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High-Tc SC in iron-based compound QSL in organic solids

To clarify and predict exotic phenomena in SCES
— Accurate numerical methods for solving low-energy effective
models are necessary



Low-energy etfective models
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Low-energy effective models

LaFeAsO

S-orbital Hubbard Hamiltonians
obtained by ab initio calculations
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Introduction: Our open-source software

v'many-variable variational Monte Carlo method (mVMC)

-Accurate and flexible wave function method.

-Applicable to wide range of Hamiltonians
including complicated low-energy Hamiltonians

[}UDW @ for real materials

Connection with ab initio derivation of low-energy effective Hamiltonians
cf. RESPACK by K. Nakamura et al.

v’ Exact diagonalization (H®)

Exact calculations for

- Ground state (Lanczos, LOBCG)

- Low-energy excited state (LOBCG)

- Finite-temperature calculations (TPQ)

- Dynamical structure factors (Laczos, shifted Krylov)
- Real-time evolution

https://www.pasums.issp.u-tokyo.ac.jp/hphi/doc/presentation/


https://www.pasums.issp.u-tokyo.ac.jp/hphi/doc/presentation/

Basics of wave function methods



Model for strongly correlated electron systems
e.2. Hubbard model

H=H; +Hy
Electrons as waves
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Wave function = eigenvectors of Hamiltonian

Matrix representation of Hamiltonian (ex. 2 site Hubbard model)

Real-space configuration ’ T, ¢> = CJ{TCET‘(»

After some fedious calculations, (1,1 |H:| 11,0) = (1, L[(¢D el o0 + clyer0)| 11,0) = —t
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Diagonalization — eigenvalues, eigenvectors
— Problem is completely solved (H®)



One-body approximation

Slater determinant
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Slater determinant can describe conventional orders;

antiferromagnetic order, charge orders, orbital orders ...

ImVMC includes codes for UHF]



Beyond one-body approximation

Slater determinant — Pfaffian wave function
N.

’¢one> = H (Z(I)wncw)‘m — ‘¢Pf (Zf’Lj Cip € N) O>

Pfaffian wave function

- includes Slater wave function,

- can describe singlet correlations

— superconductivity, quantum spin liquid

Introducing many-body correlations
D) = P|¢), Pg=e I&imin

Correlation factors — Many-body correlations can be included
— Superconductivity by repulsive interactions can be described

Further improvement: power-Lanczos, backflow, multi-pfatfian ...



Basics of variational Monte Carlo

- Optimization of variational parameters
[time-dependent variational principle]

- Evaluation of physical quantities [MC sampling]



Variational Monte Carlo (VMC) I  review: C.Gros,

Ann. Phys. 189, 53 (1989)
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Variational Monte Carlo (VMC) 11
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Real-space diagonal correlation factor =
easy to calculate inner product.




Wave function of mVMC D. Tahara and M. Imada, JPSJ (2008)
T. Misawa et al., CPC (2019)
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Optimization of many variational parameters (>=10000)
— High-accuracy wave functions for ground states



Conventional VMC v.s. mVMC

Conventional VMC:
Strong constraint on wave functions [ # of parameters~10]

ex. antiferromagnetic phase

a};a = uk,c;rc’a + O‘?)kCL_FQ,O
— T 2 _ 1 . Ey
‘¢AF> — H ak0’0> up = 5 (1 \/E,%-I-Aip)

k|<kp,o

Variational parameters = AF order parameter + etc.

Disadvantages of conventional VMC

- Accuracy is not enough due to the strong constraint

- Overestimating the stability of ordered phases

- It is difficult to treat realistic models (ab initio models)
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Conventional VMC v.s. mVMC
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many-variable VMC (mVMC):
flexibility of one- body part [# of parameters > 10000]

N, 2
(pap) = JijcincC 0)
(Z i€ T N) fij, FIJ:variational

Ne/2 arameters
|¢AP—|—P ( Z an j'l'czo' 37) |O> p

10,9 T

fi; i,j real-space indices] — correlated paramagnetic state,
symmetry breaking phase (AF etc.), SC states



‘ . - SR method [S. Sorella, PRB 2001]
Op tlmlzatlon methOd Natural gradient [S.-1. Amari, Neural Comp. 1998 |

(General) Gradient method a:variational parameters
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‘ . - SR method [S. Sorella, PRB 2001]
Op tlmlzatlon methOd Natural gradient [S.-1. Amari, Neural Comp. 1998 |

(General) Gradient method a:variational parameters

OF
Ao = Cpnew — Apld = _X_lg (gk — a—)
875

Steepest decent method [slow due to redundancy]
X =1 (identity matrix)
Newton method [second derivatives are expensive]
O*FE

X = h (Hessian : hop = 80486)




‘ . - SR method [S. Sorella, PRB 2001]
Op tlmlzatlon methOd Natural gradient [S.-1. Amari, Neural Comp. 1998 |

