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Development and application of

quantum many-body solver

Masatoshi IMADA
Physica Division, Department of Engineering and Applied Sciences,
Sophia University, 7-1 Kioi-cho, Chiyoda-ku Tokyo, 102-8554

Accurate description of ground-state wave
functions of fermionic many-body systems and
applications of the method to strongly cor-
related electron systems are the target of
this project. Neural network combined with
the pair-product (Pfaffian) wave function is a
Along this

line, restricted Boltzmann machine has estab-

promising way for this purpose.

lished an accurate way to approximate ground
states of quantum spin systems [1] as well as
itinerant fermion systems [2].

The Boltzmann machine introduces hidden
variables that are described by classical de-
grees of freedom. In this project, we are ex-
ploring the way mapping of interacting lattice
fermions such as the Hubbard model to nonin-
teracting multi-component fermion models in
the ground states, from which we have pro-
posed a quantum machine learning algorithm
called Fermi machine aiming at an efficient
quantum many-body solver [3]. Fermion sys-
tems are introduced as the hidden part coupled
to the physical system, instead of the classi-
cal one such as the Ising spins in the previ-
ous Boltzmann machine. This algorithm has
been inspired by recent success of fractional-
ized fermions to describe experimental results
of the cuprate superconductors [4-9].

In contrast to the conventional variational
Monte Carlo method [10], the present Fermi
machine can easily treat the entanglement with
the hidden fermion degrees of freedom hy-
bridizing with the physical (visible) fermions,
thus allows the formation of the gap structure
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in the spectra without spontaneous symmetry
breaking, generating zeros of the Green’s func-
tions as well as poles, which is characteristic
of the genuine Mott insulator. Exploration of
efficient algorithms for larger systems is under
way.

In the application part, the algorithm
with neural network combined with the pair-
product wave function was recently success-
fully applied to cuprate superconductors and
reproduced the universality and materials de-
pendence [11,12].

The project was financially supported by
MEXT KAKENHI, Transformative Research
Area (Grant No.  JP22H05111 and No.
JP22H05114). and also supported by MEXT
under the grant number JPMXP1020230411.
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Exotic superconductivity in the doped Kitaev spin

liquid

Takahiro MISAWA
Institute for Solid State Physics, University of Tokyo
Kashiwa-no-ha, Kashiwa, Chiba 277-8581

The Kitaev model on the honeycomb lat-
tice is a rare exactly solvable spin model
whose ground state is a quantum spin liquid
(QSL) [1].

interactions dominate in Mott insulators with

It has been proposed that Kitaev

strong spin-orbit coupling, such as a-RuClj
and iridates [2, 3].
rier doping of such a QSL is a promising route

It is expected that car-

to exotic superconductivity (SC). Mean-field
studies of the doped Kitaev model predicted
triplet p-wave and singlet d+id pairing [4, 5, 6],
but controlled results beyond mean-field the-
ory have been scarce. In this project we
studied the hole-doped t-J-type Kitaev model
by the many-variable variational Monte Carlo
(mVMC) method, focusing on the ferromag-
netic (FM) Kitaev interaction.

We consider the Hamiltonian

H=—t) (cjacj,, - H.c.) + ) K, S¢S¢
(ij),0o (i:d)a
on the honeycomb lattice, with isotropic cou-
pling K, = K, = K. = K (FM corre-
sponds to K < 0, and we set K/t = —1)
and hole concentration § = 1 — N./N,. We
use a Gutzwiller-projected pair-product (Pfaf-
fian) wave function with a density-density Jas-
trow factor, optimized by stochastic reconfig-
uration. Double occupancy is completely ex-
cluded by the Gutzwiller projection. In the ac-
tual calculations, we use the open-source soft-
ware mVMC [7].
reproduces the Kitaev-QSL ground state at

This wave function exactly

half filling, giving a controlled starting point
for doping. The calculations were mainly per-

formed on System B (“ohtaka”) of the Super-
computer Center, ISSP.

For the FM Kitaev interaction, we find that
the triplet p-wave pairing correlations show
plateaus at long distances, while singlet cor-
relations remain negligible. The long-range-
averaged p-wave correlation forms a dome as a
function of hole doping. The correlation peaks
around 6 ~ 0.2 and shows essentially no size
dependence for § < 0.2. This signals robust
triplet p-wave superconductivity. For § = 0.2,
a saturated ferromagnetic state appears, where
the magnetization reaches the fully polarized
value (1 —6)/2 and the p-wave correlations are
sharply suppressed. This shows that the mag-
netic background generated by doping controls
the pairing.

In summary, using the mVMC method with
a pair-product wave function that exactly re-
produces the Kitaev QSL at half filling, we
have shown that the hole-doped FM Kitaev
model hosts robust triplet p-wave supercon-
ductivity in a finite doping window, which is
suppressed by full ferromagnetic polarization.
Investigating the effects of additional interac-
tions, such as Heisenberg and off-diagonal I’
terms, is left for future work.
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Strong-coupling superconductivity in bilayer Hubbard model

Yusuke NOMURA
Institute for Materials Research (IMR), Tohoku University,
2-1-1 Katahira, Aoba-ku, Sendai 980-8577

The quest to understand high-transition
(T) (SC)

remains a central issue in condensed matter

temperature superconductivity
physics. In this context, the recent discovery of

high-7. SC in LasNi2O; has generated
significant interest [1].

As a canonical model hosting high-7. SC
and as an effective model for LasNi,O7, we
investigate the bilayer Hubbard model on a
square lattice [2] using state-of-the-art cluster
dynamical mean-field theory. Unlike the d-
wave SC observed in doped Mott insulators
such as cuprates, the bilayer model exhibits s+-
wave SC emerging from a correlated band
insulator, where dynamical band repulsion
drives the insulating behavior [3]. We uncover
kinetic-energy-driven SC in a small doping
region and its crossover to conventional
potential-energy-driven SC. Above 7., we
observe an unusual metallic state with a
striking momentum-space dichotomy in the
kinetic-energy-driven regime: one Fermi pocket

develops a pseudogap while the other becomes

nearly incipient.
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Despite differences in pairing symmetry and
parent insulating states, we identify the strong
momentum-space dichotomy as a remarkable
commonality between the d-wave SC
(antinodal vs. nodal regions) and the s=-wave
SC (electron vs. hole pockets). The dichotomy
in the bilayer system arises from self-energy
differences between bonding and antibonding
orbitals, further linking it to orbital-selective
physics in iron-based superconductors.

Using a novel method for estimating the
coherence length in strongly correlated SC [4],
we reveal that the coherence length of the s+-
wave SC is only a few lattice constants,
corresponding to ~1 nm in LasNi,O7, which
accounts for the exceptionally high critical field
(~100 T) observed experimentally. This
localized pairing may be driven by an effective
pair-hopping term between bonding and
antibonding orbitals, analogous to localized
Cooper pairing in fullerides, in which the
pair-hopping term plays

intramolecular a

crucial role [5].
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Fig. 1: Doping dependence of (a) T, (b) energy
difference between SC and normal states at 7' =
0.04, and (c) the SC order parameter at 7=0.04
for the bilayer Hubbard model. The energy unit
is set by the intralayer hopping. The interlayer
hopping ¢, and Hubbard U are set to #,=2 and

U=8, respectively.
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Multilayer effects on the coexistence of

antiferromagnetism and superconductivity in cuprate

superconductors: a variational Monte Carlo study
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Clarifying the materials dependence of T,
in cuprate superconductors would provide im-
portant clues for the search for materials
Although the super-
conducting transition temperature 7, depends

with even higher 7.

strongly on the number of layers, to date,
many first-principles studies of cuprate super-
conductors have focused on compounds with
one or two layers. In contrast, the highest T,
among cuprates is found in the trilayer com-
pound HgBaysCaysCuzOg (Hgl1223), which ex-
hibits T, ~ 138 K at ambient pressure and even
higher T, ~ 164K under pressure [1,2].

In this study, we examined the possibility
of the coexistence of antiferromagnetism and
superconductivity by searching for the ground
states of multilayer systems. In multilayer
cuprate superconductors, it is often the case
that superconductivity is realized in the outer-
most layers, while superconductivity and anti-
ferromagnetism coexist in the inner layers. We
used the three-layer Hgl223 system as a typ-
ical example and examined its ground state.
We prepared an initial state with the outer lay-
ers being superconducting and the inner layers
exhibiting the coexistence of superconductiv-
ity and antiferromagnetism. We investigated
whether such a solution can be stably obtained
after optimization over a wide range of doping
concentrations.

