ' −C

t2dp

∆dp
= −CJK , (3)

for a constant C. The critical value of ∆dp is
(∆dp)c ' 2tdp. When tdp ∼ 1.5eV, the charge-
transfer gap is about 3eV.

-2

-1.5

-1

-0.5

0

0 5 10 15

E

U

Figure 1: Ground state energy of the 2D Hub-
bard model as a function U at half-filling. The
system size is 6 × 6.
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Figure 2: Gutzwiller parameter g as a function
of U at half-filling. The parameter g almost
vanishes at U ∼ 8 showing a transition to an
insulating state. The upper line is for λ = 0
(Gutzwiller function).
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Figure 3: Ground state energy of the 2D d-
p model as a function of ∆dp for tpp = 0.4
and Ud = 8 (in units of tdp) in the half-filled
case. The calculations were performed on 6×6
lattice. The arrow indicates a transition point,
where the curvature is changed. The dotted
curve is for the Gutzwiller function (λ = 0).
The dashed curve indicates a curve given by a
constant times 1/(εp − εd).
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Dynamical Jahn-Teller Effect in Spin-Orbital

Coupled System

Sumio ISHIHARA

Department of Physics, Tohoku University

Sendai 980-8578

No signs for long-range magnetic ordering

down to the low temperatures, termed the

quantum spin-liquid (QSL) state, are one of

the fascinating states of matter in modern con-

densed matter physics. A number of efforts

have been made to realize the QSL states the-

oretically and experimentally. A transition-

metal oxide, Ba3CuSb2O9 [1, 2], is a new can-

didate of the QSL state, in which S = 1/2

spins in Cu2+ ions are responsible for the mag-

netism. Almost isotropic g factors observed

in ESR provide a possibility of no static long-

range orbital orders and novel roles of orbital

on the QSL.

Figure 1: A schematic picture for the SORS.

Shaded bonds represent the spin-singlet and

parallel-orbital bonds.

We examine a possibility of the QSL state

in a honeycomb-lattice spin-orbital (SO) sys-

tem [3]. Beyond the previous theories for QSL

in quantum magnets with the orbital degree of

freedom, the present study focuses on the dy-

namical Jahn-Teller (DJT) effect, which brings

about a quantum tunneling between stable

orbital-lattice states. We suggest that a spin-

orbital resonant state (SORS), where the two

degrees of freedom are entangled with each

other (see Fig. 1), is induced by the DJT ef-

fect.

First, we derive the low-energy electron-

lattice model where the super-exchange inter-

action, the JT effect, and the lattice dynamics

are taken into account, that is, H = Hexch +

HJT. The Hamiltonian is analyzed by the

exact-diagonalization method combined with

the mean-field approximation, and the quan-

tum Monte Carlo simulation with the mean-

field approximation.

The phase diagram on a plane of the JDJT -

JSE is shown in Fig. 2, where JDJT and JSE
are amplitudes of the DJT effect and the super-

exchange interaction, respectively. The spin-

orbital resonant state appears in intermediate

region of JDJT and JSE , that is, this quantum

resonant state is realized by interplay of the

two interactions. An obtained schematic pic-

ture for the spin-orbital resonant state is pre-

sented in Fig. 1 where the spin-singlet states

and the parallel-orbital states occurs coopera-

tively.

To demonstrate the spin-orbital entangle-

ment from the viewpoint of dynamics, we

show, in Fig. 2, the dynamical spin-correlation

function Ks(ω) and the dynamical orbital cor-

relation function Kτ (ω) calculated by using

the Lanczos method in finite size clusters.

Gapped spin excitations and low-lying orbital

excitations are seen in the spin-orbital reso-

nant state. In the resonant phase, in contrast

to the orbital-ordered phase, an intensive or-
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Figure 2: Upper: Phase diagram on the plane

of JDJT /JAH and JSE/JAH . Lower: The

dynamical spin-correlation function Ks(ω),

and the dynamical orbital-correlation function

Kτ (ω) in the orbital ordered phase and in the

SO resonant phase.

bital excitation is seen around the lowest spin-

excitation energy.

The present theory provides a number of

forceful predictions in Ba3CuSb2O9. There

will be a crossover frequency/magnetic field in

ESR, corresponding to JDJT and JSE , where

the anisotropy in the g factor is changed qual-

itatively. Dynamics of the orbital-lattice cou-

pled vibronic excitation is expected to be ob-

served directly by inelastic light/x-ray scatter-

ing spectra around 1∼ 10 meV.

