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i o = Nl e

i B ML TH 248 P. Hohenberg and W. Kohn (1964)
e JR/}—LE'% ki =i} W. Kohn and L. J. Sham (1965)

o fRZ TRl JRATE T RILDA). — AL ARLERL (GGA)
5515 or not

([ ]
T8I

o JLIKEIE O ") +o. FP-LAPW., £l )5 2K

BYEHE EERH

Q VASP N PAW
Quantum ESPRESSO N PAW
Q Wien2k Y FP-LAPW
OpenMX N R - B

Abinit, Elk, AkaiKKR, QMAS, etc.



Quantum ESPRESSO

QUANTUMESPRESSE

HOME PROJECT DOWNLOAD RESOURCES PSEUDOPOTENTIALS CONTACTS NEWS&EVENTS

NEWS
10.05.18
THE WALTER KOHN PRIZE

Nominations are now being accepied for the
second Walter Kohn Prize for quantum-
mechanical materia..

30.01.18
QE DEVELOPERS MEETING 2018

Agenda
February 1st 2018

9:30 - 9:55 -~ Paolo Giannozzi: Introduction
slides

10:00 -

11.12.17
QUANTUM ESPRESSO V.6.2.1

Version 6.2.1 of Quantum ESPRESSO is

available for downlioad from GitLab and on ge-

forge..

QUANTUM ESPRESSO

s an integrated suite of Open-Source computer codes for electronic-structure calculations and
materials modeling at the nanoscale. It is based on density-functional theory, plane waves, and
pseudopotentials

https://www.quantum-espresso.org

Bt R T VY v LR
e Wannier90 & O jE#E

(symmetry-adapted Wannier
functions)




OpenM X

http://www.openmx-square.org

Welcome fo OpenMX

comens R T VS b+ B T
. at's new

pierna s Worehon o by 2o 20, 2018 o REIERDEHA
e Wannier90 & O EH#E

o NIREREIZME L

e What is OpenMX?

e Download

 Manual of Ver. 3.8

e Manual of Ver. 3.7

e Technical Notes

e Video Lectures

e Publications

e OpenMX Forum

e OpenMX Viewer

e Workshop

« Database of VPS and PAO
Ver. 2013

e ADPACK

o Miscellaneous informations

e Contributors

e Acknowledgment

e Opening positions

e Links
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LDA/DFT+DMFT  G. Kotliar ef al., RMP 78, 865 (2006)

FHEEIRD A3 58\ JF - 3E A~ D Bf 5%

IS Z B A PIEN~ 7
B E D EHE: AT FOVBIEL. BN R
- HENBIEG IC X ZH0RDST]HE (DMFT+GW 72 &)
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C o ML C N A AR 9 \
eARY b LB s i sE 10
| /O
Atk, @) = — —ImG(k, w + i0*) X Jr:d
9.0 —_— & ‘M\{\@a\‘/
80 | ' 500 . '
20} Y2Ir07
o 400+ I
0.0 = H T
ol all-in—all-out order
T} 300} F
3.0 - 9 : /
20 /& N A /N L . ~ .::: ;
ol @ oet \ = | SIEFHEIRE DEEK 200( i
0‘(15.0 ' T 50 100 HH // \
(eV) 100}
McMahan et al., 2003 metal | insulator
0

SERIA - B RSER 1.5 2.0 2.5 3.0

U (eV)
M. Jarrell (1992), H. Park et al. (2011), L.

: 1 : : 201
Boehnke et al. (2011), J. Kunes ef al. (2017) HS, S. Hoshino, M. Troyer and P. Werner (2015)

&4‘%%%%[] K. Haule and G. L. Pascut (2016)



DFT+DMFTD 1 5E 2 F — A

G. Kotliar et al., RMP 78, 865 (2006)

A
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( NV FEMRE 707 7 4 ]
3d orbitals
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http://hauleweb.rutgers.edu/tutorials/Overview.html

E (eV)

A E 7 =7 B

N. Marzari and D. Vanderbilt (1997), 1. Souza et al. (2001)

PR WE IR
L7 — &

SrVOs: M. Imada and T. Miyake (2010)

« DFT 2 — N2 9 LRI L 72\
« 7 =7 RS D A o33

Pro J ectors http://hauleweb.rutgers.edu/tutorials/Overview.html
M. Aichorn et al., PRB 80, 085101 (2009)
https://trigs.github.io/dft tools/master/ downloads/TutorialDmftproj.pdf



http://hauleweb.rutgers.edu/tutorials/Overview.html

Quantum (Anderson) impurity problem

Huie= Y Viola] 65+ hue
k7a7/8

O o

Hioe = § :toz,ﬁé\;rzé\ﬁ—F E U“’5’7’56$856765
Oé?ﬁ a7ﬁa’y’5 Hbath: E : ek,aak‘,aak,@

NRG, Exact diagonalization, Hubbard-I, CT-QMC efc.



