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We developed efficient methods, algorithms, 

parallelized programs, and sometimes new 

concepts, based on novel numerical techniques 

including the tensor network (TN) method and 

applied them to relevant physical problems. To 

list subjects of our research in 2021, (1) 

development of new numerical methods based 

on the TN representation [1,2], (2) study of TN 

ground states such as Kitaev spin liquid [3], (3) 

study of spin liquid in frustrated spin systems 

[4], (4) development of open-source 

applications [5]. 

In [1], we re-considered the method for 

extracting the critical information from the 

RSRG calculation with TNs. The most common 

method for obtaining the scaling dimension is 

to form a transfer matrix from the scale-

invariant tensor. Then, we can obtain the 

scaling dimensions from its eigenvalues using 

the relationship derived from the conformal 

field theory. However, this method has not been 

generalized to three or higher dimensions. In 

our scheme, we construct a super-operator that 

represents the RSRG tarnsformation. Without 

explicitly relying on the CFT, we derive the 

relashion between the eigenvalues of the super-

operator and the scaling dimensions. Our 

benchmark calculation on the 2D Ising model 

established validity of this basic idea. The new 

scheme may provide a direct method for 

estimating the scaling dimensions in higher 

dimensions.  

In [2], we proposed a method for obtaining 

the excitation spectrum based on TN 

calculations. In this method, we consider an 

imprurity tensor representing a locally excited 

state, and construct an eigenvalue equation in 

the space of such excited states, which can be 

block-diagonalized by Frourier transformation. 

By diagonalizing each block we can obtain 

excitation spectra of various excitations. We 

applied this scheme to one-dimensional 

quantum spin chain and successfully computed 

its excited states and the dynamical structure 

factor. We further investigated entanglement 

properties of excited states.  

In [3], we considered in the Kitaev model 

on the honeycomb lattice and its extention to 

S=1. The models with arbitrary spin quantum 

numbers are not exactly solvable in contrast to 

the well-known Kitaev spin liquid solution of 

the spin-1/2 system. To unveil the important 
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difference between these states, we use the 

tensor-network wave functions, which proved, 

in our previous work, to be essential in 

capturing the nature of the Kitaev spin liquid. 

We found that the distinct sign structures of the 

tensor-network wave function for the integer- 

and half-integer-spin quantum spin liquids are 

responsible for completely different ground 

states in the spatially anisotropic limit.  

In [4], we investigated S=1/2 XXZ ladder 

system with four-spin interaction. The model 

can be viewed as a one-dimensional variant of 

the J-Q model on a square lattice. By means of 

variational uniform matrix product state 

(VUMPS) calculations and an effective field 

theory, we determine the phase diagram of the 

model and present evidence that the Néel-VBS 

transition is continuous and belongs to the 

Gaussian universality class with the central 

charge c=1. The full phase diagram consists of 

8 distinct phases including magnetically 

ordered phases, Haldane-like phases, and VBS 

phases.  

In [5], we developed DSQSS, an open-

source software for quantum Monte Carlo 

simulation of lattice system. In [6], we applied 

it to the Bose-Hubbard model in the case of 

extereme dilution to clarify the validity of the 

analytical predictions for the universal behavior 

of the model in this region. We confirmed the 

universal behaviors. In addition, we estimated 

model-dependent parameters such as the s-

wave scattering length in a good agreement 

with the prediction as well as the non-universal 

correction term of the third order in the particle 

density, which has never been estimated before. 
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Numerical studies of Mott transitions

in quantum spin liquid candidates

Youhei YAMAJI

Center for Green Research on Energy and Environmental Materials,
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Namiki, Tsukuba-shi, Ibaraki 305-0044

The Kitaev model is a unique solvable two-

dimensional quantum system [1]. As shown by

Kitaev, the ground state of the model hamil-

tonian is a quantum spin liquid. Later, Jackeli

and Khaliullin proposed that the effective low-

energy hamiltonian of Mott insulating phases

of honeycomb iridium oxides such as Na2IrO3

could be the Kitaev model [2]. Although the

ground state of Na2IrO3 was found to show

a magnetic long-range order, the dominant

terms in the ab initio effective spin hamilto-

nian of Na2IrO3 are given by the Kitaev-type

exchange couplings [3].

Even though there emerge new candidate

materials represented by α-RuCl3 on the front

of the search for the spin-liquid ground states,

an important question has not been solved yet:

It has not been clarified yet whether the small

Mott gaps of these candidate materials affect

the properties of them or not. To elucidate an

impact of the itinerant nature of electrons on

the properties of a spin-liquid candidate, we

studied the original ab initio itinerant hamil-

tonian consisting of iridium t2g orbitals [3], in-

stead of the spin hamiltonian.

In the present research, we studied the ab

initio t2g hamiltonian of Na2IrO3 [3]. The t2g
hamiltonian consists of the kinetic energy and

the intra-atomic and inter-atomic Coulomb re-

pulsions as,

Ĥt2g = ĤK + ĤU + ĤV , (1)

where ĤK represents the kinetic terms in-

cluding trigonal distortion and spin-orbit cou-

plings, ĤU denotes the intra-atomic Coulomb

interactions, and ĤV is the inter-atomic

Coulomb repulsion.

Näıvely, ĤV is expected to be relevant to

charge channels but irrelevant to spin degrees

of freedom. However, it is not true. When

inter-atomic exchange couplings are estimated

by the second-order perturbation theory, the

intra-atomic and intra-orbital Coulomb repul-

sion U in the energy denominator is replaced

by U−V , where V is the inter-atomic Coulomb

repulsion. Therefore, when the inter-atomic

Coulomb repulsions are controlled as param-

eters, not only the charge but also the spin

degrees of freedom are affected.

We controlled the nearest-neighbor, sec-

ond nearest-neighbor, and 1/r long-range

Coulomb interactions to examine the compe-

tition among the magnetic and charge orders

and suppression of the magnetic orders, by us-

ing an open-source code mVMC [4].
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Theoretical study of symmetry breaking and quantum 

transport phenomena in charge-spin-orbital coupled systems 
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We have theoretically studied a variety of 

intriguing phenomena in correlated electron 

systems with charge-spin-orbital coupling 

(project numbers: 2021-Ca-0050 and 2021-Cb-

0014). During the last fiscal year, we have 

achieved substantial progress on the following 

topics. We summarize the main results below. 

(i) Topological spin crystals: Regarding 

topological spin crystals, such as skyrmion and 

hedgehog lattices, as moiré interferences 

between spin helices, we clarified how their 

magnetic and topological properties can be 

modulated by changing twist angles between 

the directions of the constituent spin density 

waves [1] and shifting relative phases [2,3,4]. 

We also elucidated charge modulation on such 

topological spin crystals [5]. In addition, we 

clarified the ground state phase diagrams [6] 

and spin excitations [7] for effective spin 

models with long-range interactions. We also 

clarified linear and nonlinear optical responses 

in quasi-one-dimensional chiral magnets [8,9]. 

We have collaborated with experimental groups 

[10,11]. We wrote a review article on the 

itinerant frustration mechanism [12]. 

(ii) Kitaev quantum spin liquids: We clarified 

the effect of randomness on the spin dynamics 

in the Kitaev quantum spin liquid [13]. We also 

elucidated linear and nonlinear thermal 

transport in the presence of both uniform and 

staggered magnetic fields [14]. We have made 

collaborations with experimental groups on the 

topological nature in an external magnetic field 

[15,16]. In addition, we showed how to create 

and control fractional excitations by analyzing 

the effect of local lattice distortions [17]. We 

also proposed that iridium ilmenites can be 

good candidates for Kitaev magnets [18]. 

(iii) Multipole physics: We collaborated with 

experimental groups on a chiral magnet 

Pb(TiO)Cu4(PO4)4 to clarify the control of 

magnetic domains [19] and nonreciprocal 

directional dichroism [20,21].  