Effective Hamiltonians for the multilayer
system Hgl223, which exhibits the high-
est T, among cuprates, were obtained by

first-principles calculations at ambient pres-
sure (0 GPa) and under pressure (30 GPa and
60 GPa) [3]. These effective Hamiltonians are
given by

H = Ztijczocj'g
1,7,0
+ Z Uinisn;y + % Z Vijning. (1)
i i#]

Here, for each pressure, the onsite Coulomb re-
pulsion U; takes layer-dependent values, while
the hopping t;; and the further neighbor
Coulomb repulsion V;; for intralayers and in-
terlayers are taken up to long-range values sat-
isfying |r; — rj| < 3v/2. We take the lattice
For this effec-
tive Hamiltonian of Hg1223, we computed the

constant as the length unit.

ground state at an average doping concentra-
tion of approximately 10% using the many-
variable variational Monte Carlo method [4],
which enables large-scale parallel computa-
tion with MPI and OpenMP. Using a varia-
tional wave function constructed from a gen-
eralized pairing wave function supplemented
by Gutzwiller—Jastrow correlation factors and
combined with restricted Boltzmann machine
correlation factors, we examined the d-wave
superconducting state, as well as that coex-
isting with antiferromagnetism, as a candidate
for the ground state.

By controlling the difference in chemical po-
tential between the outer and inner layers so
as to approach the parameter region consis-
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tent with experiment, we found a ground-state
candidate in which superconductivity is real-
ized in both the outer and inner layers, and
another ground-state candidate in which su-
perconductivity is realized in the outer layers,
whereas antiferromagnetic and superconduct-
ing orders coexist in the inner layer. Since the
energies of these two states are highly compet-
ing, we further applied the Lanczos procedure
and performed variance extrapolation to deter-
mine the ground state. As a result, we found a
parameter region in which the ground state is
a superconducting state in the outer layers and
a coexistence of superconductivity and antifer-
romagnetism in the inner layer. The coexis-
tence of antiferromagnetic and superconduct-
ing orders in multilayer cuprates is in agree-
ment with experimental observations [5-7].
These results suggest that the layer-selective
coexistence of antiferromagnetic and supercon-
ducting orders is not merely a competing insta-
bility but can be an essential ingredient of the
There-
fore, the present study provides a microscopic

ground state in multilayer cuprates.

perspective on the strong layer dependence
of T, and highlights the importance of inter-
layer charge imbalance as a key parameter for
enhancing superconductivity. Extending this
analysis to other multilayer cuprates and sys-
tematically examining the pressure- and layer-
number-dependent properties will be an im-
portant step toward establishing a materials-
design principle for realizing even higher T.
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Topological superconductivity in quantum Hall
superconductor hybrids

Koji Kudo

Department of Physics,
Kyushu University, Fukuoka 819-0395, Japan

Creation and manipulation of Abelian and non-
Abelian anyons --- emergent particles that are
neither bosons nor fermions --- is one of the
central goals of modern condensed matter
physics. We have studied hybrid systems of
quantum Hall states and superconductors as a

platform of topological phases hosting anyons.

We discovered a new state, which we call
“repulsive-interaction-induced topological
superconductivity” [1]. This state emerges in a
hybrid system where an interacting electron
system at the Landau level filling factor v=1/2
is proximity-coupled to a type-Il s-wave
superconductor. While the composite Fermi
liquid state is realized in the absence of the
superconducting  proximity  effect, we
demonstrated that a distinct phase appears upon
introducing a finite pairing potential. This state
exhibits

odd fermion parity, suggesting

topological superconductivity. Furthermore,

this state disappears as the repulsive interaction

is turned off, highlighting its many-body nature.

We employed exact diagonalization using the

Lanczos  algorithm, with a  parallel
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implementation across multiple compute nodes.

As another platform for topological

superconductivity, we considered a kagome

magnet  proximity-coupled to  Rashba
superconductor. ~ We  demonstrated  the
emergence of scalar-spin-chirality-induced

topological superconductivity in this system.
We characterized this topological phase by
central

numerically calculating the chiral

charge [2].

We also discussed fractional phases realized in
kagome magnets. The exact diagonalization
study demonstrated the emergence of the
fractional Chern insulating state over a wide

region of parameter space [3].
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Theoretical study of strongly correlated quantum properties
by mathematical information science

Yukitoshi MOTOME

Department of Applied Physics,
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We have conducted theoretical investigations
of a wide range of strongly correlated electron
systems using advanced numerical approaches,
including first-principles calculations, quantum
many-body methods, and machine-learning
techniques (project numbers: 2025-Ca-0095
and 2025-Cb-0008). We have also established
several collaborative efforts with experimental
groups. During the last fiscal year, we achieved

substantial progress in the following areas.

(1) Topological spin textures: By examining the

interactions between magnetic hopfions—
closed rings formed by twisted skyrmion
tubes—we proposed a stable periodic array of

[1].

demonstrated that spin—orbit torque induced by

magnetic hopfions Furthermore, we
a spin current can drive the splitting dynamics
of a hopfion with a higher Hopf number into
multiple hopfions with lower Hopf numbers
[2,3]. In addition, we introduced an efficient
method for hopfion creation by applying an
electric current to magnetic torons, which
consist of a hedgehog—antihedgehog pair
connected by a skyrmion tube [4].

(i)

collaboration with experimental groups, we

Spin-orbital __coupled _ physics: In
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elucidated that antiferromagnetic olivine

compounds exhibit anomalous nonlinear

magnetoelectric effects arising from

electric-field-induced magnetic toroidal

moments [5]. We also worked closely with
experimental collaborators to determine the
high-magnetic-field  phase  diagrams of
Pb(TiO)Cus4(POs)s, a material characterized by
active magnetic quadrupole degrees of freedom

[6].

research leading to the discovery of a p-wave

In addition, we conducted collaborative

magnetic material [7] and to the clarification of
its exotic physical properties [8].

(ii1) Quantum spin liquids: We revealed the

existence of topological Majorana flat bands in
the Kitaev model defined on a periodically
[9].

investigated the competition among different

depleted honeycomb lattice We also
types of quantum-disordered states, including
the interplay between quantum spin liquid,
spin-glass, and quantum paramagnetic phases
in an extended Sachdev—Ye—Kitaev model [10],
as well as the competition between the Kitaev
spin liquid and the Affleck—Kennedy—Lieb—
Tasaki in

valence-bond-solid state

an S=3/2 spin model on the honeycomb lattice
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[11]. In addition, we carried out a series of
studies on higher-spin spin-ice models on the
pyrochlore lattice [12—14]. We also authored a
review paper on a-RuCls, a prime candidate
material for realizing Kitaev spin liquids [15].
Furthermore, we carried out collaborative
research on a heterostructure system, which
represents a promising platform for realizing a
Kitaev spin-liquid state [16].

(i11) Machine learning related: In the context of

quantum reservoir computing, which employs
quantum many-body systems as reservoirs, we
demonstrated that computational performance
is maximized at the edge of chaos between
ordered and chaotic regimes, thereby
establishing a fundamental design principle for
quantum reservoir computing [17]. We also
published two papers proposing a newly
developed framework termed  quantum
reservoir probing, which serves as an inverse
approach to quantum reservoir computing and
enables the extraction of physical information
from complex quantum systems [18,19].
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Multipolar fluctuations in CeRhy;As, studied by
DFT+DMFT method

Junya OTSUKI
Research Institute for Interdisciplinary Science, Okayama University, Okayama 700-8530

CeRhsAss is a heavy-fermion superconduc-
tor that exhibits a nonsuperconducting tran-
sition at Tp ~ 0.5 K above Tgc [1]. Its
temperature-magnetic field (T-H) phase di-
agram is strongly anisotropic, with Ty sup-
pressed for H || ¢ but enhanced for H L ¢. The
order parameter of this phase has remained
controversial between magnetic and quadrupo-
lar scenarios. We apply first-principles ap-
proaches taking strong correlations into ac-
count to address possible order parameters in

CeRhQASQ .

We use density functional theory com-
bined with dynamical mean-field theory
(DFT+DMFT), implemented with the open-
source software DCore [2]. We first derive the
low-energy tight-binding model from fully rel-
ativistic DFT bands, and then incorporate lo-
cal Coulomb correlations on Ce 4f orbitals
within DMFT. We compute the momentum-
dependent multipolar susceptibilities using the
strong-coupling-limit (SCL) expression for the
Bethe-Salpeter equation [3], implemented as
ChiQ [4]. Both DCore and ChiQ have been
developed with support from the Project for
Advancement of Software Usability in Materi-
als Science (PASUMS) [5]. We used the FAT
node of System B to handle a sufficiently large
system size and obtain reliable ¢ dependence
of the susceptibilities.