This work was supported by KAKENHI

from MEXT and Tohoku University“ Evolu-

tion”program. Parts of the numerical calcu-

lations are performed in the supercomputing

systems in ISSP, the University of Tokyo.
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Continuous-time quantum Monte Carlo 

(CTQMC) methods have been developed and 

widely used for solving quantum impurity 

problems in strongly correlated electron 

systems in recent years [1]. They are 

numerically exact methods and used for not 

only fermionic systems but also bosonic ones 

including fermion-boson mixtures.  

In this study, we have developed a CTQMC 

for bosonized Tomonaga-Luttinger (TL) liquids 

in one-dimensional systems. Technically, this is 

rather different from existing bosonic CTQMC, 

because of the dual (fermion/boson) nature of 

one-dimensional electron systems, which is 

highlighted in the existence of the Klein factors, 

various vertex operators relevant to interesting 

physical quantities, and ultraviolet cutoff (a) 

that is essentially infinity (i.e., continuous 

limit).  

For a short summary of our results, we here 

show results for a back-scattering potential 

model in a spinless-fermionic system 

investigated by Kane and Fisher [2]. Figure 1 

shows imaginary-time (τ) dependence of (left-

moving) electron Green’s function (G) 

calculated in the bosonization scheme in the 

CTQMC with several different values of a, the 

TL parameter g, and the inverse of temperature 

β. This clearly indicates that the asymptotic 

form of G is ~ 1/τ1/2g, which supports a 

prediction by Furusaki [3].  

Since our method can be applicable to other 

models easily, we expect that various non-

trivial physics in impurity problems in TL 

liquids will be clarified in future investigations. 

 

Fig. 1: G vs. τ for g = 0.9, 0.75, and 0.5, with 

three sets of cutoff a =1, 0.5, 0.25 and β = 200, 

400, and 800. For large τ (∼β/2), all the data are 

scaled into the functional form indicated in the 

figure. 
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Since the iron based superconductor

LaFeAsO was found in 2008, many scien-

tists have discussed about its mechanism

of superconductivity. First, a mechanism

of the phonon mediated superconductiv-

ity was proposed[1]. Then, a mechanism

of the spin-fluctuation mediated supercon-

ductivity was proposed [2]. After that, a

mechanism of the orbital fluctuation me-

diated superconductivity was proposed[3]

in order to explain the impurity effect of

iron based superconductors. However, we

have not reached a consensus on the mech-

anism of the iron based superconductor yet.

Our purpose is to clarify the mechanism

of superconductivity of the iron pnictide

on the basis of the spin-fluctuation mech-

anism. The reason why we focus on the

spin-fluctuation mechanism is the fact that

the superconducting phase locates next to

the antiferromagnetic phase.

We adopted a multi-orbital Hubberd

model in order to consider the complicated

inter-orbital interactions of the iron pnic-

tide. We constructed the five energy band

model of LaFeAsO based on the first princi-

ple calculation and the most localized Wan-

nier functions. We apply the FLuctuation

EXchange (FLEX) approximation to this

model. This calculation solves the multi-

orbital Dyson equation self consistently and

gives Green’s functions that include the ef-

fect of interactions. Tc is calculated by solv-

ing the linearized Eliashberg equation with

this Green’s functions. We need to calcu-

late the process using ISSP since we should

vectorize the large matrix multiplication in

order to reduce the calculation time. The

accurate results we required need some self-

consistent calculations with 32 × 32 × 1 k-

points, 5 × 2 orbitals and 4096 Matsubara

frequency system size in system-B. We can-

not consider the scale calculations without

the ISSP system.

We have already known some results of

the Tc measurement and the low-energy

spin-fluctuation by the NMR experiment of

LaFeAs1−xPxO1−yFy[4]. It is known that

the P-doping distorts the crystal structure.

The degree of this distortion can be param-

eterized by the Fe-As-Fe bond angle α. We

calculated the orbital dependent dynamic

spin-susceptivity and solved the linearized

Eliashberg equation as a function of α.

FIG. 1. Eigenvalue λ and low-energy spin-

fluctuation γ versus Fe-As-Fe bond angle α.

µ denotes the orbital.