(iv) Development of new theoretical methods: 

We developed a many-body numerical method 

for quantum spin systems based on the 

Lefschetz thimbles technique [22]. We also 

developed new methods based on machine 

learning techniques: determinant-free fermionic 

wave function approach [23] and inverse design 

of Hamiltonians by using automatic 

differentiation [24]. 
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Low-energy excitations of skyrmion crystals in a
centrosymmetric spin-charge coupled magnet

Masahito MOCHIZUKI
Department of Applied Physics, Waseda University

Okubo, Shinjuku-ku, Tokyo 169-8555

In this project, we have theoretically stud-
ied the low-energy dynamics of skyrmion crys-
tals in a centrosymmetric Kondo-lattice mag-
net with conduction-electron-mediated mag-
netic interactions (project ID: 2021-D-0002).

We computed the dynamical spin- and
charge-structure factors of skyrmion crystals in
a centrosymmetric spin-charge coupled mag-
net by taking the Kondo-lattice model with
a classical treatment of localized spins. Our
large-scale adiabatic molecular dynamics sim-
ulations revealed four Goldstone modes in the
absence of an external magnetic field [Figure
1]. Three of the four Goldstone modes are as-
sociated with the spontaneous breaking of the
SO(3) symmetry in spin space, and thus lin-
early dispersing. The remaining one is the so-
called phonon mode associated with the dis-
placement of skyrmions, and thus quadrati-
cally dispersing. Surprisingly, we observed
clear segregation of spin and charge excita-
tions: the three linearly dispersive Goldstone
modes have full contribution from the spin sec-
tor and the quadratically dispersive Goldstone
mode has full contribution from the charge sec-
tor [1]. Note that the dynamical structure fac-
tors obtained with the adiabatic molecular dy-
namics simulations perfectly coincide with the
dispersion relations obtained with the linear-
spin-wave calculation.

In our adiabatic molecular dynamics sim-
ulations, instead of repeated full diagonal-
izations of the quadratic form Hamiltonian,
we utilized the kernel polynomial method in

combination with the automatic differentia-
tion technique to evaluate the local physical
quantities, for example, expectation values of
itinerant electron spins and local charge occu-
pations. The Chebyshev moments are evalu-
ated using the combination of processing and
threaded parallelization techniques on 18,432
cores (144 nodes) of System B Ohtaka.

(a) S(q,ω)

(b) N(q,ω)

Figure 1: Dynamical (a) spin- and (b) charge-
structure factors of the skyrmion crystal in the
absence of an external magnetic field.
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Theoretical study on the photodriven spin and
charge dynamics of topological materials

Masahito MOCHIZUKI
Department of Applied Physics, Waseda University

Okubo, Shinjuku-ku, Tokyo 169-8555

We have theoretically studied the dynamics
of topological magnetism and topological elec-
tron states under periodic driving (project ID:
2021-Ba-0015, 2021-Cb-0009). The main re-
sults of these projects are listed below.
(i) Dynamical magnetic topology switching of
skyrmion crystals: We revealed novel dynam-
ics of skyrmion crystals in a centrosymmet-
ric spin-charge coupled system under the mi-
crowave magnetic field [1]. By taking the
Kondo-lattice model with a classical treatment
of localized spins, we clarified the dynamic
topological phase transitions of the skyrmion
crystals among their skyrmion number Nsk =

2, 1, and 0 through the large-scale spin dynam-
ics simulations in combination with the ker-
nel polynomial method and the automatic dif-
ferentiation technique. The topological phase
transitions are induced by the effective mag-
netic field perpendicular to the rotating plane
of the circularly polarized microwave magnetic
field. In our numerical simulations with the
kernel polynomial method and the automatic
differentiation technique, we utilized our own
hybrid parallelization code using both the pro-
cessing parallelization with the message pass-
ing interface and the threaded parallelization
with OpenMP. Moreover, in the automatic dif-
ferentiation process, we reduced the compu-
tational cost for the evaluation of Chebyshev
moments by using the relation 2Tm(x)Tn(x) =

Tm+n(x)+T|m−n|(x) where Tm(x) denotes the
m-th order first-kind Chebyshev polynomial.
(ii) Spin-wave eigenmodes of the quadruple-Q

magnetic hedgehog lattices in chiral magnets:
We studied the spin-wave eigenmodes of the
quadruple-Q hedgehog lattices which appear
in the Kondo-lattice model on the cubic lat-
tice by the spin-dynamics simulations in com-
bination with the kernel polynomial method
[2]. As a result, under the [001] magnetic field,
we clarified two eigenmodes with counterclock-
wise fashion for the ac magnetic field perpen-
dicular to [001] and four eigenmodes for the
ac magnetic field parallel to [001]. Three of
the four eigenmodes parallel to [001] are local-
ized around point defects of magnetic textures,
and the remaining one is closely related to the
phase degrees of freedom.
(iii) Photodriven dynamical phase transitions
in the α-type organic salt: We clarified the
dynamical phase transitions in the charge or-
dered organic salt α-(BEDT-TTF)2I3 under
the irradiation of laser by the time-dependent
mean-field calculation and the Floquet theory
[3]. The sufficient intensity of laser melts the
charge order and induces the semimetal phase.
A much stronger laser induces the Chern insu-
lator phase with nonzero Hall conductivity.
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Topological phases, excitation modes, effects of exceptional 

points and transport phenomena in strongly correlated 

systems 

 

Norio KAWAKAMI 

Department of Physics, 

Kyoto University, Kitashirakawa, Sakyo-ku, Kyoto 606-8502 

 

Correlated materials have appeared as an 

arena to study non-Hermitian phenomena, such 

as exceptional points emerging in the single-

particle Green’s function. Exceptional points 

are degeneracies of eigenvalues due to the non-

Hermiticity of a matrix. Contrary to Hermitian 

degeneracies, the eigenvalues and the 

eigenvectors coalesce at an exceptional point, 

giving rise to novel phenomena. 

In [1], we show that topological Kondo 

insulators are an ideal platform for studying 

these phenomena due to a combination of 

strong correlations and surface states. Using 

numerical simulations, we demonstrate the 

emergence of exceptional points in the single-

particle Green’s function on the surface of the 

material while the bulk is still insulating. We 

believe that this situation is perfect for 

experimental observation of exceptional points. 

In particular, we reveal how quasiparticle states 

with long lifetimes are created on the surface 

by non-Hermitian effects while the Dirac cones 

are smeared. This effect is related to the surface 

Kondo breakdown at which heavy Dirac cones 

disappear from the single-particle spectrum and 

are replaced by light states. 

Furthermore, we study nonlinear responses 

in strongly correlated systems, specifically 

analyzing the effect of renormalization and 

non-Hermiticity on the second-order nonlinear 

response. 

Nonlinear responses in condensed matter 

are recently intensively studied because they 

provide rich information about the materials 

and hold the possibility of being applied in 

diodes or high-frequency optical devices. While 

nonlinear responses in noninteracting models 

have been explored widely, the effect of strong 

correlations on the nonlinear response is still 

poorly understood. In [2], we first derive a 

formula for calculating the nonlinear response 

at finite temperatures that is entirely based on 

single-particle Green’s functions. We 

furthermore analytically show that nonlinear 

responses are significantly enhanced by the 

renormalization of the band structure and non-

Hermiticity in the Green’s function. Finally, we 

confirm our analytical prediction by performing 

numerical calculations for several strongly 

correlated models. 

In [3], we use this Green’s function method 

to study the nonlinear Hall effect in Ce3Bi4Pd3. 