The calculated momentum-dependent sus-
ceptibilities show that the leading fluctuation
is the magnetic dipole M, at ¢ = (1/2,1/2,0),
corresponding to a two-dimensional checker-

board configuration. The hybridization be-

tween the CEF ground-state and first-excited
doublets further generates sizable magnetic oc-
tupole and electric quadrupole fluctuations.
In particular, the fluctuations of {Qy., Q. }-
type quadrupoles enhance fluctuations of the
magnetic dipole M, under an in-plane mag-
netic field, leading to a T—H phase diagram
consistent with experiments. We thus pro-
posed an antiferromagnetic M, order at q =
(1/2,1/2,0) as the order parameter below Tj

in CeRhaAssy [6].
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Dissipation-induced exotic superfluid phase in

non-Hermitian Hubbard model

Akihisa Koga
Department of Physics, Institute of Science Tokyo
Meguro, Tokyo 152-8551

Open quantum systems have attracted sig-
nificant interest due to their ability to ex-
hibit novel phenomena absent in equilibrium
settings. Recent advances in ultracold atom
experiments have enabled the realization of
dissipative many-body effects. In this con-
text, non-Hermitian (NH) systems provide a
useful framework for describing such open-
system dynamics. A key feature of dissipa-
tion is asymmetric hopping, which leads to the
non-Hermitian skin effect—an extreme sensi-
tivity of eigenstates to boundary conditions.
This mechanism can strongly modify many-
body properties, as demonstrated in inter-
acting systems and dissipation-induced phase

transitions.

In non-Hermitian (NH) systems, excep-
tional points (EPs)—nonequilibrium singular-
ities where eigenvalues and eigenstates coa-
lesce—play a central role and lead to various
anomalous phenomena, including enhanced re-
sponses and unconventional spectral struc-
tures. In many-body settings, EPs are also as-
sociated with nonequilibrium phase transitions
in systems. However, realizing stable many-
body phases hosting EPs remains challeng-
ing. In particular, NH fermionic superfluidity
(NH-SF) exhibits EP-related reentrant phase
transitions, but EPs appear only at phase
boundaries where the superfluid becomes un-
stable [1, 2, 3]. This limitation makes it dif-
ficult to experimentally access EPs within the
superfluid phase. Establishing mechanisms for
stable NH-SF with accessible EPs is therefore

crucial for understanding universal physical re-
sponses near EPs in NH many-body systems.

In this project, we study the NH attractive
Hubbard model and show that spin depairing
stabilizes a novel superfluid phase, termed ex-
ceptional fermionic superfluidity, characterized
by both a finite order parameter and the pres-
ence of exceptional points (EPs). Using NH-
BCS theory, we reveal that the interplay be-
tween EPs and an effective density of states
governs its behavior [4, 5]. This phase exhibits
distinct stability depending on the lattice ge-
ometry and provides a new route to realizing
EPs in NH many-body systems.
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Theoretical study of magnetism in strongly-correlated electron

systems: focus on UTe,

Makoto SHIMIZU
Department of Materials Engineering Science, The University of Osaka
Toyonaka 560-8531, Japan

In strongly correlated systems, the ground
state is sensitive to external parameters such
as pressure and carrier doping, often leading to
multiple competing orders that require a uni-
fied treatment of spin, orbital, and sublattice
degrees of freedom. To address this problem,
we investigate electronic and magnetic struc-
tures using density functional theory (DFT)
and many-body methods.

Magnetic fluctuations of UTes at ambi-
ent and high pressure [1].—UTey is a heavy-
fermion paramagnet and a strong candidate

While a
close relationship between superconductivity

for spin-triplet superconductivity.

and magnetic fluctuations has been implied,
the microscopic mechanism of the magnetic
In this
study, we construct a 72-orbital model us-

fluctuations has not been clarified.

ing DFT and investigate magnetic fluctuations
at ambient and high pressure applying the
random phase approximation (RPA). Large-
scale parallel computations using more than
one hundred nodes enabled calculations for the
huge model. Our results for a 72-orbital effec-
tive model constructed from GGA+U (U =
1eV) show good agreement with experimen-
tally observed magnetic fluctuations and their
pressure evolution.

Magnetic fluctuations induced by quantum
geometry [2].—Magnetic fluctuations in multi-
band materials are often discussed in terms
of Fermi-surface nesting and orbital (matrix-
element) effects. However, their quantitative
roles are not always clearly identified. In
this study, based on a recently proposed for-

0
ke [Enfa]

Figure 1: (a) Crystal structure of UTes. (b,c)
Spectral weights of U-5f states calculated within
GGA+U (U = 1eV). The magenta arrows show
effective nestings corresponding to the antiferrmag-
netic fluctuations with Q || b*.

mal decomposition of the static irreducible
susceptibility into a dispersion (band) term
and a wavefunction-geometry (quantum ge-
ometry) term, we implement this framework
in first-principles-based tight-binding mod-
els. Applying this method to LaFeAsO and
PboCu(P0O4)60, we analyze the contributions
of these terms to magnetic fluctuations. The
results indicate that the geometric term sig-
nificantly affects the leading magnetic corre-
lations: it enhances stripe-type antiferromag-
netic correlations in LaFeAsO, while it sup-
presses antiferromagnetic fluctuations and sta-
bilizes ferromagnetic tendencies in electron-

doped PbgCu(P0O4)g0.

Pressure evolution of magnetic structure
in nodal-line ferrimagnet Mn3SiaTes [3].—
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Mnj3SisTeg is a layered ferrimagnetic semicon-
ductor with competing exchange interactions
and strong magnetic anisotropy. Using DFT
combined with Monte Carlo simulations, we
investigate how external pressure modifies its
electronic structure and magnetic couplings.
The results reveal that pressure tunes the bal-
ance between ferromagnetic and antiferromag-
netic interactions, leading to changes in mag-
netic order, anisotropy, and structural stabil-
ity, thereby providing a microscopic under-
standing of pressure-induced phase transitions.
Using ISSP supercomputing resources, we de-
veloped and employed Monte Carlo codes.
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Theoretical proposal of superconductivity in a hole-doped reduced bilayer
nickelate LagNi;Og : possibility of orbital space bilayer superconductivity

KAZUHIKO KUROKI
Department of Physics, University of University
1-1 Machikaneyama, Toyonaka, Osaka, 560-0043, Japan

The bilayer Hubbard model has been studied as a
model where the superconducting T, can be higher
than that of the d-wave superconducting state in
the single-orbital Hubbard model [1, 2]. Hence,
a realization of the bilayer Hubbard model in ac-
tual materials is a promissing path toward find-
ing new high temperature superconductors. Along
this path, we previously proposed that a double
layer Ruddlesden-Popper compound La3zNisO7 can
be a good candidate for realizing the bilayer Hub-
bard model that satisfies the above-mentioned con-
ditions [3]. Recently, this material LagNioO7 was
found to exhibit high T, superconductivity with a
highest T, of about 80 K under pressure [4].

On the other hand, our previous studies have
shown that the multi-orbital Hubbard model is an-
other example in which superconductivity is en-
hanced in the presence of an incipient band [5-
7]. Although the bilayer Hubbard model involves
only a single orbital with intraorbital interactions,
the two-orbital Hubbard model comprises two or-
bitals per site and incorporates interorbital interac-
tions. Despite these differences, in both models, su-
perconductivity is optimized in the incipient-band
regime [5]. The two models are mathematically
equivalent when U = U’ = J = J’ as shown in
Ref. [8], where onsite interactions U, U’, J, and
J’ are the intraorbital repulsion, interorbital re-
pulsion, Hund’s coupling, and pair hopping, re-
spectively, with 2t, in the bilayer model corre-
sponding to the orbital level offset AF in the two-
orbital model (see the middle of Fig. 1). In reality,
U>U">J~ J and interorbital hybridization is
present; nevertheless, our calculations in the two-
orbital Hubbard model for a new type of cuprate
BaysCuOs34s in Ref. [5] indicate that the correspon-
dence between the bilayer and two-orbital models
persists to some extent, and that superconductiv-
ity is enhanced with increasing AFE. Furthermore,
we have found that the correspondence between
the two models persists not only in the two-orbital
model but also in the five-orbital model [6, 7).
Our calculations have shown that, even in the five-
orbital system, superconductivity is enhanced by
increasing the level offset AE between one orbital
and the remaining four orbitals, and is optimized
in the incipient-band regime.

Based on the correspondence between the bi-

layer and multi-orbital Hubbard models, we refer to
the former as the real-space bilayer model (RSBM)
and the latter as the orbital-space bilayer model
(OSBM). 2¢; in the RSBM corresponds to AE in
the OSBM.

Recently, in Ref.[9], we have investigated the pos-
sibility of superconductivity based on OSBM in a
reduced bilayer nickelate LagNisOg. We consider
two types of structures, T" and T”, and performed
band-structure calculations using three methods:
GGA, GGA+U, and QSGW. We have shown that
a large orbital level offset AFE exists between the
dg2_,2 orbital and the other Ni-d orbitals.

