Introduction to H® —-A numerical solver

for quantum lattice models
=% HE
WHORZFPIVE e R E Pl gE e » % —
sl P EPE MBI a Y — 27 L (PCoMS) PI
Outline

. What can we do by H®D ? @HIERF
2016/12/01

. How to get HD

. How to use Standard mode

. How to use Expert mode

. Applications of H®

. Short introduction to mVMC

http://ma.cms-1initiative.jp/ja/listapps/hphi

Ol W= W IV == O



http://ma.cms-initiative.jp/ja/listapps/hphi

Developers of HD

Y. Yamaji

M. Kawamura T. Misawa K. Yoshimi




Basic properties of H®

What can we do by HD?

For Hubbard model, spin-$ Heisenberg model,
Kondo-lattice model

- Full diagonalization

- Ground state calculations by Lanczos method
- Finite-temperature calculations by thermal
pure quantum (TPQ) states

- Dynamical properties (optical conductivity ..)



models

Hubbard (itinerant) ~ 4N Kondo=itinerant+localized
I H empty - l empty
Heisenberg (localized) ~ 2N J 5

3ODHRL LB EYZ D K D 178
(Heisenbergldspin-S % %}ii)



Full diagonalization

Matrix representation of Hamiltonian
(real space basis) — Full diagonalization for the matrix

H’L] — <7/‘H‘]> ‘Z> real-space basis
dim. of matrix= # of real-space bases
=exponentially large

ex. spinl/2 system: S;=0 [V, CNS/Z

- Ns=16: dim.=12800, required memory (-dim.?) ~ 1 GB
- Ns=32: dim.~-6x108, required memory (~-dim.2) ~ 3 EB!



Lanczos method

By multiplying the Hamiltonian to initial vector,
we can obtain the ground state (power method)

H mO_En[aon+Z< 0>naiei} @

A few (at least two) are necessary—

We can treat larger system size than ftull
diagonalization

ex. spin 1/2 system: Sz=0
- Ns=16: dim. =12800,required memory ~-0.1 MB
- Ns=32: dim. ~6x108,required memory -5 GB!
- Ns=36: dim. ~9x107,required memory ~72 GB !



Meaning of name & logo

- Multiplying H to ® (H®D)
- This cat means wave function in two ways
cat is a symbol of superposition.. (Schrodinger’s cat)

wake sleep




Finite-temperature calculations by TPQ

-Conventional finite-temperature cal.:
is necessary - > EpePEn
— Full diag. is necessary Y9 = S e=BEn

It is shown that thermal pure quantum state (TPQ)
states enable us to calculate the physical properties at
finite temperatures
[Sugiura-Shimizu, PRL 2012,2013]
— Cost of finite-tempeature calculations

~ Lanczos method !

pioneering works :

Quantum-transfer MC method (Imada-Takahashi, 1986),
Finite-temperature Lanczos (Jaklic-Prelovsek,1994),
Hams-Raedt (2000)



Sugiura-Shimizu method [ImTPQ state]

Procedure S. Sugiura and A. Shimizu,
PRL 2012 & 2013

1)g) : random vector

‘¢k> — (l — [:I/NS) wk—1> I:constant larger the
(I = H/Ng)|th—q)| mevmem cgemaiue

uy, ~ (Y| H|k) /N

ok/N, - A
Bk ~ (0= ug)’ (A) g ~ (Yr|Albk)

All the finite temperature properties can be calculated
by using one thermal pure quantum [TPQ] state.




Drastic reduction of numerical cost

Heisenberg model, 32 sites, $;=0

Full diagonalization:
Dimension of Hamiltonian ~ 108x108
Memory ~ 3E Byte — Almost impossible.

TPQ method:

Only two vectors are required:

dimension of vector ~ 108x10%

Memory ~ 10 G Byte

— Possible even 1n lab’s cluster machine !



Basic properties of HOD

What can we do by HD? @

For Hubbard model, spin-$ Heisenberg model,
Kondo-lattice model

- Full diagonalization

- Ground state calculations by Lanczos method
- Finite-temperature calculations by thermal
pure quantum (TPQ) states

- Dynamical properties (optical conductivity ..)

maximum system sizes@ ISSP system B (sekirei)

- spin 1/2: ~ 40 sites (Sz conserved)
- Hubbard model: ~ 20sites (# of particles & Sz conserved)



Let’s get HOD !