Experiments measured a huge nonlinear Hall 

effect in this material. From symmetry analysis, 

we develop a model describing Ce3Bi4Pd3 as a 

Weyl-Kondo semimetal. Performing dynamical 

mean-field calculations for this model, we find 

that below the Kondo temperature, Weyl points 

emerge close to the Fermi energy in the band 

structure; at high temperatures, this material is 

a metal. Due to strong correlations, the band 

structure is strongly renormalized. We then 

directly calculate the nonlinear longitudinal 

conductivity and the nonlinear Hall 

conductivity and find that the nonlinear Hall 

resistivity is strongly enhanced compared to a 

noninteracting system. We find good agreement 

between our numerical calculations and the 
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experimental observations. 

In [4], we analyze the effect of strong 

correlations on fragile topological insulators. 

Fragile topological insulators (FTIs) offer 

obstruction to the formation of exponentially 

localized Wannier functions, but they can be 

trivialized by adding certain trivial degrees of 

freedom. For the same reason, FTIs do not host 

symmetry-protected flow of edge states 

between bulk bands in cylindrical boundary 

conditions. Still, they are expected to have a 

spectral flow between the fragile bands and 

other bands under certain twisted boundary 

conditions. We analyze commonly observed 

effects of strong correlations, such as the Mott 

insulator transition and magnetism, on a known 

model hosting fragile topology. We show that 

fragile topology, along with the twisted 

boundary states, is stable with interactions 

below a critical interaction strength in the 

nonmagnetic case. Above this interaction 

strength, a transition to the Mott insulating 

phase occurs, and the twisted boundary states 

disappear. Furthermore, the fragile topology is 

destroyed by a homogeneous magnetic field. 

However, we show that a magnetic field can 

induce a topological phase transition which 

converts a fragile topological insulator to a 

Chern insulator. Finally, we study 

ferromagnetic solutions of the fragile 

topological model. 

In [5], we investigate magnetic instabilities 

in charge-neutral twisted bilayer graphene close 

to so-called “magic angles” using a 

combination of real-space Hartree-Fock and 

dynamical mean-field theories. We find that 

localized magnetic states emerge for values of 

the Coulomb interaction U that are significantly 

smaller than what would be required to render 

an isolated layer antiferromagnetic. Our 

findings shed new light on perspectives for 

experimental realization of magnetic states in 

charge-neutral twisted bilayer graphene. 

In [6], we analyze the impact of critical 

nematic fluctuations on the low energy 

properties of phonons. We propose how to 

identify the three-state Potts nematic 

fluctuations by ultrasound attenuation. The 

Landau damping term becomes isotropic due to 

fluctuations of the C3-breaking bond-order, and 

the nemato-elastic coupling is also isotropic. 

The transverse sound attenuation coefficient 

diverges isotropically, in contrast to the case of 

the C4-breaking bond-order that shows strong 

anisotropy. The shift of the first order transition 

line at low temperatures toward the second-

order line renders the transition a weak first 

order in a wide range of parameters. 
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Finite-temperature methods for quantum many-body systems 
using Boltzmann machines 

 
Yusuke NOMURA 

RIKEN Center for Emergent Matter Science, 2-1 Hirosawa, Wako, 351-0198 
 

The thermal behavior of many-body 

systems is a fundamental problem. Celebrated 

statistical mechanics provides a theoretical 

framework for describing finite-temperature 

properties. However, in quantum many-body 

systems, due to the "curse of dimensionality" of 

Hilbert space, it is very difficult to capture the 

complex competition between thermal and 

quantum fluctuations. Although various 

numerical methods have been developed, such 

as quantum Monte Carlo, diagrammatic, and 

tensor network methods, it is challenging to 

establish a reliable methodology that can be 

extended to the most exotic and interesting 

regions in quantum many-body physics. 

Here, we take a novel approach using 

artificial neural networks. In particular, we 

employ deep Boltzmann machines that have 

flexible representability. We propose two 

different approaches, offering paths to encode 

many-body thermal physics into deep 

Boltzmann machines. In the first method, we 

find a completely deterministic way to 

construct deep Boltzmann machines that 

reproduce the exact purified expression of finite 

temperature states. In the second method, we 

numerically optimize deep Boltzmann 

machines to reproduce imaginary time 

Hamiltonian evolution as accurately as possible 

within the representability of deep Boltzmann 

machines. We apply the methods to the 

transverse-field Ising model and the two-

dimensional J1-J2 Heisenberg model. The 

numerical benchmarks show that our scalable 

approach can successfully simulate the finite-

temperature properties of the quantum spin 

problems. 

 

 
Fig. 1: Structure of deep Boltzmann machine 

employed in the present study. 
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Exotic phenomena induced by strong correlations and 

non-Hermitian topology 

Tsuneya Yoshida 

Department of Physics, 

1-1-1 Tennodai, Tsukuba, Ibaraki, JAPAN 305-8571 

 

In this year, we have mainly studied non-

Hermitian topological phenomena by 

focusing on exceptional points [1-4]. In 

particular, we have analyzed exceptional 

points at surfaces of topological Kondo 

insulators[1]. Specifically, we have 

applied the dynamical mean-filed theory 

combined with the numerical 

renormalization group method to a 

variant of the periodic Anderson model 

which describes the topological Kondo 

insulator SmB6. Our numerical 

simulation has elucidated that finite 

lifetime of quasi-particles induces 

exceptional points at surfaces of the 

topological Kondo insulator. These 

exceptional points induce additional low 

energy excitations and change the spin 

structure of surface states (see Fig. 1). 

 We also have analyzed correlations 

effects on the non-Hermitian topology in 

zero dimension[4], where we have 

observed that the classification of the 

point-gap topology is reduced to Z2 while 

the classification is Z at the non-

interacting level. 

 Furthermore, we have explored the 

topological structure of the classical 

systems[5-7]. In particular, we have 

observed Hermitian and non-Hermitian 

topological physics in systems of the head 

conduction and the evolutionary game 

theory. The topological properties of 

superconductors are also discussed [8,9]. 

 

 

 

 

- 

*** 

*** 

Fig.1 Spectral weight for a surface of a 

topological Kondo insulator. The emergence of 

exceptional points induces low energy 

excitations and affects the spin structure of  the 

surface states (The figure is taken from Ref. [1]) 
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Extreme response of isotropic spin fluctuations

emerging from anisotropic antiferromagnets under

moderate spin dilution

Hidemaro SUWA

Department of Physics, University of Tokyo, Tokyo 113-0033

The stability and response of magnetic

materials to external stimuli are deter-

mined by spin fluctuations dictated by mag-

netic anisotropy. The two-dimensional (2D)

isotropic antiferromagnet is one of the ideal

cases to pursue an extreme magnetic re-

sponse. However, magnetic anisotropy is sig-

nificant in most materials, reducing the mag-

netic response. As a perturbation, magnetic

anisotropy introduces a characteristic length

scale ξani. The significance of anisotropy fol-

lows from the fact that the correlation length

increases rapidly with decreasing temperature

and easily reaches ξani. In contrast, the Zee-

man energy from a typical achievable magnetic

field is weaker, and the length scale ξext intro-

duced by the external field is much larger, i.e.,

ξext > ξani. Moreover, the Zeeman field in an-

tiferromagnets must be a staggered field that

is linearly coupled to the staggered magnetiza-

tion, which is difficult to realize.

Our primitive 2D antiferromagnet is real-

ized on a pseudo spin-1/2 square lattice em-

bedded in a [(SrIrO3)1/(SrTiO3)2] superlat-

tice, with the adjacent IrO2 planes well sep-

arated by non-magnetic spacers. Strong spin-

orbit coupling of iridium stabilizes the Jeff =

1/2 moment antiferromagnetically coupled to

each other via the Heisenberg super-exchange

interaction. An essential feature of such a

Jeff = 1/2 square lattice is that the large

Dzyaloshinskii–Moriya interaction arising from

the staggered rotation of the IrO6 octahedron

around the c axis is canceled throughout the

lattice, and the pseudospins tend to be almost

completely isotropic, which is called a hidden

SU(2) symmetry. This phenomenon allows the

in-plane uniform magnetic field to act as an

effective staggered field. Nevertheless, higher-

order super-exchange paths due to Hund’s cou-

pling cause small easy-plane anisotropy, effec-

tively reducing the spin symmetry from SU(2)

to U(1).

