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Software development and application for analyzing strongly
correlated electron systems
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Ab initio method for correlated electron systems

v lattice structure v band calc. v"Wannier func.
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Not only transfers, but also interaction parameters
(z, U, V) are determined in an ab initio way



Open-source software packages

H®P: exact diagonalization

-Applicable for large system sizes
(~1000 sites)

-Highly accurate and flexible method
-# of variational parameters > 104

-Exact calc. for small system sizes
(~40 sites)

-Cutting-edge theoretical and
mathematical method

-Applications to QSL
https://github.com/issp-center-dev/HPhi https://github.com/issp-center-dev/ mVMC
RESPACK
-Derivation of low-energy Seamless combination with the ab initio
effective Hamiltonians derivation of the low-energy etfective models
: . — Systematic & comprehensive calculations
RESPACK -Using wan2respack, user can for SCES are now possible

use wannier functions obtained by
Wannier90 as input for RESPACK

B~ S R N (eg. Applications to molecular solids)

RESPACK: https://sites.google.com/view/kazuma7keér
wan2respack: https://github.com/respack-dev/wan2respack A part of development is Supported P ASUMS
by PASUMS@ ISSP. Project for advancement of

software usability in materials science



https://sites.google.com/view/kazuma7k6r
https://github.com/respack-dev/wan2respack

Quantum spin liquid in f’-X|[Pd(dmit):]>

1. Misawa, K. Yoshimi, and T. Tsumuraya, Phys. Rev. Research 2, 032072(R) (2020)
K. Yoshimi, T. Tsumuraya, and 1. Misawa, Phys. Rev. Research 3, 033224 (2021)
K. Ido, K. Yoshimi, T. Misawa, and M. Imada, npj Quantum Mater. 7, 48 (2022)

6



Derivation of low-energy effective Hamiltonians

Mapping to the equivalent anisotropic triangular lattice

9 compounds at room temperatures

Ex. Hubbard Hamiltonians on anisotropic triangular lattice 5 compounds at low temperatures

H = E t; ] (C;-ra Cig T H.C.) Not only transfers, but also interaction parameters
ijo (z, U, V) are determined in an ab initio way
o  NT NT Effects of dimensional downfolding [3D — 2D]
+U Z Mt il T Z Vij Vi N U=U-A,V=V-A, A=0.18 eV
( ] [cf. K.Nakamura et al., PRB 86,205117 (2012)]



Derivation of low-energy effective Hamiltonians

Ex. Hubbard Hamiltonians on anisotropic triangular lattice

ta(tE;)

Expected phase diagram
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For low-temperature structures,
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t all compounds show (tc-ty)/ta<0
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Around (tc-tp)/ta~0, it is expected that magnetic order is melted and QSL appears



mVMC analysis
| w> — 7)] PG ES | ¢pair> https://github.com/issp-center-dev/mVMC

Pair-product part

- - Ne/2 Quantum number projection

| Dpair) = ZFIJC}C?L] 0) .

L= - Total spin: L g
Projected BCS wave functions, which Point-group, momentum projections
can describe are also possible
: g%rrélgtzcl} dr;etals Optimization (SR method)
- Superconducting state & QSL Mimimizing energy £ S. Sorella PRB (2001)
- —1

Correlation factors Qnew — Qold = X g
Gutzwiller-Jastrow factors _ _ g — 8Ea/ o X = <¢a ‘¢5>

Po = exp Z gininis |, Py = exp Z vi;N; N, Equivalent to natural gradient method

i ) i S.-1. Amari Neural Comp. (1998)

By optimizing many variational parameters (#>=104), highly accurate calculations are possible!



Ab initio
Exp

40 _~

Phase diagram

Ae [meV] Ae=(EqsL-Ear)/Ns -Solving Hamiltonians for available low-temperature
0.8 structures

0.6

o -Spin Jastrow factors, Composite-fermion pairing,
RBM factors are included

o Me,Sh -Initial state of the QSL is projected BCS wave
2r EtMe,Sb functions
~04/-0.4 | + — 1D anisotropic QSL after optimization

_ -Eigen-energies (zero-variance limit) are estimated
B o T C(teto)it, by variance extrapolation

N S i K. Ido et al., npj Quantum Mater. 7, 48 (2022)

-Reproducing the trend of stability of the AF order:By changing cation X
from Me4P to EtMesSb, the AF order becomes unstable

-Consistent w/ experimental Neel temperature 7n

-QSL becomes stable in EtMesSb !



Spin correlations in EtMes3Sb

x direction y direction

x direction — power low decay [rP, p~1.88 (1)] (gapless)
y direction — exponential decay (gapped)
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J. Phys. Soc. Jpn. 92, 064702 (2023)
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Low-energy effective Hamiltonians for iron-based SCs

S5-orbital extended Hubbard models

H=) ) ) tmrewdiganr —>Hopping Term

o RR' nm

335 S {Vn et —Coulomb Term

op RR' nm

t+ TR (@5, G T fr, R Oy e o Y R )} —Exchange Term

Microscopic parameters: Hopping #;,
Coulomb interaction Vi, Exchange terms Jj;

Main questions:

-How are there any relation between microscopic parameters and 7.?
— Principle component analysis (PCA)

-1f so, is it possible to predict Tc only from the microscopic parameters?
— Construction of regression model



Principle Component Analysis (PCA)
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descriptors: x1, x2, .. = U, V¢, J.. In this case, vi11s a good descriptor

for characterizing materials

By performing the orthogonal trans., we can obtain
independent (uncorrelated) variables that describe the

relevant features of parameter sets
— Hint for searching the descriptors




1st component — U and V
2nd component — 7 and J

PCA for iron-based SCs
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Difference in intra- and inter families are characterized by 1st & 2nd components.
1111, 111 family has similar 1st comp. = U and V [Difference is characterized by t and J |

122, 4262 tamily has similar 2nd comp. =t and J [Difference is characterized by U and V |

11 family is exceptional (origin of exotic phenomena in FeSe ?)
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T. vs 2nd principal components

1st component — U and V

11 Fe-Te
- 2nd component — 7 and J ® -
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2nd comp. well describes mat. dep. of experimental Tc! [similar to Lee’s plot]

v Hamiltonians have information for describing Tc

v PCA automatically detects a key parameter w/o a priori knowledge
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