How to find H® ttp:/ma.cms-initiative jp/en/application-listhphi/hphi

search by “HPhi” — You can find our homepage in
the first page (maybe, the first or second candidate)

GitHub — https://github.com/QLMS/HPhi
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IAT —a=2A ) Ll aveEyy7 D2&ERD BRY =

¥ 102,000 4 (0.26 #)

H® — 23S - MateriApps

ma.cms-initiative.jp/jallistapps/hphi v
http://ma.cms-initiative.jp/ja/community/materiapps-messageboard/hphi. ¥ 7/: 381858
F - BWHRDEHE, BENALE FFa XY MNARE  200E 2ME © 2 BLE, Bk -
REE, 77V—R, BHZER - BROZEE, BEEIRILEY—.

Hphl (R0158) - New England Biolabs Japan
https://www.nebj.jp/products/detail/596 v

S2iBACY)): Recognition | Isoschizomers B33: Haemophilus parahaemolyticus ( ATCC
49700) s/ O—-ZvT7ENIHphIBIZFE2ET 2 XBE. (1 BHZE . . CutSmart
Buffer (10X). MESBMESLIUEBAE 1Y hE& .12 v M3, 2RIGERS0 ...



How to compile H®D

ex. linux + gcc-mac

tar xzvf HPhi-release-1.2.tar.gz
cd HPhi-release-1.2

bash HPhiconfig.sh

make HPhi

For details,

$ bash HPhiconfig.sh

Usage:
./HPhiconfig.sh system_name
system_name should be chosen from below:
sekirei : ISSP system-B
maki : ISSP system-C
intel : Intel compiler + Linux PC
mpicc—-1intel : Intel compiler + Linux PC + mpicc
gcc : GCC + Linux
gcc—mac : GCC + Mac



Let’s start HO !
(Standard mode)




How to use H®: Standard mode I (Lanczos)
Only StdFace.def is necessary (< 10 lines) !
L _4 ex. 4x4 2d Heisenberg model,
model = “Spin” GS by Lanczos method
thod =“L "
Irgtetics = “sc?unacrzeolsattice” Method
J =1.0

2Sz

Lanczos — ground state

=0

TPQ — finite-temperature
@ HPhi -s StdFace.det  FullDiag — full-diagonalization

Jouput : results are output

Important files

.Jout]
.Jout]
.Jout]

put/zvo_energy.dat — energy
put/zvo_Lanczos_Step.dat — convergence
put/zvo_cisajs.dat — one-body Green func.
put/zvo_cisajscktalt.dat — two-body Green func.

.Jout]



How to use H®: Standard mode 11

Joutput/zvo_energy.dat

$ cat output/zvo_energy.dat

Energy -11.2284832084288109

Doublon

Sz

Joutput/zvo_Lanczos_Step.dat

$ tail
stp=28
stp=30
stp=32
stp=34
stp=36
stp=38
stp=40
stp=42
stp=44
stp=46

0.0000000000000000
0.0000000000000000

output/zvo_Lanczos_Step.dat

-11

-11

-11
-11

.2284832084
-11.
-11.
-11.
.2284832084
-11.
-11.
-11.
.2284832084
.2284832084

2284832084
2284832084
2284832084

2284832084
2284832084
2284832084

.5176841765
.5176875029
.5176879460
.5176879812
.5176879838
.5176879839
.5176879839
.5176879839
.5176879839
.5176879839

GS energy

. 7981539671
.8254961060
.8776934418
.8852955092
.8863380562
.8864307327
. 8864405361
.8864422628
.8864424018
.8864424075

ex. 4by4, 2d Heisenberg model,
GS calculations by Lanczos

.5328120558
. 7872255591
. 7939798590
. 7943260103
. 7943736678
. 7943782609
. 7943787937
. 7943788984
. 7943789077
. 7943789081

convergence process by Lanczos method



How to use H®: Standard mode 111
Joutput/zvo_cisajs.dat (¢ cir)

$ head output/zvo_cisajs.dat ;
0 0 0 0 0.5000000000 0.0000000000 <C&“Xw>

@ 1 @ 1 0.5000000000 0.0000000000 (C,.Cot)

Joutput/zvo_cisajscktalt.dat
$ head output/zvo_cisajscktalt.dat

© © © © © 0 0 0 0.5000000000 0.0000000000
© © © © © 1 @ 1 0.0000000000 0.0000000000
© © © © 1 o 1 0 0.1330366332 0.0000000000
© © © © 1 1 1 1 0.3669633668 0.0000000000
(ch corel o)
04 <04 o¢ 0J
(ch corel cor)
04 040107 . . .
; eXx. onsite * nn-site correlation func.
(o CO¢01¢01¢>
(ch corel err)
04 “0LC11E17T



How to use H®: Standard mode 1V

HPhi/samples/Standard/

StdFace.def for

Hubbard model, Heisenberg model, Kitaev model,
Kondo-lattice model

By changing StdFace.def slightly, you can easily
perform the calculations for different models.