We have theoretically and experimentally

demonstrated that we can switch the order

of ξext and ξani utilizing magnetic dilution.

Using ISSP System B in class C projects

(ID: 2021-Ca-0117) and the ALPS/looper

(http://github.com/wistaria/alps-looper)

code, we simulated large-scale 2D AFM

systems of more than one million quan-

tum spins. We calculated the Berezin-

skii–Kosterlitz–Thouless transition temper-

atures for several dilution fractions. Using

the crossover argument with multiple per-

turbations, we have shown that the response

to magnetic fields changes from the U(1)

model to the SU(2) model above the threshold

dilution fraction because of the length-scale

switch (ξext < ξani). The theoretical calcula-

tion successfully accounts for the experimental

observations, confirming the extreme re-

sponse of isotropic fluctuations emerging from

anisotropic antiferromagnets under moderate

spin dilution.
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Research of Multi-Channel Kondo Effect

Emerging from Heavy Rare-Earth Ions

Takashi HOTTA

Department of Physics, Tokyo Metropolitan University

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

We have discovered the three-channel Kondo

effect in the cubic Ho compound [1]. We have

analyzed a seven-orbital impurity Anderson

model hybridized with Γ8 and Γ7 conduction

electrons for a case with ten local f electrons

corresponding to a Ho3+ ion by using a nu-

merical renormalization group (NRG) method.

Then, we have found a residual entropy of log ϕ

with the golden ratio ϕ = (1 +
√
5)/2 as a sig-

nal of the three-channel Kondo effect for the

local Γ5 triplet ground state.

For the construction of the local f -electron

Hamiltonian Hloc, we introduce one f -electron

state, defined by the eigenstate of spin-orbit

and crystalline electric field (CEF) potential

terms. Under the cubic CEF potential, we ob-

tain Γ7 doublet and Γ8 quartet from j = 5/2

sextet, whereas we find Γ6 doublet, Γ7 doublet,

and Γ8 quartet from j = 7/2 octet. By using

those one-electron states as bases, we obtain

Hloc as

Hloc =
∑
j,µ,τ

(λj +Bj,µ)f
†
jµτfjµτ + nEf

+
∑
j1∼j4

∑
µ1∼µ4

∑
τ1∼τ4

Ij1j2,j3j4µ1τ1µ2τ2,µ3τ3µ4τ4 (1)

× f †
j1µ1τ1

f †
j2µ2τ2

fj3µ3τ3fj4µ4τ4 ,

where fjµτ is the annihilation operator of a lo-

calized f electron in the bases of (j, µ, τ), j

is the total angular momentum, j = 5/2 and

7/2 are denoted by “a” and “b”, respectively,

µ distinguishes the cubic irreducible represen-

tation, Γ8 states are distinguished by µ = α

and β, while the Γ7 and Γ6 states are labeled

by µ = γ and δ, respectively, τ denotes the

pseudo-spin, which distinguishes the degener-

acy concerning the time-reversal symmetry, n

is the local f -electron number at an impurity

site, and Ef is the f -electron level to control

n. Here we set h̄ = kB = 1 and the energy unit

as eV.

Concerning the spin-orbit term, we obtain

λa = −2λ and λb = (3/2)λ, where λ is

the spin-orbit coupling of f electron. In this

study, we set λ = 0.265 for the Ho ions.

Concerning the CEF potential term for j =

5/2, we obtain Ba,α = Ba,β = 1320B0
4/7

and Ba,γ = −2640B0
4/7, where B0

4 denotes

the fourth-order CEF parameter for the an-

gular momentum ℓ = 3. For j = 7/2, we

obtain Bb,α = Bb,β = 360B0
4/7 + 2880B0

6 ,

Bb,γ = −3240B0
4/7 − 2160B0

6 , and Bb,δ =

360B0
4 − 3600B0

6/7. In the present calcula-

tions, we treat B0
4 and B0

6 as parameters.

For the Coulomb interaction terms, we do not

show the explicit forms of I here, but they

are expressed by the four Slater-Condon pa-

rameters, F 0, F 2, F 4, and F 6. These val-

ues should be determined from experimental

results, but here we simply set the ratio as

F 0/10 = F 2/5 = F 4/3 = F 6 = U , where U in-

dicates the Hund’s rule interaction among the

f orbitals and the magnitude is set as unity in

this study.

In Fig. 1, we show the local CEF ground-

state phase diagram for n = 10. The ground-

state multiplet for B0
4 = B0

6 = 0 is character-

ized by the total angular momentum J = 8.

Under the cubic CEF potentials, the sept-
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Figure 1: Local CEF ground-state phase dia-

gram on the (B0
4 , B

0
6) plane for n = 10 with

U = 1 and λ = 0.265.

dectet of J = 8 is split into four groups as one

Γ1 singlet, two Γ3 doublets, two Γ4 triplets,

and two Γ5 triplets. Then, we obtain four

kinds of local ground states for n = 10, as

shown in Fig. 1. The dashed rhombus de-

notes the trajectory of B0
4 = Wx/15 and

B0
6 = W (1 − |x|)/180 for −1 ≤ x ≤ 1 with

W = ±10−3. Roughly speaking, the Γ5 triplet

appears widely for B0
6 > 0, whereas the Γ3

doublet is found for B0
6 < 0. In the region of

B0
6 ≈ 0 and B0

4 > 0, the Γ1 singlet was stabi-

lized. For B0
4 < 0, we find the Γ3 doublet and

Γ4 triplet in a narrow region between the Γ5

triplet and Γ3 doublet.

Now we include the Γ7 and Γ8 conduction

electron bands. Here we consider only the hy-

bridization between the conduction and j =

7/2 electrons. The Hamiltonian is given by

H =
∑
k,µ,τ

εkc
†
kµτckµτ+

∑
k,µ,τ

Vµ(c
†
kµτfbγτ+h.c.)

+ Hloc, (2)

where εk is the dispersion of conduction elec-

tron with wave vector k, ckγτ is an annihila-

tion operator of conduction electrons, and Vµ

denotes the hybridization between f electron

in the µ orbital and conduction electron of the

µ band. Here we set Vα = Vβ = Vγ = V .

In this research, we analyze the model by

employing the NRG method [2]. We introduce

10
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Figure 2: Entropy vs. temperature for n = 10

with x = 0.0 and W = 10−3, corresponding to

the Γ5 triplet ground state.

a cut-off Λ for the logarithmic discretization

of the conduction band. Due to the limitation

of computer resources, we keep M low-energy

states. Here we use Λ = 8 and M = 5, 000.

In the NRG calculation, the temperature T is

defined as T = DΛ−(N−1)/2, where D is half

the conduction band width, which was set as

1 eV, and N is the number of renormalization

steps.

Here we briefly discuss the typical result for

n = 10 [1]. In Fig. 2, we show entropy vs. tem-

perature for the Γ5 triplet ground state. We

observe a residual entropy of log ϕ at low tem-

peratures with the golden ratio ϕ = (1+
√
5)/2,

which is characteristic of the three-channel

Kondo effect. We confirm the residual en-

tropy of log ϕ in the wide region of the local Γ5

triplet ground state. Thus, we conclude that

the three-channel Kondo effect occurs in the

Γ5 triplet ground state of Ho3+ ions.
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Numerical study of topological thermal transport in

Kitaev-related systems
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The Kitaev quantum spin model has been

intensively investigated since the proposal by

A. Kitaev as a canonical model exhibiting

quantum spin liquids. This model is consid-

ered to describe the magnetism of iridium ox-

ides and α-RuCl3 where the strong spin-orbit

coupling and electron correlations are present.