The calculated results of the low-energy

spin-fluctuations (γµ ; µ denotes the orbital
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dependence) and the eigenvalue of the lin-

earized Eliashberg equation (λ), which are

shown in Fig 1. There is a clear correla-

tion between λ and γµ. It is found that

λ exhibits a double-peak structure : the

peak of λ around 110◦ is due to the spin-

fluctuation of both γdxz−yz and γdxy while

the peak around 118◦ is due to that of only

γdxz−yz. We conclude that the present the-

oretical results can give an interpretation

of the experimental results that Tc exhibits

the double peak structure as a fundtion of

P-doping.
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Development of the theory to describe non-
local electron correlations is one of the cen-
tral issues in condensed matter physics. Al-
though the effective medium approaches such
as the dynamical cluster approximation and
the cluster dynamical mean field theory have
been developed and can treat nonlocal cor-
relations self-consistently, the range of nonlo-
cal correlations are limited. In order to take
into account the long-range inter-site correla-
tions systematically, we developed the dynam-
ical cluster CPA. The theory is an extension of
the dynamical CPA [1] and takes into account
the long-range nonlocal correlations by making
use of the off-diagonal effective medium and
the incremental cluster expansion.

The thermal averages of the physical quan-
tities are obtained by solving the isothermal
molecular-dynamics (MD) equations for the
field variables {ξi}.

ξ̇i =
1

µLM
pi, (1)

ṗi =
1

2
U

(
⟨mi(ξ)⟩ − ξi

)
− ηi pi, (2)

η̇i =
1

Q

( p2i
µLM

− kBT
)
. (3)

Here U is the Coulomb energy parameter, pi
is the momentum being conjugate to the ficti-
tious local moment variable ξi on site i, ηi is
the friction variable on site i, µLM(Q) is a mass
for local moment (friction variable), and mi(ξ)
is the average magnetic moment given by

mi(ξ) =
1

β

∑
σ

σ
∞∑

l=−∞
G̃iiσ(ξ, l), (4)

G̃iiσ(ξ, l) being a Green function projected
onto the static field variable {ξi}.

Figure 1 shows a numerical example of mag-
netization vs temperature curve for the single-
band Hubbard model on the fcc lattice in the
high-temperature approximation. Although
the accuracy is not enough because of a small
number of MD steps (typically 3000 steps), cal-
culated TC is about 0.085. It indicates that the
Curie temperature is reduced by 50% by means
of the long-range nonlocal correlations.
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Figure 1: Calculated magnetization vs. tem-
perature curves for the single-site static CPA
(dashed-line), dynamical CPA (dotted curve),
and the nonlocal dynamical CPA with static
approximation (closed circles with error bars
and thin line).
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Strongly correlated electron systems show a

variety of intriguing phenomena including un-

conventional superconductivity. Especially we

address the odd-frequency (OF) superconduc-

tivity, which is characterized by the pairing

amplitude that is an odd function with respect

to time. Such exotic pairing state is first pro-

posed by Berezinskii for 3He, and has been at-

tracting attention as a candidate mechanism

for unconventional superconductivities [1, 2].

The concrete realization of the OF super-

conductivity has been theoretically discussed

in a variety of electron systems. One of possi-

ble realizations is proposed in the two-channel

Kondo system by Emery and Kivelson using

the impurity model [3]. In higher dimensions,

the two-channel Kondo lattice (TCKL), where

the periodically aligned localized spins cou-

ple to conduction electrons with two degen-

erate channels, has been investigated by us-

ing the dynamical mean-field theory (DMFT)

[4]. However the divergent pairing susceptibil-

ity has not yet been found, and the existence

of the OF superconductivity has remained un-

clear.

To clarify whether the OF superconductiv-

ity is realized in the TCKL, we have revisited

this problem by using the DMFT. In this the-

ory, the periodic system is mapped onto the

effective impurity system, where one localized

spin interacts with a bath of conduction elec-

trons. We choose the continuous-time quan-

tum Monte Carlo (CTQMC) method as the

numerical impurity solver [5]. The algorithm

we have used is based on the perturbation ex-

pansion of the partition function with respect

to the interaction. The physical quantities are

then evaluated as a Monte Carlo integration.

In the present model, there is no sign problem

fortunately. However, the calculation becomes

heavy at low temperatures since we have to in-

corporate the contribution from higher-order

perturbations. This difficulty can be reduced

by the large-scale parallel calculation using the

system B.

With use of the method illustrated above,

we have successfully demonstrated the diver-

gence of the OF pairing susceptibility [6]. Fig-

ure 1 shows the phase diagram of the TCKL

obtained by the CTQMC, where the OF su-

perconductivity is found at low temperatures.
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Figure 1: Phase Diagram of the TCKL. Here n,
J , D and T are the filling of conduction electrons
per site, interaction strength, half band width and
temperature, respectively.
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