By analyzing superconductivity within FLEX
calculations, we have found that s+-wave super-
conductivity can be enhanced by hole doping due
to interorbital interactions in both the 7T and
T’ structures. This enhancement originates from
the OSBM mechanism, where the Fermi level ap-
proaches the lower bands and the incipient-band
situation is realized. Furthermore, we demon-
strate that superconductivity is not significantly
enhanced by the interorbital interaction between
the dy2_,> and ds,>_,» orbitals alone; rather, it is
enhanced by the interorbital interactions involving
all four orbitals in the lower bands.

We have also shown that the energy difference
between the T and T” structures varies under exter-
nal hydrostatic pressure or internal pressure effects
arising from differences in ionic radii, resulting in
a shift of the stable structure. In addition, stable
phonon dispersions are obtained under pressure in
both the T and T" structures as shown in Fig.2.
Considering that the insulating behavior at ambi-
ent pressure disappears under pressure, we consider
the possibility of suppressing the insulating prop-
erty and realizing OSBM-like superconductivity by
applying pressure and hole doping.
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FIG. 1. Schematics of the Real-Space Bilayer Model (RSBM) and the Orbital-Space Bilayer Model (OSBM). The
interlayer hopping ¢, in the RSBM gives rise to bonding and antibonding bands with an energy separation of
2t 1. In the OSBM, orbital-level offsets AFE between multiple orbitals play an analogous role. In both models,
superconductivity is optimized in the incipient-band regime, where one band intersects the Fermi level while the
other touches or lies slightly away from it. The correspondence between RSBM and OSBM has been examined
also in multi-orbital systems, such as the five-orbital model.

nondope Sr-dope (z=0.33)
(a) 0 GPa (c) 15 GPa (e) 0 GPa (g) 15 GPa
< 24 24 1 241 1 241
E &:/_ _t_/— _t___/_
i 16 1 16— |4 16—+ 116
Q —
G . 8 E 8 8
= =
g2 0PI FT Y 0fF—F-T of=H-FN of=—H-F=
X N T r X N T r X N T
(b) (f) (h)
< 24 24 ] 24
= i i
— 16 T 16 & 2 16 i
T % S = i
S 8 - 8 = 3
g
&0 — 1N &= ——% 0E—f—F=

XX N I' I X N I I Xp N T

FIG. 2. The phonon dispersions of (a)—(d) non-doped LasNizOg and (e)—-(h) Sr-doped (Lai_;Sr;)3sNizOg (z =
0.33) for both the T and T” structures under pressures of P =0 and 15 GPa.
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Control of transverse and longitudinal spin

fluctuations in intermediately correlated systems

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

Spin fluctuations underpin emergent quan-
tum phenomena from unconventional super-
Their
transverse (TSF, orientational) and longi-

conductivity to quantum spin liquids.

tudinal (LSF, amplitude) components are
conventionally treated as independent, but
whether they are correlated in real materials—
particularly in the intermediately correlated
regime bridging Slater and Mott limits—
We ad-
dressed this both experimentally and theo-

had remained an open question.

retically, using bilayer iridate superlattices
[(SrIrOg3)2/(Sr1—»Ca, TiO3)1]20 as a tunable
Jeg = 1/2 platform [1].

The theoretical core is a magnetic phase di-
agram computed as a function of in-plane and
out-of-plane octahedral rotations. Contrary to
the long-held view that bilayer iridates host
a robust c-axis Ising anisotropy, the calcula-
tion shows that a sufficiently strong out-of-
plane rotation drives a ¢ to a-axis antifer-
romagnetic transition. A symmetry analysis
identifies the emergent in-phase rotation about
the a-axis as the responsible order parameter:
the rotated mirror plane (normal to a) pins
the easy axis along a, in close analogy to—
yet rotated 45° from—the single-layer iridate
case. This furnishes a microscopic, symmetry-
based link between octahedral distortion and
Néel-vector reorientation. Experimentally, Ca
substitution in the spacer continuously tunes
the in-phase rotation, realizing the predicted
anisotropy competition; TSF is consequently
maximized near x ~ 0.5.

A second theoretical thread interprets mag-

netotransport at Ty within the intermedi-
ately correlated framework, where local mo-
ments arise from particle-hole pair formation.
LSF then corresponds to thermally excited
particle-hole pairs, suppressed by an exter-
nal field and producing the linear, positive in-
plane magnetoresistance (MR) observed in all
samples. The strength of this signal tracks
the effective correlation, which varies non-
monotonically with x and is minimized at x ~
0.25—mprecisely opposite to TSF. TSF instead
drives field-suppressed carrier scattering with a
negative, parabolic MR; this hallmark emerges
only out-of-plane near z = (0.25.

To analyze this material theoretically, we
performed large-scale semiclassical calcula-
tions of the bilayer iridate system for various
octahedral rotation parameters on ISSP Sys-
tem B in the class C project (2025-Ca-0113)
using MPI parallelization on up to 10 nodes si-
multaneously. Our work establishes that TSF
and LSF are tied through the effective elec-
tronic correlation and modulate in approxi-
mately opposite ways across the phase dia-
gram. More broadly, it shows that artificial
crystalline engineering can independently tar-
get distinct components of the spin-fluctuation
spectrum, opening a controllable route to de-
signing complex magnetic states and probing
the spin dynamics relevant to unconventional
superconductivity.
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Photoinduced Nonequilibrium Dynamics in the
Charge-Ordered Phase of Doped Mott Insulators

Takami TOHYAMA

Department of Applied Physics, Tokyo University of Science, Katsushika, Tokyo 125-8585

The dynamics of holes doped into a Mott in-
sulator induce both Drude and finite-frequency
absorptions within the Mott gap in the op-
tical conductivity. In cuprate superconduc-
tors, a broad mid-infrared (mid-IR) absorption
around 0.5 eV has been observed. The origin of
this mid-IR absorption is generally attributed
to a mixture of charge, lattice, and magnetic
excitations. Similar broad mid-IR features also

appear in two-leg ladder cuprates.

Recent advances in laser technology have en-
abled ultrashort pump pulses to be tuned to
the Drude and mid-IR, absorption regions. In-
deed, mid-IR pulses have already been applied
to cuprate superconductors. In the doped two-
leg ladder Mott insulator Sri4_,Ca,Cuo4Oy41,
which exhibits a tendency toward charge or-
dering, photo-pumping and pump—probe spec-
troscopy have been investigated. However, the
pump energies used so far lie near the edge of
the Mott gap. Thus, it remains an open ques-
tion how pump pulses tuned directly to the
Drude and mid-IR absorptions influence the
low-energy charge dynamics in strongly cor-
related metals with charge order. In partic-
ular, theoretical predictions regarding the dif-
ferences between Drude pumping and mid-IR
pumping will be valuable for guiding future ex-
perimental studies in these systems.

To address this issue, we investigate the ef-
fects of photo-pumping on doped Mott insu-
lators using few-cycle laser pulses with ener-
gies corresponding to the Drude and mid-IR
absorption regions, and predict how the opti-
cal conductivity is modified by the pump [2].

As representative models of strongly correlated
metals with a tendency toward charge order
(such as charge stripes), we employ a two-
leg Hubbard ladder and a four-leg t-J ladder.
The optical conductivity after pumping is com-
puted using the time-dependent density matrix
renormalization group (tDMRG) implemented
with Legendre polynomials [1]. We use two
target states at times ¢t and t + 0t to construct
a basis capable of representing wavefunctions
This
two-target tDMRG procedure enables accurate

in the time-dependent Hilbert space.

evaluation of time-dependent observables even
when the Hamiltonian varies rapidly in time.

We find that a monocycle electric-field pulse
tuned to the Drude absorption reduces the
Drude weight and slightly enhances the mid-
IR spectral weight, although this enhancement
diminishes as the pulse intensity increases. In
contrast, pumping at the mid-IR absorption
leaves the mid-IR weight unchanged and only
reduces the Drude weight. This behavior arises
because the mid-IR absorption originates from
magnetic excitations rather than charge order.
These predictions can be tested experimentally
by applying ultrashort low-energy pump pulses
to cuprate materials.
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First-principles and machine-learning study of

pressure-dependent structures and electronic states

in organic molecular conductors

Kazuyoshi YOSHIMI
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Organic molecular conductors are a useful
platform for studying pressure-tuned strongly
correlated electron systems: charge order,
Mott insulating states, Dirac electronic states,
and unconventional superconductivity can be
controlled by modest changes in lattice geom-
etry. At the same time, their soft van der
Waals packing makes first-principles structure
prediction demanding, since small errors in
the relaxed structure propagate into the band-
width, Fermi surface, and effective Coulomb
interactions. In project 2025-Ca-0011 we used
the ISSP supercomputer to address three re-
lated topics: (i) the pressure-induced Mott-
insulator-to-superconductor crossover in ['-
(BEDT-TTF)2ICly, (ii) the identification of an
ambient-pressure organic Dirac electron sys-
tem, and (iii) a systematic benchmark of dis-
persion corrections and machine-learning po-
tentials (MLPs) for pressure-dependent molec-
ular crystal structures.