However, these materials show a magnetic or-

der at low temperatures due to magnetic inter-

actions additional to the Kitaev term. As addi-

tional terms, effects of the Heisenberg interac-

tion and off-diagonal symmetric term (Γ term)

have been examined intensively. Moreover, re-

cent experiments in α-RuCl3 clarified that an

applied magnetic field induces nonzero thermal

Hall conductivity, whose sign depends on the

magnetic field direction. However, the field-

angle dependence of the Kitaev-Heisenberg

and Kitaev-Heisenberg-Γ models remains un-

clear in the presence of magnetic orders.

In this project, we systematically examine

the field-angle dependence of magnetic orders

and excitation spectra in these models. To ad-

dress the case with arbitrary spin directions in

a magnetic order, we have newly developed the

calculation technique by extending the conven-

tional spin-wave theory [1, 2]. In this method,

we can implement large-sublattice calculations

straightforwardly. Our spin-wave theory needs

the Cholesky decomposition. We use the LA-

PACK library to perform it. First, we ex-

amine the ground-state spin configuration by

changing the magnetic field direction and ob-

tain the phase diagram. Based on the ob-

tained ground-state magnetic orders, we cal-

culate the energy and Berry curvature of the

magnon bands. Furthermore, we calculate the

temperature dependence of the thermal Hall

conductivity. To compute the thermal Hall co-

efficient, we need to sum up the Berry curva-

ture for the wave-number vector in the Bril-

louin zone. We parallelize the k-summation in

the ISSP supercomputer to perform this pro-

cedure efficiently. The thermal Hall conductiv-

ity is enhanced in magnetically ordered states

with noncoplanar spin configurations. More-

over, we also find that the thermal Hall effect

originating from the topological nature of the

magnon dispersion is absent when the field is

applied along with one of the spin axes in the

Kitaev-Heisenberg model. We also find that

this feature disappears by introducing the off-

diagonal symmetric Γ interaction. In addition,

we clarify that the Γ interaction suppresses the

thermal Hall conductivity because of enhanc-

ing the low-energy magnon gap.
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Searching for meron crystal in itinerant magnets

Satoru Hayami
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Topological spin textures, such as a mag-

netic skyrmion, meron, and hedgehog, have at-

tracted considerable attention, since they give

rise to fascinating physical phenomena, such

as the topological Hall effect. The fundamen-

tal understanding of the stabilization mecha-

nisms for these nontrivial spin textures would

be useful for potential applications to next-

generation electronic and spintronic devices.

In the project with number 2021-Ca-0042, we

have theoretically investigated the possibility

of such topological spin textures based on an

itinerant electron model and its effective spin

model. We have presented the main results

this year below.

(i) Skyrmion crystals in trigonal systems:

We have theoretically investigated a new sta-

bilization mechanism of the skyrmion crystals

in itinerant trigonal systems [1]. By focus-

ing on the anisotropic exchange interaction

that originates from the lack of horizontal mir-

ror symmetry and twofold rotational symme-

try along the threefold axis, we obtained two

types of skyrmion crystals with the skyrmion

number of one and two. We have shown that

two SkXs are transformed with each other

by changing the magnetic field. Our findings

suggest itinerant trigonal systems as a new

skyrmion-hosting system in addition to con-

ventional hexagonal and tetragonal systems.

(ii) Mechanism of skyrmion crystals in Eu-

PtSi: We have theoretically studied the sta-

bilization mechanism of the skyrmion crystals

in the f -electron compound EuPtSi based on

an effective spin model [2]. We found two

important ingredients to induce the skyrmion

crystal: (1) the multiple-q superpositions of

the spirals with low-symmetric ordering vec-

tors and (2) the synergy between spin-charge

and spin-orbit couplings in itinerant magnets.

We have clarified that the model to satisfy two

conditions well describes the skyrmion physics

in EuPtSi by performing unbiased simulated

annealing.

(iii) Meron-antimeron crystal on a triangu-

lar lattice: A meron-antimeron crystal con-

sisting of the periodic array of merons and

antimerons with a half skyrmion number has

attracted growing attention since its observa-

tion in Co8Zn9Mn3 and Gd2PdSi3. Neverthe-

less, its origin has not been fully identified ow-

ing to the lack of a stabilization mechanism

and an appropriate model. To understand

the origin of the meron-antimeron crystals on

the basis of metallic magnets, we theoretically

performed simulated annealing for an effec-

tive spin model derived from the Kondo lat-

tice model on a noncentrosymmetric triangu-

lar lattice [3]. As a result, we showed that sev-

eral types of meron-antimeron crystals are sta-

bilized by the synergy among the biquadratic

interaction, the single-ion anisotropy, and the

Dzyaloshinskii-Moriya interaction. The emer-

gent meron-antimeron crystals are owing to the

nature of itinerant electrons, which have not

been obtained in localized spin models. We

also found other topological spin textures in-

cluding the skyrmion crystal can be realized by

the same effective model at zero fields.

(iv) Charge density waves in multiple-Q spin

states: We elucidated the charge density wave

formation in the presence of the spin density

wave [4]. Based on the perturbation in terms

of the spin-charge coupling, we theoretically
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derived a useful formula for the relationship

between charge density waves and spin den-

sity waves, which can be applied to any type

of magnetic texture and lattice structure. We

have tested the obtained formula for several

single-Q and double-Q magnetic orderings in-

cluding the skyrmion crystal on a square lat-

tice. We have also shown the effects of large

spin-charge coupling beyond the perturbative

regime and the spin-orbit coupling to compre-

hensively understand the charge density wave

formation in itinerant magnets.

(v) Phase shift in skyrmion crystals: We

have theoretically studied the possibility of

controlling the skyrmion crystals by using the

phase degree of freedom among the spin den-

sity waves [5]. We have shown that a phase

shift can occur in the skyrmion crystals to sta-

bilize a new type of vortex crystals with a dif-

ferent pattern of an emergent magnetoelectric

field through local scalar spin chirality, which

gives rise to nonreciprocal transport phenom-

ena without the spin-orbit coupling. Analyz-

ing the Kondo lattice model and its effective

spin model, we found three mechanisms to

cause the phase shift: exchange interactions

between the localized spins, thermal fluctua-

tions, and long-range chirality interactions.

(vi) Skyrmion crystal in centrosymmetric bi-

layer magnets: We proposed a stabilization

mechanism to realize the skyrmion crystal in

centrosymmetric bilayer magnets [6]. By per-

forming the simulated annealing on the bilayer

triangular-lattice spin model, we have shown

that the interplay between the layer-dependent

Dzyaloshinskii-Moriya interaction and inter-

layer exchange interaction gives rise to the

skyrmion crystal even without the frustrated

exchange interaction and multiple-spin inter-

actions. In addition, we have obtained two

triple-Q states with a uniform scalar chirality

while increasing and decreasing the magnetic

field in the skyrmion crystal phase that has not

been obtained in the single-layer system.