Cautions -

- Do not input

(upper limit@laptop: spin 1/2—24 sites, Hubbard model
12 sites)

- Lanczos method is unstable for too small size

(dim. > 1000)

-TPQ method does no work well for small size

(dim. > 1000)



Expert mode !




How to use H®: What is Expert mode ?

HPhi -s StdFace.def

Standard mode: Necessary input
files are automatically generated

Files for Hamiltonian ( files)
zinterAll.def,zTrans.def, zlocspn.def

Files for basic parameters ( files)
modpara.def,calcmod.def

Files for correlations functions ( files)
greenone.def, greentwo.def

+ list of input files: namelist.def

Expert mode: preparing the following files by yourself



How to use H®: What is Expert mode ?

Expert mode: preparing the following files by yourself

Files for Hamiltonian ( files)
zIinterAll.def,zTrans.def, zlocspn.def

Files for basic parameters ( files)
modpara.def,calcmod.def

Files for correlations functions ( files)
greenone.def, greentwo.def

@ execute following command

HPhi -e namelist.def



How to use H®: zInterall.def
Examples of input files for Hamiltonian
H+ = Z Z Iijklamzasmlc;‘ralCjOQCI];agclm

iajvkal 01,02,03,04

/-======================
NInterAll 96 # of interactions

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 | c2 k o3 | o4

You can specity arbitrary two-body interactions
— You can treat any lattice structures



How to use H®: Expert mode
Simple version of zInterall.det

- CoulomblIntra H+ = Z Uinisng

Easy to input interactions



Applications of H®D!




Comparison of three ditfferent methods

Comparison of FullDiag, TPQ, Lanczos method
Hubbard model, L=8, U/t=8, half filling, S;=0

2.5 .
—e— TPQ
2 | — FullDiag
- =« [Lanczos
1.5¢
= =
= Q
0.5 |
0l
05 ]
102 10" 10° 10" 10

0.25

| — FullDiag

—e— TPQ

- == ]anczos

10°
T/t

107!

TPQ method works well !



Studies using HPhi

1. Finite-temperature crossover phenomenon in the S=1/2 antiferromagnetic

Heisenberg model on the kagome lattice
Tokuro Shimokawa, Hikaru Kawamura (arXiv:1607.06205)

2. Finite-Temperature Signatures of Spin Liquids in Frustrated Hubbard Model
Takahiro Misawa, Youhei Yamaji (arXiv:1608.09006)

3. Four-body correlation embedded in antisymmetrized geminal power wave

function
Airi Kawasaki, Osamu Sugino (arXiv:1609.01438)

4. Liquid-Liquid Transition in Kitaev Magnets Driven by Spin Fractionalization
Joji Nasu, Yasuyuki Kato, Junki Yoshitake, Yoshitomo Kamiya, Yukitoshi
Motome (arXiv:1610.07343)

B, AR DG HPhi 2 ] !
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Frustrated 7-> Hubbard model

Lattice geometry Schematic phase diagram

spin liquid ?
Neel (m,m) l stripe (7t,0)

| hT S

~0.75 ~1.0
Previous studies
PIRG: Mizusaki and Imada, PRB 2004 VMC: L. Tocchio et al., PRB(R) 2008
0] Y .I ¥ 24 - T T N .l - T

AF1 '.‘ AFL2 ,j.* 20 _ Spln LIQUId Collinear

W N . 18} Neel Order Order

- S I Q=(m,0
. | > 12 Q=(m,x) (0;

|l | N Metal
'y 05 06 07 0.8 09

, th
NB: Spin liquid is also reported in Ji- J> Heisenberg model

Spin liquid may appear at intermediate region



Input file

W =4

L = 4

model = "FermionHubbard"
method = "TPQ"

lattice = "Tetragonal”

t =1.0

U = 10.0
nelec = 16
25z = 0

Teote, TN ! 20 F FMGHR S vl gE



Signature of spin liquid [U/=10]

specific heat entropy
- 1.0
00 X t/t=0.50 X t/t=0.50
O £/t=0.75 . O £/t=0.75
<O /=100 0.8 & ¢£/=1.00
0.4
= 0.6
< S
s :
0.4t
0.2
0.2+
0 2. e 1. R () R VE? B 7 0.0 2 L 'O L A 5
107 107 10 10 10 10 107 10 10 10
T/t T/t