Pressure-induced Fermi-surface change
in [-(BEDT-TTF),ICL. B'-(BEDT-
TTF)2ICly shows the highest reported su-
perconducting transition temperature among
molecular organic superconductors, T, =
14.2 K at 8.2 GPa.
induced electronic evolution, we combined syn-

To clarify its pressure-

chrotron X-ray crystallography with plane-
wave DFT structure relaxation in Quantum
ESPRESSOI6] up to 11 GPa, with the system-
atic parameter sweeps managed by the bulk-

job utility Moller[7], as reported in Ref. [1].
Low-energy effective models were then derived
by cRPA using RESPACK][3], and their elec-
tronic instabilities analysed with the mean-
field/RPA solver H-wave[4].
induced structural deformation reorganises the

The pressure-

Fermi surface in a Lifshitz-type manner, ac-
companying the crossover from a Mott insulat-
ing state to the metallic and superconducting
regime[l]. A comparison between dispersion-
uncorrected DFT and the experimental struc-
tures also revealed a small but systematic
change in the BEDT-TTF dimer geometry,
which motivated the broader benchmark of dis-

persion treatments below.

Ambient-pressure Dirac electrons in a-
(BETS)QAUC]Q
analogue of high-pressure «-(ET)2I3, we
identified a-(BETS)2AuCly as a quasi-three-
dimensional massive Dirac semimetal at ambi-

As a chemical-pressure

ent pressure[2]. Transport measurements show
a large positive in-plane magnetoresistance
and an anomalous negative interlayer magne-
toresistance. First-principles calculations in-
cluding spin—orbit coupling, performed on the
ISSP system, reproduce the band crossing and
residual Fermi pocket and clarify that the Au—
Cl anion layer plays an essential role in stabil-
ising the quasi-3D Dirac dispersion. This es-
tablishes a-(BETS)2AuCl; as a clean ambient-
pressure platform for spectroscopic and trans-
port studies of organic Dirac fermions.
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Benchmarking dispersion corrections
and MLPs for pressure-dependent struc-
tures. The structural sensitivity found
in f'-(BEDT-TTF),ICly; prompted a system-
atic benchmark of structure-relaxation pro-
tocols for soft molecular crystals. We com-
pared foundation-model MLPs (ORB, MACE,
CHGNet, MatterSim, SevenNet) combined
with several dispersion treatments (DFT-
D3(BJ) with different damping functions
and DFT-D4),
pressure-dependent crystal structures of three
charge-transfer salts: ['-(BEDT-TTF)ICly,
(TMTTF)9PFg, and (TMTTF)2SbFg, with
more than ten pressure points each up to
10 GPa.
obtained by fitting the relaxed volumes to
The

trends so far indicate that the dispersion-

against the experimental

~

The equation of state was
a third-order Birch—Murnaghan form.

correction protocol, in particular the damp-
ing function, affects the predicted equation of
state as strongly as, or more strongly than,
the MLP architecture, and that the 2D-dimer
compound £'-(BEDT-TTF),ICly is systemati-
cally softer than experiment for every protocol
tested, in contrast to the 1D-stack TMTTF
salts. To disentangle MLP-intrinsic errors
from those inherited from the underlying DF'T
functional, reference plane-wave DF'T calcula-
tions (PBEsol+D3 and PBE without disper-
sion correction) are now in progress on the
ISSP system.

Outlook.
initio survey of the quasi-one-dimensional
(TMTTF)2X family[5], we will convert the
relaxed structures into Wannier-based tight-

Building on our recent ab

binding models and cRPA effective interac-
tions, and quantify how structural uncer-
tainty from the dispersion treatment propa-
gates into transfer integrals, the Mott U/W
ratio, and the resulting phase diagrams of
B'-(BEDT-TTF)5ICly, (TMTTF)2X, and «-
(BETS)2AuCly. The resulting dataset will also
serve as a reference for evaluating the next gen-

eration of pressure-aware MLPs for soft molec-

ular crystals.
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Nonequilibrium phenomena in strongly correlated systems
Robert Peters and Tsuneya Yoshida

Kyoto University, Kyoto 606-8501

We have studied nonequilibrium and nonlinear
response phenomena in strongly correlated
systems using large-scale numerical simulations
on the ISSP supercomputer system. In particular,
we focused on correlation effects in
altermagnetic systems and on the stability of
topological phases under generic perturbations.

First, we  investigated the nonlinear
magnetoelectric effect (NMEE) in a correlated
altermagnetic system within a self-consistent
dynamical mean-field theory (DMFT)
framework. The lattice model was mapped onto
an effective quantum impurity problem, which
was solved using the numerical renormalization
group, allowing us to access real-frequency
spectral functions and response functions with
high resolution. Based on the interacting Green’s
functions, we computed the optical conductivity
and the frequency-dependent nonlinear
magnetoelectric response over a wide range of
interaction strengths and temperatures. The
calculations reveal that the NMEE is directly
controlled by the spin-resolved spectral structure
of the correlated system. In particular, the low-
frequency response is dominated by electronic
states near the Fermi energy, indicating a Fermi-
surface origin of the nonlinear response.
Furthermore, we find a strong enhancement of

the response in the vicinity of an interaction-
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driven phase transition [see Fig. 1], where
coherent quasiparticles and enhanced spin
contrast lead to a large nonlinear signal, while
thermal fluctuations suppress the response due
to

increased scattering and reduced spin

polarization. These results were obtained

through self-consistent DMFT calculations and
systematic parameter scans in interaction
strength, temperature, and frequency, which
required substantial computational resources on
the ISSP system. The results are currently under
preparation for publication.

In we variational

parallel, performed

simulations of a quantum spin model using
(NQS).
Specifically, we studied the toric code subject to

neural-network  quantum  states

an isotropic antiferromagnetic Heisenberg

perturbation and analyzed the resulting
breakdown of topological order. The ground
state was obtained using variational Monte Carlo
with a symmetry-adapted neural-network ansatz,
allowing us to access system sizes beyond exact
diagonalization. We identified the quantum
phase transition by analyzing the fidelity
susceptibility, non-contractible Wilson loop
operators, and topological entanglement entropy.
In the weak-coupling regime, the numerical
results are in excellent agreement with an

effective low-energy description derived from a
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Schrieffer—Wolff transformation, while at
intermediate coupling the topological phase is
destroyed and replaced by a magnetically
ordered state. These simulations were partially
carried out on GPU resources of the ISSP system,
enabling efficient optimization of the neural-
network wave function.

Overall, the combination of DMFT and neural-
approaches  provides

network-based a

complementary framework to investigate

correlation-driven phenomena in quantum
many-body systems, ranging from nonlinear

response in itinerant systems to the stability of

topological phases in spin models.
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Numerical calculations of gapped spin orders in low
dimensional systems

Yasuhiro Tada
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Hiroshima University, Higashihiroshima, Hiroshima 739-8530

We have studied gapped spin orders in low
dimensional quantum systems. The first system
is a quantum spin system on a square lattice [1].
In this system, there are two Kkinds of
interactions, the conventional XY interaction
and the chirality interaction. We use infinite
density matrix renormalization group and
consider infinite cylinder geometry. In this
setup, the ground state is a gapless Tomonaga-
Luttinger liquid for a range of the chiral
interaction, while it is a gapped chiral spin
liquid when the chiral interaction is large. We
demonstrate that both of the gaplessness and
the gappedness can be well detected by the
polarization amplitude |z?|. Indeed, we find
that |z2| ~ L% — 0 in the gapless phase in the
thermodynamic limit, where « is an exponent
which depends on the model parameter. On the
other hand, |z2| ~ e~¢/L in the gapped state,
where c is a positive constant. This is the first
numerical demonstration that the polarization
amplitude works for the two dimensional
gapped order realized in quasi-one dimensional
geometry.

The second system is the S=3/2 Kondo-
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Heisenberg chain [2]. At half-filling, the system

is a Kondo insulator where there exist

unscreened spins realizing the topological
Haldane state. It was previously argued that,
away from half-filling, there is a spin gapped
system where the pair-density-wave correlation
is enhanced. We show that the pair-density-
wave order is indeed the dominant order among
several candidate orders. Interestingly, the pair-
density-wave correlation shows anomalous
behaviors around the edges of the system in
sharp contrast to the standard S=1/2 system.
Therefore, the charge sector may be regarded as
a topological state in this specific sense. On the
other hand, the spin correlation exhibits no
signature of an edge mode, which implies that

the spin sector is not a topological state.
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Microscopic Simulations of Electron-Phonon Dynamics
in Mott Insulators
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We have developed a computational

framework for simulating the nonequilibrium
dynamics of strongly correlated Mott insulators,
overcoming key limitations of conventional
approaches in treating many-body interactions
and energy dissipation on equal footing [1].