(vii) Multiple skyrmion crystals in tetrag-

onal magnets: We theoretically investigated

the possibility of realizing multiple skyrmion

crystals against an external magnetic field in

tetragonal itinerant magnets [7]. By focusing

on multiple peaks at bare susceptibility of itin-

erant electrons, we found that three types of

skyrmion crystals with the skyrmion numbers

of one and two, which are characterized by dif-

ferent superpositions of helices, are stabilized

in the ground state. Moreover, we found that

they are transformed with each other by an

external magnetic field.
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Analysis of string excitations in the optical

conductivity of doped Mott insulators
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The optical conductivity has provided im-

portant information on the nature of the hole-

doped Mott insulators. The most striking

feature is dynamical spectral-weight transfer

upon chemical doping and photodoping ap-

pearing at mid-infrared (MIR) region. The

weights at MIR are sensitive to dimensional-

ity and are found in two dimensions but not in

one dimension. MIR weights are expected to

contain essential information on the dynami-

cal properties of holes in the two-dimensional

Mott insulators. A hole moving in antiferro-

magnetic (AFM) spin background creates mis-

arranged spins with respect to their sublattice

and consequently induces string-type excita-

tion of spins. MIR weights may have a rela-

tion to string structures. However, it is un-

clear how MIR weights actually are related to

string excitations that are the result of a com-

plex process due to spin-charge coupling. If a

hole moves in an AFM state, it leaves traces

of spin mismatches with sublattice magneti-

zation called Sz strings. The Sz strings are

inadequate to describe a hole surrounded by

AFM spins since the hole picks up a nontrivial

U(1) phase when it hops in an AFM spin back-

ground. This phase generates another type of

strings, called phase strings, caused by trans-

verse spin component.

In this project, we demonstrate how

much Sz and phase strings contribute to

MIR weights. We calculate the opti-

cal conductivity of the Hubbard model in

the strong-coupling regime and the t-J

model by using time-dependent Lanczos and

time-dependent density-matrix renormaliza-

tion group (tDMRG) methods. We focus on

doped Mott insulators with a single hole and

consider two-leg ladders up to a 20×2 sites [1]

and square lattice up to 6×6 sites [2] under

open boundary conditions. Turning on and off

the effect of phase strings, we examine how

they contribute to MIR weights. We find that

phase strings play an essential role in MIR

weights. MIR weights are crucially suppressed

for both the Hubbard and t-J models if we re-

move phase strings. Although Sz strings also

contribute to MIR weights, their contribution

is smaller than phase strings. We consider that

this is because Sz strings can be self-healed

via quantum spin flips, while phase strings are

not reparable. Our findings suggest that a mu-

tual Chern-Simons gauge field, which is an el-

ementary force between spin and charge in the

phase-string theory, is significant for obtaining

MIR weights. This indicates that a hole does

not pick up a U(1) phase when moving in AFM

spin background if we remove this gauge field.

As a result, we can characterize a doped hole

surrounded by AFM spins via a spin-polaron

quasiparticle, which has a cosinelike energy

dispersion in the single-particle spectral func-

tion.
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We have synthesized discrete oligomer 

models for doped poly(3,4-

ethylenedioxythiophene) (PEDOT) [1,2]. Doped 

PEDOT is a commonly employed conductive 

polymer in organic electronic devices owing to 

their flexibility, lightness, transparency, and 

concise synthetic routes. However, their 

complicated packing structures based on a non-

uniform molecular weight distribution severely 

limit structural data acquisition, especially 

electronic structural data, requisite for further 

improving the physical properties. 

This study calculated the band structures 

based on the single-crystal structures of charge 

transfer salts of the dimer as the shortest models 

for doped PEDOT [1]. The band calculations 

functional theory (DFT)-based by OpenMX 

software revealed their one-dimensional (1D) 

metallic band structures with a strong 

intracolumnar orbital interaction (calculated 

band width W ≈ 1 eV). This interaction was 

significantly stronger than that observed for 

typical low molecular weight 1D conductors 

(TTF•TCNQ: 4tTTF ≈ 0.2–0.4 eV, 4tTCNQ ≈ 0.5 

eV), revealing the origin of the high conductivity 

of doped PEDOT. Interestingly, the elongation 

of characteristic oligomer length from dimer to 

trimer exhibited decreased W (≈ 0.90 eV), while 

it improved the conductivity with 70% 

activation energy (0.20 eV) of that for dimer. 

These data indicated that extending the 

conjugation lengths of the oligomers markedly 

lowered effective Coulomb repulsion (Ueff), 

thereby decreasing the ratio of Ueff/W and 

improving the conductivity [2]. The details on 

Ueff by theoretical calculations will be discussed 

in near future. 
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Studies of the superconductivity and magnetic states

in the strongly correlated electron systems based on

Hubbard models.
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A spin liquid state, which is a purely

nonmagnetic Mott insulator without sponta-

neously broken spatial or spin symmetry, has

attracted a lot of interest. This state is re-

alized in geometrically frustrated systems like

the charge organic transfer salts κ-(BEDT-

TTF)2X[1] and Cs2CuCl4.[2]

A spin liquid could arise also in the inter-

mediate coupling region of strongly correlated

systems between a semi-metal and ordered

state, because in this case a correlation-driven

insulating gap might open before the system

becomes ordered. This possibility might be re-

alized in the half-filled Hubbard model on the

honeycomb lattice, where a semi-metal is real-

ized at U = 0, and in fact is studied, for exam-

ple, using Quantum Monte Carlo (QMC) sim-

ulations. Meng et al[3] found that a spin liquid

state is realized in the Honeycomb lattice Hub-

bard model. But suqsequent QMC studies[4]

with larger lattice size ruled out this possibil-

ity.

We have studied the magnetic and metal-to-

insulator transitions by variational cluster ap-

proximation using 10-site and 16-site clusters

as a reference system. Parts of numerical cal-

culations were done using the computer facili-

ties of the ISSP. We found that UAF = 2.7 and

UMI = 3.0 for 10-site cluster, and UAF = 2.7

and UMI = 3.2 for 16-site cluster.[5] This result

also rules out the existence of the spin liquid in

this model. Our results agree with recent large

scale Quantum Monte Carlo simulations.[4] To

study larger systems, we need to revise our

program using MPI technique. We are now

improving our programs, even though we en-

counter a lot of difficulties.
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Non-Abelian anyons trapped in vacancies of the

Kitaev model and non-local spin correlations
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We have clarified, using massive parallel

computer simulations, that a non-local spin-

spin correlation exists between specific spa-

tially well-separated sites in the Kitaev spin

liquid with some point vacancies, which re-

veals the realization of Majorana zero modes

(MZMs) strongly trapped in vacanceis.

The Kitaev model [1] is a spin-1/2 model de-

fined with bond-dependent Ising interactions

on the honeycomb lattice and it is exactly solv-

able with the use of an itinerant Majorana

fermion and a Z2 flux defined on each pla-

quette. In a chiral spin liquid phase MZMs

can appear exhibiting a non-local correlation

and Z2 fluxes binding them obey non-Abelian

statistics, in principle. It is expected to exploit

the composite particles for topological quan-

tum computation. It is difficult, however, to

introduce and control the composites in the

ground state of the pure Kitaev model since

they are thermal excitations. To avoid the dif-

ficulty, we focus on point vacancies in the sys-

tem. It is well known that each vacancy binds

Z2 flux in the ground state, or the bound-

flux sector [2], while MZMs strongly trapped

in them are not yet reported.

In this study, we reveal the importance of

localized Majorana fermions caused by vacan-

cies, which have not been properly taken into

account in previous studies. In the Kitaev’s

notation, a spin operator at j-site, Sγ
j (γ =

x, y, z), is represented as Sγ
j = ibγj cj/2, us-

ing an itinerant Majorana fermion operator

cj and a localized Majorana fermion opera-

tor bγj (Fig. 1). The former behaves as a

free Majorana fermion described as a tight-

binding model while the latter forms a Z2 gage

field with the other localized Majorana fermion

from the nearest site on each bond. Then, if a

vacancy exists, the localized Majorana fermion

from the nearest site of the vacancy site loses

the partner and it can couple with itinerant

Majorana fermions, as shown in Fig. 1, when

an external magnetic field is applied. This non-

trivial Majorana hopping term, or b-c hopping

term, contributes to realizing MZMs bound in

Z2 fluxes that should be naturally found in the

bound-flux sector.