(General) Gradient method a:variational parameters

OF

Ao = Axpew — Apld — _X_lg (gk — a—)
893

Steepest decent method [slow due to redundancy]
X =1 (identity matrix)
Newton method [second derivatives are expensive]
0°E
8&86)
Stochastic reconfiguration (SR) method [fast & stable]

X = S (overlap matrix : Sa5 = (¥4|15))

X = h (Hessian : hop =
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Time-dependent variational principle

Imaginary time evolution % = —HJt)

||8W .H|zp)| = (0 — min

(imaginary)
A. D. McLachlan, Mol. Phys. 8, 39 (1964)

SR method
= imaginary-time evolution in restricted Hilbert space

\ Z 85,“[“ f,';bk - (B - ()|

mm

— Ao = _4ar S 1g $: overlap matrix

2

SR method can be used for real-time evolution (Ido et al., PRB 2015)
& finite-temperature calculations (Takai et al., JPSJ 2016)



Advantages of mVMC

., - No negative-sign problem
positive weight p(x) > 0

- Wide applicable range [strong correlations, geometrical
frustration, multi orbital system, any dimensions ... |

- Natural extensions of mean-field calculations

- Easy to include many-body correlations through
correlation factors (Gutzwiller, Jastrow, Doublon-Holon..)

- Systematic improvement is possible (power Lanczos,
backflow, multi Pfaffian method ...)

- Not only for ground-state calculations —
finite-temperature calculations, real-time evolution !



Applications of mVMC I
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Quantum spin liquid Heavy fermion systems
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Applications of mVMC 11

Spin nematic phase

Quantum spin liquid in dmit salts
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Open-source software of mVMC

https://www.pasums.issp.u-tokyo.ac.jp/mvmc/



https://www.pasums.issp.u-tokyo.ac.jp/mvmc/

Developers of mVMC

M. K ~ S. Morita
S K. Yoshimi

‘ - s

‘: ?.7 &

M. Imada

Development of mVMC is supported by K Id RuQ lng Xu
“Project for advancement of software usability
in materials science” by ISSP




How to get mVMC

GitHub — https://github.com/issp-center-dev/ mVMC

HP — https://www.pasums.issp.u-tokyo.ac.ip/mvmc/
tutorial — https://github.com/issp-center-dev/mVMC-tutorial

: is pre-installed in supercomputer in ISSP (ohtaka, kugui)

/home/issp/materiapps/intel/mvmc/

EED AN ZH 7 LA VA =)L [RIST]
https://www.hpci-office.jp/for users/appli software/appli_ mvmc
JLHE AT [EHHE 2 ¥ — (Grand Chariot)

ALK A N—P A T Ak ¥ — (AOBA)

HHOK 5% ~ ¥ —(Wisteria, Oakbridge-CX)

R AR E 2 ~ % — (TUBAMES3.0)

SRR L EHAE#E 2 ~ ¥ — (A& [Furou))

KK A N—=X T4 7+ % — (OCTOPUS)

Mt SPREBAE X v ¥ — (& & [Fugaku])

JUMR A (G E R % 2 ~ % — (ITO)


https://github.com/issp-center-dev/mVMC
https://www.pasums.issp.u-tokyo.ac.jp/mvmc/
https://github.com/issp-center-dev/mVMC-tutorial
https://www.hpci-office.jp/for_users/appli_software/appli_mvmc




Flow of mVMC

Standard mode Expert mode L4
ex.1D Hubbard model : : output
ex general Hamiltonians - optimization process
model = “Hubbard” Ho=He +Hr, - optimized wave function
: 3 107 T =" 'ijcncfi():g Cjoas . .
lattice = “chain " z; mz,;; ' calculating correlation
:1214 o= 3 likowaaicl Goatho, o [NVMCCalMode=1]
nelec=16 ' output: one/two-body Green functions
2Sz=
S0 . users prepare (el i) (Chy CioaChpCias)
automatically 1l : Al
generated all necessary input files fourier tool: -
calculating structure factors/visualization)
Input files — -
_ Files for Hamiltonian output: momentum distribution,
- Files for wave functions charge/spin structure factors
optimization by SR method n(k)’ N(k), S(k)
[NVMCCalMode=0]

Users
1.Preparing and/or modifying input files
2.Calculations structure factors from correlations functions

It is better to use script languages (python, perl, ruby ....) for
preparing input files and calculation physical properties
In this tutorial, we use python3+bash scripts.



How to use mVMC:; Standard model

H=—t Z cwcjg—|—HC +Uan¢nw
(2,4),0

W=4
L=4
Wsub = 2
Lsub =2

model = "FermionHubbard"
lattice = "Tetragonal™
t=1.0

U=4.0

nelec =16

Simple input files for conventional models



How to use mVMC: Standard mode 11
vmcdry stan_opt.in |:> Generating input files
vine namelist.def > Optimization

0 random | 2D Hubbard model,
oUHF | 4x4,U/t=4,n=1

on laptop
~ 2-3 minutes

SR step



Generating initial states

Slater determinant [mean-field wave func.]