At t7t~0.75 large entropy remains at low temperatures
— Signature of spin liquid



Available system size in SC@ISSP
ISSP system B (sekirel)

v fat node: 1node (40 cores) memory/node = 1TB,
up to 2nodes — ~-2TB

v cpu node: 1node (24cores) memory/node=120GB,
up to 144nodes—~171TB

SC@ISSP:
-Itis to perform the calculations up to

spin 1/2 = 32 sites, Hubbard = 16 sites

- It is possible (but expensive !) to perform the calculations
up to spin 1/2 40 sites, Hubbard 20 sites
(state-of-the-art calculations 5-10 years ago)



Summary

- Explained basic properties of H®:
Full diagonalization, Lanzcos method, TPQ method
for Heisenberg, Hubbard, Kondo, Kitaev model ....

- Explained how to use H®:
to start calculations by using Standard mode
Easy to treat general Hamiltonians by using Expert mode

- Shown applications of HO:
Found the finite-temperature signature of QSL in
t-t’ Hubbard model

If you have any questions,
please join HPhi ML and ask questions




More about HPhi http://qlms.github.io/HPhi/
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http://qlms.github.io/HPhi/

More about HPhi http://qlms.github.io/HPhi/

cf.. 2N 1 — [6] CERZLD1DbitZ kD, RIZKZ WD )N ITiE
DHE L A unsigned long int snoob(unsigned long int x)<{
unsigned long int smallest, ripple, ones;
smallest = x &(-x);
ripple = x + smallest;
ones = X ™ ripple;
ones = (ones>>2)/smallest;
return ripple|ones;
}
fhizd .
1DbitDIBRZ I DTN T A L,
1DbitDRBDMAT Z A BT NITY A 4, ...



http://qlms.github.io/HPhi/

many-variable variational Monte Carlo method

Ver0.17% 2

http://ma.cms-initiative.ip/ia/index/listapps/mvmc¢/mvme

search by “mVMC materiapps”
— You can find our homepage in the first page


http://ma.cms-initiative.jp/ja/index/listapps/mvmc/mvmc

Developers of mVMC

M. Kawamura ~ S. Morita
K. Yoshimi

T. Ohgoe

M. Imada




SERESEYTHILAE mVMCO)

D. Tahara and M. Imada, JPSJ (2008)

I‘/}) _— PGPJPC(l?hpéghﬁsﬁKlqﬁpm) T. Misawa and M. Imada, PRB (2014)
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ZRREITE VT AN AIEDEHH[2009-]
1. Iron-based SC ¢ [misawa,nakamura,miyake,hirayama,imada]

LaFeAsO,LaFePO,BaFe,As,,FeTe,FeSe

2. Doped Hubbard model : [misawa,imada]
Origin of SC in doped Hubbard model

3. Organic conductors: [shinaoka,misawa,nakamura,imada]

kK-(BEDT-TTF),Cu(NCS),
4. Kondo lattice model: [misawa,yoshitake,motome]
CO around 7 filling

S. Frustrated Kondo model:[nakamikawa,yamaji,udagawa,motome]
Partial Kondo singlet phase in triangular lattice

6. Spin liquids « [morita, kaneko, imada]
J,-J, Heisenberg model, frustrated Hubbard model

7. Topological insulators: [yamaji, Kurita, imada]
Kane-Mele-Hubbard model,Topological Mott ins., Kitaev model

8. Electron-phonon coupling system [ohgoe, imada]
9. real-time & imaginary-time evolution [takal, ido, imada]



Ex. Hubbard model

H=—t Z cwc]U—I—HC —I—UZnZan
(2,5),0

W=4

L=4

Wsub = 2

Lsub =2

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

U=4.0

nelec =16

HPhit IZFEAERICA V7Y b7 740!



Ex. Hubbard model 1

S(a) = 71 S(S; - Sy )

@]

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

Energy per site -0.8500(1) -0.8513
S(@peax) /N 0.0575(2) 0.0569
dpeak (7T77T) (7T7 7T)
(S, - S,) -0.2063(14)  -0.2063
1 x 4(PP),n = 0.625
Energy per site -1.2196(1)  -1.22380
S(qpeax ) /Ns 0.0130(1) 0.01300
Qpeak (7T/277T) (7T/27 7T)
(S, - S,) -0.0704(5)  -0.0683

g ALDR R Z & < BB S EENA{E L D
RELY A ZADEHE D u[HE (100-1000 sites)




Enjoy HO & mVMC(!