Figure 1: Majorana fermions for each spin and

nontrivial Majorana hoppings between bγj and

ck around a vacancy vA, represented as arrows.

The effective Majorana Hamiltonian Heff for

the Kitaev model with vacancies, which are

spatially well-separated, works well to host

MZMs. We assume two vacancies, vA and vB,

for simplicity and the direction of a magnetic

field parallel to the in-plane a-axis. At nonzero
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magnetic fields, a pair of MZMs appears in the

bulk gap and is stable against an increase in

a magnetic field strength unless the bound-

flux ground state is valid. This property is

not confirmed without b-c Majorana hopping

terms: the Majorana gap grows as increasing

the strength whereas pseudo-MZMs [3] disap-

pear rapidly to form the bulk gap. Moreover,

it is discovered that more than 99% of the real-

space amplitudes of MZMs are on the localized

Majorana fermions, which implies that they

are strongly trapped in Z2 fluxes in the ground

state.

To approach a pair of MZMs by a physical

observable using a non-local property, we con-

sider a non-local spin correlation between the

nearest sites of each vacancy, say jA and jB
site. Our interest is written as below at in-

verse temperature β,

⟨Sz
jA
(t)Sz

jB
(0)⟩ ≡

Tr
[
PF Sz

jA
(t)Sz

jB
(0) e−βHeff

]
Tr [PF e−βHeff ]

,

(1)

where PF is a projection operator to

the physical subspace. Especially the

Figure 2: The structure factor of a non-local

spin-spin correlation and the Majorana spec-

trum structure.

Fourier-transformed dynamical structure fac-

tor Ψzz
jAjB

(ω) ≡
∫∞
0 ei(ω+iδ)t⟨Sz

jA
(t)Sz

jB
(0)⟩

clearly reveals the contribution from MZMs

and b-Majorana excitations inside the bulk gap

as shown in Fig. 2. Indeed, the structure fac-

tor in the zero-flux sector differs from the one

in the bound-flux ground state in a point that

the signal comes from b-Majorana excitations

shift to a higher ω region, very close to the

Majorana bulk gap, which implies the absence

of MZMs.

In summary, non-Abelian anyons composed

of MZMs and Z2 fluxes, both of which are

trapped in vacancies, can stably exist in the

ground state of the vacancy-induced Kitaev

model with a magnetic field. They exhibit the

non-local spin-spin correlation in a chiral spin

liquid phase, and this system may become the

new platform for topological quantum compu-

tation.
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Discrete time crystals in solids
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We have studied a discrete time crystal

(DTC) in solid-state materials using Super-

computer System B at the ISSP. This year, a

paper on this project was published [1]. We

will report this project below.

A DTC is an exotic nonequilibrium phase

in periodically driven dissipative quantum sys-

tems that breaks the discrete time translation

symmetry. The DTC had been well studied

and experimentally demonstrated in artificial

quantum systems without dissipation, such as

trapped ions, NV centers in diamond, and

quantum computers. However, it had not been

explored in natural materials, like solids, with

dissipation. Nonetheless, if we create the DTC

in natural materials, it could offer a new pos-

sibility of time crystals in material science.

In this study, we have investigated the DTC

in solid-state materials. To uncover the mech-

anism and properties of the DTC in solids, we

have considered a periodically driven quantum

Ising model with dissipation using the Floquet-

Redfield equation that describes a periodically

driven quantum system subject to dissipation.

The Floquet-Redfield equation is much harder

to solve than the usual Schrödinger equation

because we need to treat a D×D density ma-

trix rather than a D-dimensional wave func-

tion in the Floquet-Redfield equation (D is the

Hilbert space dimension). Therefore, in this

study, we have employed the mean-field theory

and numerically solved the DTC order param-

eter self-consistently.

Performing a massive numerical calculation

with the supercomputer, we have obtained

the phase diagram of the DTC in solids (see

Fig. 1). This phase diagram highlights a non-

trivial behavior that the separate two DTC re-

gions appear. Also, we have shown that this

DTC is robust against any perturbation. We

believe that these results pave the way for a

new research field of time crystals in material

science.

T

!
DTC

Normal

Figure 1: Phase diagram of the DTC in solids.

The horizontal (vertical) axis denotes the tem-

perature of the bath (the period of the Hamil-

tonian).
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Interaction-induced quantum spin Hall state in the

Dirac electron system α-(BEDT-TSeF)2I3
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We have constracted extended-Hubbard

model using first-principles calculations to

deal with spin-orbit and non-local repul-

sive interactions and have shown that an

interaction-induced quantum spin Hall (QSH)

state is stabilized, focusing on the recently-

discovered candidate topological insulator

α-(BEDT-TSeF)2I3 having two-dimensional

charge-neutral Dirac cones.[1, 2, 3, 4] In the ab-

sence of repulsive interactions, a topological in-

sulator characterized by a nonzero spin Chern

number appears by the spin-orbit coupling. By

considering up to next-nearest neighbor repul-

sions at Hartree-Fock level, the intrinsic spin-

orbit gap is found to grow and a QSH state

appears that has both a nonzero spin Chern

number and order parameter as shown in Fig.

1. The loops ϕi shown in Fig. 1 represents

the spin current flowing between BEDT-TSeF

molecules. The spin currents between next-

nearest neighboring molecules also exist, but

they are omitted in Fig. 1 for simplicity. These

spin currents increase at low temperatures be-

low 50 K and widen the gap. Transport coeff-

cients and spin susceptibility have been calcu-

lated and found to be consistent with most of

the experimental findings, including the metal-

to-insulator crossover occurring at ∼ 50 K as

well as the Berry phase change from 0 to pi un-

der hydrostatic pressure. We argue that such a

QSH state does not necessitate a sizeable spin-

orbit interaction to generate a large insulat-

ing gap, which is highly advantageous for the

search of novel topological phases in generic

materials having small spin-orbit coupling.
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Figure 1: Interaction-induced quantum spin

Hall state in α-(BEDT-TSeF)2I3.
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The discovery of superconductivity in

cuprates [1] has brought about the significant

progress in strongly-correlated electron sys-

tems. However, we have not yet reached a

unified understanding of their properties, in-

cluding their material dependence of the super-

conducting transition temperature Tc. Recent

development of theories and experiments sheds

light on the importance of the orbital degree of

freedom in cuprates [2, 3]. To obtain the uni-

fied description of cuprate high-temperature

supercondctors, we study the four-band d-p

model that properly includes the orbital degree

of freedom [4]. We construct the tight-binding

model for La2CuO4 and HgBa2CuO4 systems

based on the first-principles calculation and ex-

amine the effect of Coulomb interactions with

the variational Monte Carlo (VMC) method.

The Gutzwiller-Jastrow type wave function is

used for the VMC trial wave function. The sys-

tem size for the calculation is N=24×24=576

unit cells (and thus 576×4=2304 orbitals in to-

tal), which is large enough to avoid finite size

effects.

The superconducting correlation function

P dd vs hole doping rate x for the La2CuO4

system is shown in Fig. 1. At x = 0, the

system is insulating and the superconductiv-

ity is completely suppressed: P dd = 0. As x

increases, mobile carriers are introduced into

the system and the mobility of the Cooper pair

increases. On the other hand, the strength

of the d-d pairing itself is reduced by dop-

ing because the electron correlation is also re-

duced. The balance between these two fac-

tors results in the dome-shaped behavior of

P dd. The Ud/t1 dependence of P dd can be

also understood with this picture. We con-

sider that Ud/t1 ∼ 8 is a realistic value for the

La2CuO4 system. For the HgBa2CuO4 sys-

tem, while the dome-shaped behavior is ob-

served for Ud/t1 = 7 and 8, P dd monotonically

decreases with x for Ud/t1 = 6. This is be-

cause the system is metallic for Ud/t1 = 6 and

the picture of “doped Mott insulator” is no

longer valid. It results from the smaller ∆dp

in the HgBa2CuO4 system that leads to the

weaker electron correlation compared with the

La2CuO4 system. The difference between two

systems are well described in our four-band d-p

model.