Neg /2
/ unitary trans.

|¢SL H w of one- body

states
n=1.c Z%cw

DinoPimo = Onm
Z D iy D)l ?2
N

Pfaffian Slater determinant
(Pairing wave function)

Ng

|¢Pf> — ( Z fzg i1C ]i>Ne/2‘0>

1,9=1

Initial states from Unrestricted Hartree-Fock (UHF) calc.
Preparing the codes for performing UHF calc. (usr/share/mvmec/tool)



Hubbard model ., -

Physical Properties mVMC(2 x 2) ED
4% 4(PP)n =1

Energy per site -0.8500(1) -0.8513
S(gpeak)/Ns 0.0575(2) 0.0569
dpeak (7‘-77—‘-) (7T7 7T)
(S; - S.) -0.2063(14)  -0.2063
4 % 4(PP),n = 0.625
Energy per site -1.2196(1) -1.22380
S(@oea) /N 0.0130(1)  0.01300
Qpeak (7T/277T) (7"/27 7T)
(S; - S, 0.0704(5)  -0.0683

mVMC well reproduces results of exact diagonalization!
It is possible to calculate larger system sizes (100-1000 sites)



How to use mVMC: What is Standard mode ?

vimcdry stan_opt.in

Standard mode:
Automatically generating input
[Common in HO, mvM(C]  files

Hamiltonians

coulombintra.def, trans.def, zlocspn.def ...
Green functions

greenone.def, greentwo.def

Specifying calculations conditions
modpara.def

[mVMC]

Specifying wave functions
orbitalidx.def, gutzwilleridx.def,jastrowidx.def...

+List of input files: namelist.def
Expert mode: preparing input files manually



Expert mode !




How to use mVMC: What is Expert mode ?

Expert mode:preparing input files by yourself

[Common in HPhi,UHF] Specifying Hamiltonians
coulombintra.def, trans.def, zlocspn.def :--

Specifying calculations conditions
modpara.def

orbitalidx.def, gutzwilleridx.def jastrowidx.def:--

[Common in HPhi,UHF] Specifying correlations factors
greenone.def, greentwo.def

vimc.out namelist.def



How to use mVMC: Interall.def
Example for general interactions
H+ = Z Z I’ijkl01020304c;‘r(;1Cjagclig3cl04

i7j7k7l 01,02,03,04

o I
NInterAll 96 # of interactions parameters

0 0 0 0 1 0 1 0 0.500000 0.000000

0 0 0 0 1 1 1 1 -0.500000 0.000000

0 1 0 1 1 0 1 0 -0.500000 0.000000

0 1 0 1 1 1 1 1 0.500000 0.000000

0 0 0 1 1 1 1 0 1.000000 0.000000

0 1 0 0 1 0 1 1 1.000000 0.000000
i o1 o2 k o3 [ o4 y,

Arbitrary two-body interactions can be treated



How to use mVMC: Expert mode

For standards interactions
- CoulomblIntra H+ =) Umngny

E
_Exchange HE — Z ']z‘jx(czrcj“c;ici; -+ CLCLC;AQ«)

For details, see
manuals






sub lattice gz i3 gia s,

¢ ¢ ﬁ,9 = f2.11

To reduce numerical cost, we often assume the sub lattice

structure in the wave functions
2x2 structure is standard one in the square lattice

[Lsub ,Wsub |

Tips:

- Sub lattice structure is consistent with the ordered states?

- Sub lattice structure is consistent with the sym. of Hamiltonian?

- Sub lattice structure is consistent with the momentum projection?



Quantum number projections |y)) = PL|¢, i)

- Total spin projection is applicable to the Hamiltonian
with SU(2) symmetry and total Sz=0 [modpara.def]

-Momentum projection is only applicable to for
systems with translational symmetry
[modpara.def, gptrans.def |

Tips:
- Projection is consistent with the sym. of ground states ?

- Projection is consistent with the sym. of Hamiltonias ?

Note that there is systems with total Sz=0 but SU(2) symmetry is not
conserved

[ex. Kane-Mele,BHZ model]
- Projection is consistent with the sym. of correlations factors ?



Check points

- For non-interactions case, exact energy is reproduced ?
(Check for fij)

- Compare with the results by exact diagonalization for
small system sizes !

- Energy is lower than the mean-filed calculations

- Sub lattice structure is proper ?



Summary

Basics of mVMC:

- Flexible wave functions (# of parameter > 104)

- —>
optimization of many variational parameters
finite-temperature calculations
real-time evolutions

How to use mVMC:

- Simple & Flexible user interfaces

- to study conventional models
- Easy to study general models