The method combines concepts from
quantum field theory with condensed matter to
provide a microscopic description of local
electronic degrees of freedom and their
coupling to lattice vibrations (phonons) and an
external thermal bath.

It enables simulations of energy flow from
correlated electrons to phonons and ultimately
to the environment, thereby capturing
dissipation and relaxation processes within a
microscopic  framework, in contrast to
approaches such as Landau-Lifshitz—Gilbert
(LLG) dynamics, where dissipation is
introduced phenomenologically.

Numerically, the approach requires solving

large sets of coupled stochastic differential
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equations for electronic and phononic degrees
of freedom across extended lattices and long
time  scales. These  simulations are
computationally demanding and were carried
out using high-performance  computing
resources.

As a proof of concept, we performed large-
scale simulations of a two-orbital spin chain,
demonstrating nontrivial hybridization between
spin and phonon excitations in the dynamical
spectra. The results highlight how electron—
phonon coupling qualitatively = modifies
collective modes and energy transport in

strongly correlated systems.
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Vison control driven by lattice deformation in Kitaev

quantum spin liquids

Joji NASU
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Quantum spin liquids (QSLs) host emer-
gent fractionalized excitations and gauge de-
grees of freedom, providing a unique platform
for studying nontrivial quantum phenomena.
The Kitaev model is a paradigmatic example
of such a system, in which spins are fraction-
alized into itinerant Majorana fermions and
localized Zy gauge fluxes (visons) [1]. Al
though the model is exactly solvable and ex-
hibits rich physics, its highly symmetric struc-
ture imposes a fundamental limitation: in the
isotropic Kitaev limit, the system lacks an in-
trinsic directional bias and therefore does not
allow controlled manipulation of vison posi-
tions along a specific spatial direction.

To establish a mechanism for directional
control of visons within the framework of the
Kitaev model, we investigate the effects of in-
teraction anisotropy and triaxial lattice strain.
In the present study, we calculate the time evo-
lution of the Kitaev QSL in the presence of an
excited vison using time-dependent mean-field
theory [2, 3]. In the calculations, we use a par-
allel computing via the intel Math Kernel Li-
brary to handle the large system sizes required
for accurate simulations of vison dynamics.

the role of interaction

we first perform a quantita-

To elucidate
anisotropy,
tive analysis of vison dynamics under a locally
applied magnetic field. Our results demon-
strate that increasing the interaction strength
along the bond direction corresponding to the
desired control direction significantly enhances
vison mobility. In particular, a relatively weak

magnetic field becomes sufficient to induce
the motion of an excited vison when the
interaction anisotropy is sufficiently strong.
This clearly indicates that vison displacement
is strongly governed by the magnitude of
the bond-dependent interaction along the
direction of motion.

Next, we investigate whether directional
control can be achieved solely through lattice
deformation, without relying on spatially in-
homogeneous magnetic fields. Using triaxial
strain introduced in the theoretical model, we
perform numerical simulations in which the
strain magnitude and orientation are system-
atically varied. We find that when strain is
applied in a direction that breaks translational
symmetry along the intended propagation di-
rection, the vison exhibits finite displacement
even under a spatially uniform magnetic field.
This demonstrates that symmetry breaking in-
duced by strain plays a crucial role in enabling
controlled vison dynamics.
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altermagnets using DFT+DMFT method
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We carried out a computational study of
resonant inelastic x-ray scattering (RIXS) in
candidate  altermagnetic = materials  using
DFT+DMFT (density functional theory plus
dynamical mean-field theory). Altermagnets
have recently revitalized interest in collinear
antiferromagnets owing to their unique
electronic structure, which breaks time-reversal
symmetry despite exhibiting compensated
magnetic moments. However, experimentally
established altermagnetic materials remain
limited, and new experimental techniques
capable of detecting the associated symmetry
breaking are desirable.

In this project, we explore RIXS as a probe
to characterize altermagnetism and to gain
insight into two-particle excitations as well as
domain structures. At the transition-metal L-
edge, RIXS involves the resonant excitation of
a 2p core electron into 3d valence states,
followed by de-excitation, and is described as a
coherent second-order process within the
Kramers—Heisenberg formalism. We simulated
candidate materials (MnTe and Fe>Mo3Os)
using our in-house DFT+DMFT and atomic
multiplet codes [1]. This is supported by large-

scale parallel computations at ISSP, enabling a
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systematic scan of the incident x-ray energy,
which serves as a tuning parameter in the RIXS
experiments.

For MnTe, we have shown that altermagnetic
domains can be probed by analyzing circular
dichroism (CD) in RIXS [2], as demonstrated
by between recent

direct comparison

experimental data and our DFT+DMFT

calculations. Fe;:Mo3Og is unique among

candidate materials in that it hosts two

fundamental altermagnetic units, namely
octahedral and tetrahedral Fe sites, within its
crystal structure. To resolve the altermagnetic
symmetry breaking on each unit, our numerical
calculations predict distinct CD features at
specific energy ranges in the RIXS spectra that
can be uniquely attributed to each site. The
simulated results are consistent with recent
experimental observations for this compound
[3].
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Correlated Materials
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Altermagnets have recently emerged as a
new class of collinear magnets that host time-
reversal-symmetry—broken electronic structures
while  retaining

compensated  magnetic

moments, similar to conventional
antiferromagnets in the non-relativistic limit.
However, experimentally  well-established
altermagnetic materials remain limited, mainly
because the available probes to identify the
symmetry breaking associated with
altermagnetism are still scarce.

We conducted computational simulations of
circular dichroism (CD) in resonant inelastic X-
ray scattering (RIXS) for several candidate
altermagnets (MnTe, CrSb, and NiF2) using our
in-house DFT+DMFT (density functional
theory plus dynamical mean-field theory) and
atomic multiplet codes, together with large-
scale parallel computing resources provided by
ISSP. RIXS is a complex, coherent second-
order optical process, involving core-electron
excitation into the valence d shell followed by
de-excitation, and is described by the Kramers—

Heisenberg formalism. We utilized the ISSP
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facility to efficiently map out the incoming X-

ray energies, which serve as a tunable
parameter and can be naturally parallelized [1].

We have confirmed strong CD signals in
several candidate altermagnets. Notably, these
signals appear even in cases where X-ray
magnetic circular dichroism (XMCD) is
forbidden by symmetry, indicating that RIXS-
CD can be used more broadly to probe
altermagnetism. have

established

Furthermore, we

selection rules for RIXS-CD,

supported by these numerical calculations [2].
In addition, we investigated the electronic

structures of UTe, [3] using the DFT+DMEFT

method.
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Quantum many-body wave function in strongly

correlated electrons
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1 On numerical calcualtions

The formulation of many-body wave func-
tions is significantly important in the study of
strongly correlated electron systems.
numerical approach, we proposed an optimized
many-body wave function to take account of
strong correlation between electrons. The ex-
pectation values are evaluated by using the
Metropolis Monte Carlo procedure. We car-
ried out parallel computations in Monte Carlo
calculations. In order to reduce statistical er-
rors, we performed ~ 500 parallel calculations
since parallel computing is very essential to re-
duce Monte Carlo statistical errors. The par-
allelization rate of our programs is over 99%.

In our

2 Introduction

The many-body wave function can be written
as

)= e—ATKe—ATV . e_ATKe_ATVQ/)(), (1)

where K and V are kinetic and interaction part
of the Hamiltonian, respectively, and g is an
initial one-body wave function. We generalize
this wave function in the form

MK gmanV L em MK gmarVy, ()

Yy =e
where A\j and o (j = 1,---, M) are parame-
ters. 1ps will approach the ground state when
M is large enough.

We consider the two-dimensional Hubbard
model with the on-site repulsive interaction
V = UY,;npniy. Pola) = e~ is identi-
fied as the Gutzwiller operator that controls
the double occupancy with the variational pa-
rameter g = e “U[1]. Let us examine the fol-
lowing wave functions. 1) = e = Paiby
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is the well known Gutzwiller wave function.
Y@ = exp(—M\ K)Pgi)g is for M = 1, where
1o indicates an initial 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 also consider ) = Pg(gz)®
and 4 = exp(—XoK)Pg(g2)v® for differ-
ent variational parameters A and go. The
wave function ) is a very good many-body
wave function because the ground-state energy
is lowered greatly and the ground-state energy
is lower than those that are evaluated by us-
ing any other wave functions. We can further
proceed to employ ¥ with larger .