Figure 1: Superconducting correlation func-

tion P dd vs hole doping rate x for the La2CuO4

system.
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1 Introduction

Our computations are mainly based on the
optimized variational Monte Carlo method[1].
We also employ the Gutzwiller-Jastrow wave
function where the doublon-holon correlation
is taken into account. We have investigated
the ground-state phase diagram of the two-
dimensional Hubbard model and the two-
dimensional d-p model. We performed paral-
lel computation in Monte Carlo calculations.
In order to reduce statistical errors, we car-
ried out ∼ 500 parallel calculations. Parallel
computing is very important to reduce Monte
Carlo statistical errors.

The many-body wave function is written in
the form ψ(1) = exp(−λK)PGψ0, where K de-
notes the kinetic energy part (non-interacting
part) of the Hamiltonian and PG = PG(g) is
the Gutzwiller operator to control the dou-
ble occupancy with the variational parameter
g. ψ0 indicates a trial wave function which
is usually taken as the Fermi sea, the BCS
wave function or the state with some magnetic
(or charge) orders. We can improve the wave
function systematically by multiplying by op-
erators PG and e−λK repeatedly. We can con-
sider ψ(2) = exp(−λ′K)PG(g

′)ψ(1) for different
variational parameters λ′ and g′. This wave
function is a very good many-body wave func-
tion because the ground-state energy is low-
ered greatly and the ground-state energy is
lower than those that are evaluated by any
other wave functions. We also employ the
Jastrow-type wave function which is written
as ψJ = PGPQPJψ0 where PJ indicates a
nearest-neighbor number correlation operator
and PQ controls the nearest-ngighbor doublon-
holon correlation.

2 Why does the pairing state

become stable?

We have shown that the superconducting
phase exists in the strongly correlated re-
gion of electronic models[2]. We investi-
gated kinetic-energy effect in superconductiv-
ity in the strongly correlated phase of the two-
dimensional Hubbard model. Let us exam-
ine why the superconducting state becomes
stable in the strongly correlated region. The
Gutzwiller-BCS state is stabilized as a po-
tential energy driven superconductivity be-
cause the Coulomb interaction energy is low-
ered while the kinetic energy increases in this
state. In contrast, we showed that in the ψλ-
BCS wave function ψλ−BCS = e−λKPGψBCS ,
the Coulomb energy increases and instead the
kinetic energy is lowered in the strongly corre-
lated phase where the Coulomb repulsive in-
teraction U is large. The correlated super-
conducting state is realized as a kinetic energy
driven pairing state and this indicates the en-
hancement of superconductivity due to kinetic-
energy effect.
We estimate the kinetic energy in the su-

perconducting state ψλ−BCS [3]. We define the
SC condensation energy ∆Esc as a sum of two
contributions ∆Ekin−sc and ∆EU−sc:

∆Esc = E(∆ = 0)− E(∆ = ∆opt),

∆Ekin−sc = Ekin(∆ = 0)− Ekin(∆ = ∆opt),

∆EU−sc = EU (∆ = 0)− EU (∆ = ∆opt),

where ∆ = ∆sc is the SC order parameter and
∆opt is the optimized value which gives the en-
ergy minimum. We have

∆Esc = ∆Ekin−sc +∆EU−sc. (1)

The kinetic energy in ψλ−BCS is lower than
the kinetic energy in the normal state ψλ. The
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Coulomb energy expectation value increases as
∆sc increases. The results show

∆Ekin−sc > 0, ∆EU−sc < 0, (2)

for ψλ−BCS with U = 18t and the hole density
x = 0.12.

3 Kinetic energy enhance-

ment of superconductivity

We define the difference of the kinetic energy
as

∆Ekin = Ekin(ψG)− Ekin(ψλ), (3)

where Ekin(ψG) and Ekin(ψλ) indicate the ki-
netic energy for ψG and ψλ, respectively. We
can write ∆Ekin = Ekin(λ = 0) − Ekin(λ) for
the optimized value of λ. ∆Ekin has the close
relation with the SC condensation energy ∆Esc

and its kinetic part ∆Ekin−sc.
We show ∆Ekin/N in Fig. 1 for x = 0.12

where x is the hole doping rate. The Coulomb
energy EU/N and the superconducting con-
densation energy ∆Esc/N are also shown in
Fig. 1. ∆Ekin begins to increase after the
Coulomb energy EU reaches the peak when
U ≈ 8t. The y axis on the right shows
∆Ekin−sc/N in Fig. 1. ∆Ekin−sc shows a sim-
ilar behavior to ∆Ekin. ∆Ekin−sc may change
sign as a function of U , which is consistent with
the analysis for Bi2Sr2CaCu2O8+δ[4]. This
shows the kinetic energy enhancement of su-
perconductivity.

4 Summary

We examined the kinetic energy effect in SC
states. The Gutzwiller-BCS state is the po-
tential energy driven SC state, because the SC
condensation energy comes from the Coulomb
interaction energy. This is the same as the
original BCS state where the superconductiv-
ity appears due to the attractive interaction.
We evaluated the kinetic energy in the im-
proved SC state (ψλ−BCS) to find that the ki-
netic energy gain stabilizes SC state while the
expectation value of Coulomb interaction en-
ergy increases. This indicates that supercon-
ductivity is enhanced due to the kinetic energy
effect.
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Figure 1: Kinetic-energy difference ∆Ekin/N
and the kinetic-energy gain ∆Ekin−sc/N in the
superconducting state ψλ−BCS as a function
of U on a 10 × 10 lattice where Ne = 88 and
t′ = 0. The Coulomb energy EU/N for ψλ and
the condensation energy ∆ESC are also shown.
We use the periodic boundary condition in one
direction and antiperiodic one in the other di-
rection. The y axis on the right shows the su-
perconducting condensation energy ∆Esc and
the kinetic condensation energy ∆Ekin−sc/N
for ψλ.
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Antiferromagnets are promising for spin-

tronics applications owing to their robustness

against a perturbative field and to a higher

energy scale compared with that of ferromag-

nets. Recently, a current-induced staggered

torque, called Néel spin-orbit torque (NSOT),

has been recognized as an efficient mechanism

that rotates the Néel vector in antiferromag-

nets. However, since most of the previous

studies considered the electrical switching of

the antiferromagnets, it is not fully understood

whether and how the NSOT is generated by

optical pulses.

We have studied the real-time dynamics in-

duced by a static electric field and a tera-

hertz electric-field pulse [1]. We considered a

minimal tight-binding model of antiferromag-

netic Dirac semimetals, where a nonsymmor-

phic symmetry associated with the direction of

the Néel vector protects the crossing of doubly

degenerated energy bands, i.e., Dirac points.

The time evolution is governed by the Landau–

Lifshitz–Gilbert equation for the localized mo-

ments and the von Neumann equation for the

itinerant electrons. We solved these coupled

equations by using the ISSP supercomputer

system.

Figure 1 shows the real-time dynamics in-

duced by a mono-cycle electric-field pulse. We

found that the Néel vector rotates in a pi-

cosecond timescale, depending on the ampli-

tude and polarization of light, and the Néel-

vector rotation accompanies the change in the

energy gap at the Dirac points. Our analy-

sis revealed that the Néel vector is canted by

optical NSOT and then rotated by a magnetic-

anisotropy torque. We also showed that in this

system a magneto-optical effect can be used to

observe the direction of the Néel vector in real

time.

Figure 1: Time evolution of the Néel vec-

tor n, uniform magnetization m, excited elec-

tron density, and bandgap [1]. A mono-cycle

electric-field pulse F (t) is applied.
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