3 Pair correlation function
and the Gutzwiller effect

We have carried out variational Monte Carlo
simulations to examine the ground state of the
two-dimensional Hubbard model on a square
lattice. We here examine the effect of strong
correlation on superconductivity. The BCS
wave function ¥pcog(As) with the gap func-
tion Ay clearly shows the long-range correla-
tion. In Fig. 1, we show the d-wave super-
conducting (SC) correlation function Dg.(¢) =
(AT(i)A(i+£)) as a function of lattice sites for
N, =128, U = 18 and ¢ = 0 on a 12 x 12
lattice[6]. Here the pair annihilation operator
A(i) at the site i is given by

Ai) = Az (i) + Ao (i) = (Ay () + Ay (7)), (3)
where Ay = ¢\ Ciyat — CitCival for @ = x and

y. & indicates the unit vector in the a-th di-
rection. The pair correlation function Dg.(¥)



Activity Report 2025 / Supercomputer Center, Institute for Solid State Physics, The University of Tokyo

shows that the long-range order of supercon-
ductivity indeed exists in the ground state.

The correlation function Dy.(¢) is, however,
reduced by the Gutzwiller operator as shown
in Fig. 1 where the Gutzwiller projection op-
erator suppresses the pair correlation consid-
erably. In Fig. 2 we show the expectation
value of the superconducting order parame-
ter as a function of the Gutzwiller parameter
1 — g. The strong electron correlation induces
the anisotropic pairing and at the same time
the pair correlation function is suppressed by
the Gutzwiller effect caused by Pg. In particu-
lar, when g is small, the Gutzwiller effect makes
the pair correlation function very small. Thus
the effect of the Gutzwiller operator might be
described as a double-edged sword for super-
conductivity.
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Figure 1: The pair correlation function Dg.(¢)
as a function of the lattice site £ on a 12 x 12
lattice with U = 18¢, ' = 0 and N, = 128
for ¢ = ¢, The lattice sites £ are /=(1,1),
(12), (13), (14), (15), (L6), (2.6), (3.6),
(4,6), (5,6) and (6,6) and the site 7 is chosen
as i = (1,1). We show Dg.(¢) for ¢, with
the SC order parameter Ag = 0.05. The figure
also includes Dy (¢) for U = 0 (red circles) and
that for the non-interacting BCS wave function
with Ag = 0.05. We also show the result for
1\ with an additional variational parameters
Aps which is the gap parameter introduced in
the kinetic term K.

As a summary, we examined the ground
state of the two-dimensional Hubbard model
by using the optimized many-body wave func-
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0.05

1-g

Figure 2: The expectation value of SC or-
der parameter A = Ay as a function of
the Gutzwiller parameter 1 — g for the BCS-
Gutzwiller wave function Pgy¥pcg on 10 x 10
and 16 x 16 lattices, with U = 18t, ' = 0 and
N, = 128. We set N, = 88 on 10 x 10 and
N, =128 on 16 x 16 lattice.

tion ¥ps. We will proceed further for larger M
values.
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Computing nonlinear response functions via time evolution

Atsushi Ono
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In recent years, there has been growing interest
in nonlinear responses in condensed matter sys-
tems, and calculating nonlinear response functions
is essential for understanding them. Although real-
time evolution calculations incorporate response
contributions of all orders, a general theory for re-
constructing response functions of a specific order
from such calculations had not been established.

In Ref. [1], we proposed a general framework for
computing nonlinear response functions through
real-time simulations. In general, the nth-order
frequency response function of a physical quantity
Q to an external field f is defined by the functional
derivative

)E(n)(wl’ cee ,wn)
2ot o)™ (w)
- flwn) 6f(wp-1) - 6f(w1)’

where w, = w — Z?‘ll w;. In this theory, this

(1)

functional derivative is numerically evaluated from
time-evolution calculations performed under mul-
tiple external fields whose phases and amplitudes
are appropriately controlled. This framework is,
in principle, applicable to a wide variety of meth-
ods capable of simulating the real-time dynamics
of quantum or classical systems.

As a proof of concept, we calculated the second-
and third-order optical response functions in the
Rice-Mele model (Fig. 1). The results obtained
using this theory, shown by the red solid lines, were
confirmed to accurately reproduce those obtained
by conventional perturbation theory. We also an-
alyzed a strongly correlated model obtained by
adding an on-site Hubbard interaction to the Rice—
Mele model using infinite time-evolving block dec-
imation, and identified many-body effects in the

second-order response function, including a sign
reversal of the optical rectification (photovoltaic)
response with increasing interaction strength. This
also demonstrates that the present framework is
practically applicable to advanced methods such as
tensor networks.

In a separate study, we revisited terahertz-field-
induced second-harmonic generation (TFISH)
in ferroelectrics [2]. By deriving time-domain
expressions for the polarization modulation AP
and the second-harmonic intensity modulation
Algy induced by a low-frequency pulsed electric
field, we clarified how these quantities are gov-
erned by nonlinear dynamical susceptibilities. In
particular, we showed that Algy is not necessarily
proportional to AP, indicating that the commonly
assumed relation AP oc Alsy should be used with
care when interpreting TFISH measurements.
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Figure 1: (a) Second- and (b) third-order optical
response functions in the Rice-Mele model [1].
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Study on the Novel Mechanism of Superconductivity
in Nickel Oxides
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The recent discovery of superconductivity
in bilayer nickelates [1] has stimulated inten-
sive theoretical efforts to clarify its microscopic
pairing mechanism. Although many previous
studies have proposed an si-type supercon-
ducting state, the physical interpretations have
often appeared different, because they empha-
sized different orbitals, bands, or pairing chan-
nels. In this project, we addressed this issue by
performing large-scale variational Monte Carlo
(VMC) calculations for a realistic bilayer nick-
elate model and clarified the internal structure
of the superconducting state [2].

The main purpose of the present study was
to determine which superconducting compo-
nent is primary and which components are
induced secondarily by orbital and interlayer
hybridization. This distinction is crucial in
multiorbital systems, where the optimized gap
function may contain several finite components
even when only one of them is responsible
for the leading pairing instability. We opti-
mized correlated many-body wave functions
including superconducting variational param-
eters and evaluated both the gap structure
and equal-time pairing correlations within the
same VMC framework.

Our calculations revealed a clear hierarchi-
cal structure of superconducting correlations.
The primary gap function originates from the
bonding—antibonding splitting of the Ni 3d,2
orbitals (A., > A, in Fig. 1), while or-
bital hybridization redistributes superconduct-

ing correlations to the d > channel despite

z2—y

its weak intrinsic pairing interaction. This dis-
tinction between the origin of pairing and re-
sulting superconducting correlations explains
why the two orbital channels exhibit compa-
rable long-range correlations (P,, < Py, in
Fig. 2).
scenarios can be understood as arising from

Apparent differences among earlier

different representations or projections of the
same underlying hierarchical pairing structure.

From the computational point of view, the
study required extensive stochastic optimiza-
tion of many variational parameters and re-
peated evaluation of correlation functions for
large lattice systems, N = 2x2x20x20 = 1600
lattice sites in total here. High-performance
computing resources were essential for achiev-
ing stable convergence, improving statistical
accuracy, and systematically exploring the rel-
evant parameter region. The present work
demonstrates that large-scale VMC is a pow-
erful method for investigating unconventional
superconductivity in strongly correlated mul-

tiorbital materials.

In summary, this project established a uni-
fied picture of superconductivity in bilayer
nickelates by identifying the hierarchical re-
lation between primary and hybridization-
induced superconducting correlations. The re-
sults resolve an apparent discrepancy among
previous theoretical proposals and provide a
useful framework for understanding multicom-
ponent superconductivity in correlated layered
materials.
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SC gap function

Figure 1: AE/t, dependence of the variational
superconducting gap function [2]. AF is a level
splitting between d 2_,» and d,2 orbitals and
t) is an interlayer hopping of the d,» orbital.
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Figure 2: AE/t; dependence of the supercon-
ducting correlation function [2].
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Tensor-train impurity solvers for dynamical

mean-field theory
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Strongly correlated electron systems exhibit
a wide variety of equilibrium and nonequilib-
rium phenomena, and dynamical mean-field
theory (DMFT) is one of the central theoreti-
cal frameworks for their microscopic analysis.
In DMFT, a lattice model is mapped onto a
quantum impurity model, and the main com-
putational bottleneck lies in solving this impu-
rity problem. In impurity solvers based on per-
turbative expansions, evaluating higher-order
terms requires integration over many internal
time variables. As the perturbation order in-
creases, this task becomes a high-dimensional
integration problem and quickly becomes com-
putationally demanding. For such prob-
lems, the widely used continuous-time quan-
tum Monte Carlo (CT-QMC) method provides
a practical approach, but especially for multi-
orbital, multi-site, and nonequilibrium impu-
rity models, it suffers from a severe sign prob-
lem. In this project, we developed impurity
solvers based on tensor-train methods [1, 2] to
overcome this difficulty.

To treat these high-dimensional integrals, we
employ tensor-train methods, which approxi-
mate the integrand in tensor-train format and
thereby reduce a multidimensional integration
problem to a sequence of one-dimensional in-
tegrations. In practice, the tensor-train repre-
sentation can be constructed using the tensor
cross interpolation (TCI) algorithm, which has
Be-
cause this approach is deterministic and does

seen rapid development in recent years.

not rely on stochastic sampling, unlike CT-

QMC, it is expected to remain effective even
for problems in which the sign problem be-
comes severe in Monte Carlo calculations.

We first combined tensor-train methods with
the weak-coupling expansion for equilibrium
impurity models [3]. Benchmark calculations
for exactly solvable impurity models showed
rapid convergence with respect to the tensor-
train bond dimension. We then embedded this
solver into DMFT for the half-filled Hubbard
model on the Bethe lattice and reproduced the
metal-to-Mott-insulator transition with an ac-
curacy comparable to that of CT-QMC. An ad-
ditional advantage of this deterministic tensor-
train approach is that the grand potential can
also be computed with little extra numerical
cost.

We also extended the tensor-train impurity
solver to a real-time formulation for nonequi-
librium DMFET. Our results show that the inte-
grand of the weak-coupling expansion can be
efficiently approximated in tensor-train form
even in the real-time formulation. By incor-
porating this nonequilibrium tensor-train im-
purity solver into the nonequilibrium DMFT
framework, we were able to simulate the dy-
namics of the Hubbard model after an inter-
action quench up to times longer than those
accessible with CT-QMC in some parameter
regimes.
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Collinear antiferromagnets, characterized by
antiparallel spin alignment, have traditionally
been regarded as incapable of supporting un-
conventional transport phenomena, such as
spin current generation. Recent theoretical de-
velopments, however, have identified a class
of antiferromagnetic materials—including al-
termagnets and compensated ferrimagnets—
that exhibit unconventional transport proper-
ties, notably the anomalous Hall effect and
spin current generation. [1, 2, 3.

We previously proposed the possibility of
compensated ferrimagnetism in organic com-
pounds with inequivalent dimer structures [4].
We also formulated a simple design principle
whereby compensated ferrimagnetism can be
realized when antiferromagnetic order emerges
in a system comprising two distinct types of
dimers. Based on this mechanism, we high-
lighted the potential realization of compen-
sated ferrimagnetism in the organic compound
(EDO-TTF-1)2ClOy4 [4].

In this study, we investigate the effects of
the on-site Coulomb interaction U in a three-
quarter-filled two-dimensional model with in-
equivalent dimers using mean-field theory. We
find that the spin inequivalence in the com-
pensated ferrimagnetic phase is enhanced by
U. When the bare dimer inequivalence is large,
the enhancement due to U outweighs the en-
hancement of the antiferromagnetic (AF) gap,

b

Nagoya Unwversity, Nagoya 464-8602

resulting in the emergence of a band-crossing
compensated ferrimagnetic insulator (Fig. 1).
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Development of the Fermi Machine and Finite-Temperature Tensor Network

Algorithms
Wei-Lin Tu

Graduate School of Science and Technology,

Keio University, Yokohama, Kanagawa 223-8522

This year, we established a foundational
workflow for applying the Fermi Machine
wavefunction to quantum many-body systems
and achieved notable results, particularly in
of the fermionic

numerical simulations

Hubbard model. The developed method
demonstrated high accuracy in ground-state
energy calculations, surpassing existing
approaches, thereby strongly suggesting that
the Fermi Machine could become a new
paradigm in quantum many-body research. In
particular, extending the previously proposed
Fermi Machine framework [1] by introducing a
Pfaffian for

formulation—well suited

representing pairing phases—constitutes a
significant advancement. Because the Hubbard
model is widely wused in studies of
high-temperature superconductivity, adopting a
Pfaffian wavefunction that naturally captures
the pairing structure of the ground state is
physically well-motivated and enables a more
reliable and expressive description.

Furthermore, strongly correlated systems often
exhibit effects that cannot be captured by a
wavefunction ansatz alone, making it essential

to incorporate neural networks as projection
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operators. From this perspective, the present
study proposed a new convolutional neural
network architecture—Tensor-Augmented
CNN (TACNN)—that embeds quantum-state
structure into the network design [2]. TACNN
replaces conventional convolutional kernels
with tensors that can be interpreted as small
quantum states, and it has already demonstrated
significant ~ accuracy  improvements  in
image-classification tasks. By integrating this
architecture with the Fermi Machine, we expect
to construct a new framework with
exceptionally strong expressive power for
quantum many-body systems.

Overall, this research opens a new direction for
neural quantum states (NQS) and highlights the
importance of “Al for Physics” in an era of
rapidly advancing Al technologies. We plan to
continue enhancing the methodology and

expanding its applications in the coming year.
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We have worked on artificially stacked 2D
materials, mainly focusing on moiré systems in
which slight mismatches between adjacent
layers induce long-range structural patterns. In
moiré systems, modelling plays an important
role since number of atoms in a moiré unit cell
is typically large. When a moiré length is much
larger than original lattice spacing, it is possible
to define a “local” structure at each position in
a moiré¢ unit cell. A widely adopted modelling
method is local approximation, where
parameters for an effective model are extracted
from electronic structure for each “local”
structure [1]. This requires large computational
resources since the first-principles calculation
should be applied to every “local” structure.

Cses is a 2D carbon allotrope featured by a
square-like lattice structure and co-existence of
5-membered, 6-membered, and 8-membered
carbon rings. This allotrope is predicted to be

[2].

Monolayer Cssz is a semiconductor with its

stable in previous numerical studies
valence top at the M-point in the Brillouin zone,
from which we expect interesting tunability of

moiré band structures [1,3].
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We have successfully built a model for
twisted bilayer Cseg [4] wusing Quantum
Espresso for the first-principles calculations.
Using the derived model, it has been also
shown that (1) we have a square lattice
Hubbard model as an effective model for
twisted bilayer C568 at small twist angles, (2)
ratio between nearest-neighbor and next-

depend
and (3)

nearest-neighbor transfer integrals

crucially on the twist angle,
displacement field can induce anisotropy in the
nearest-neighbor transfer integrals [4], all of
which indicate that twisted bilayer Cses serves
as an interesting quantum simulator for a

square lattice Hubbard model.

References

[1] T. Kariyado and A. Vishwanath, Phys. Rev.
Research 1, 033076 (2019).

[2] B. Ram and H. Mizuseki, Carbon 158, 827
(2020).

[3] P. M. Eugenio, Z.-X. Luo, A. Vishwanath, and
P. A. Volkov, Phys. Rev. Lett. 134, 236503 (2025).
[4] T. Kariyado, A. Vishwanath, and Z-X. Luo,
Phys. Rev. B 112 125159 (2025).



Activity Report 2025 / Supercomputer Center, Institute for Solid State Physics, The University of Tokyo

Development of computational methods for quantum

field theories of nonequilibrium systems utilizing
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applications
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The nonequilibrium  Green’s function
(NEGF) method [1, 2] is a powerful tool for
treating many-body correlations and the time
evolution of the system on equal footing.
However, in nonequilibrium systems, Green’s
functions depend on two time variables be-
cause time-translational invariance is broken.
Therefore, long-time simulations incur high
memory and computational costs.

To address this challenge, various memory
compression techniques have been developed
for the NEGF method. Among them, a re-
cent promising approach is the tensor net-
work technique known as the quantics tensor
train (QTT) [3]. In prototype implementa-
tions of the NEGF method with QTT (the
QTT-NEGF method), benchmarks had been
limited to the short-time region [4]. To over-
come this, in our recent work we implemented
a linear-equation solver for the Dyson equation
based on a variational approach and demon-
strated that nonequilibrium dynamics in large
lattice systems can be simulated up to suffi-
ciently long times [5]. However, the cost of this
solver grows rapidly with the length of the sim-
ulated time domain, making further extension
to longer time regions difficult. A key limi-
tation is that this solver does not exploit the
causality of Green’s functions and globally up-
dates them over the whole time domain within

the self-consistent loop. Therefore, it is de-
sirable to incorporate causality into the QTT-
NEGF method.

In this project, we developed a causality-
based divide-and-conquer method for the
QTT-NEGF method [6]. In this method, the
self-energy calculation and the self-consistent
loop are performed only in the newly added
time domain, exploiting the causality of
Green’s functions. We applied this method to
the quench dynamics of the antiferromagnetic
state in the Hubbard model using nonequilib-
rium dynamical mean-field theory. We found
that the data size of the stored Green’s func-
tion is reduced to 1/1000-1/100 of that re-
quired by the conventional method [2]. More-
over, the simulation time domain can be ex-
tended without a significant increase in the
data size.

Further detailed analyses using other physi-
cal quantities, such as magnetic response func-
tions, are ongoing on the ISSP Supercomputer.
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