Continuous-time Monte Carlo method

Review: E. Gull ef al., RMP 83, 349 (2011)

BT

ak,a

S

cz+h.c

Hmix — Z V]{a
k7a7/6
/\
Hloczz t,, ﬂé\j‘fé\ﬁ_l_ Z U&’6’7’5A$A267€5
a, 3 o, 3,7,0

Interaction expansion (CT-INT)

A. N. Rubtsov ef al., PRB
72, 035122 (2005)

* A serious expansion of partition function

Hybridization
expansion (CT-HYB)

P. Werner et al., PRL 97 076405 (2006)
P. Werner et al., PRB 74 155107 (2006)

Bath

A

Hyath = E :Gk,a@g,a@k,a

k,a

CT-AUX, CT-J, CT-X, etc.

 Sign problem in solving multi-orbital model



CI-HYB

P. Werner et al., PRL 97 076405 (2006)

P. Werner ef al., PRB 74 155107 (2006)

8
Z=Tr[e "] =Tr|e /™ Te_fo d7HL(7)

n

X pp 5
b Z j; dﬁ cee f dTn( - ]_ )n Tr[e_(ﬁ_Tn)HlHQG_(Tn_Tn—l)HI cen HQe_TlHl
n=0 -1

Hl — Hloc _|_ Hbath and HQ — 7_[mix

@ Bath

e Multi-orbital models with general instantaneous interactions

* Low expansion order in correlated regime
* Measurement of single-/two-particle Green’s functions



Hubbard I approximation

J. Hubbard, Proc. Roy. Soc. London A276, 238 (1963)

* Insulating solution at integer fillings
» Multi-orbital systems @ ---------------------- Bath

» Real-frequency data
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Moy 7927

¢ TRIQS: A Toolbox for Research on Interacting
Quantum Systems
https://trigs.ipht.cnrs.fr/
» Green’s function libraries

» Quantum 1mpurity solvers

» Interface with ab-initio codes

PythonT7 4 7 7V ZflAGHE T, ¥
B, BRI Lic7a 7 7 025 0%H D

¢ DFT + Embedded DMFT Functional

http://hauleweb.rutgers.edu/tutorials/
Rutger’s university

» Quantum impurity solvers

» Charge self consistency with Wien2k
» License issues

aff b A3

(i

:IH

¢ ALPSCore project
https://alpscore.org
» Continuous-time quantum impurity solvers
» Hybridization-expasion algorithm
HS, E. Gull, P. Werner (2017)
» Interaction-expansion algorithm

HS, Y. Nomura, E. Gull, in preparation

¢ 1QIST (Interacting Quantum Impurity
Solver Toolkit)
https://github.com/iqist/iqist
» Quantum 1mpurity solvers

¢ w2dynamics
M. Wallerberger et al., arXiv:1801.10209v 1
» Quantum 1mpurity solver

2B L)%Y 7 27 27 DNE
CHEBEKIZH) — DCore




TRIQS: A Toolbox for Research on Interacting Quantum Systems

» C++, Python7 A 77
F 7 BEHE % Python?» & FI| FH A 8
» BHFEE WK D
» BT D CH+ 5 sl Brbd 300 31
TRIQS f4 (C++14), TRIQS2.0 (C++17)

Yt A 7
LB OK

DCoreld F 77
O IN

https://trigs.ipht.cnrs.fr/

https://trigs.github.io/trigs/master/tour/ctqme.html

from pytriqgs.gf import *
from pytriqgs.operators import *
from pytriqgs.applications.impurity solvers.cthyb import Solver

# Parameters
D, t, U=1.0, 0.2, 4.0
e_f, beta = -U/2.0, 56.0

# Construct the impurity solver with the inverse temperature
# and the structure of the Green's functions
S = Solver(beta = beta, gf _struct = {‘up':[@], ‘down':[©]})

# Initialize the non-interacting Green's function S.G@_1iw
for spin, g€ in S.G@_iw:
ge << inverse( iOmega n - e_f - t**2 * Flat(D) )

# Set the solver parameters.
params = {}

params['n_cycles'] = 1000000 # Number of QMC cycles
params[ 'length_cycle'] = 200 # Length of one cycle
params['n_warmup_cycles'] = 100600 # Warmup cycles

params[ ‘measure_g 1'] = True # Measure G in Legendre

# Run the solver. The result will be stored in S.G_tau.
S.solve(h_int = U * n('up',8) * n('down',0), \**params)

# Save the results in an hdf5 file (only on the master node).
from pytrigs.archive import HDFArchive
import pytriqs.utility.mpi as mpi

if mpi.is _master_node():
Results = HDFArchive("solution.h5", 'w")
Results["G_tau"] = S.G_tau
Results["G_1"] = S.G_1

P. Seth et al. (2016)



Correct measurement of Two-particle Green’s

off-diagonal components functions (not supported
of Green’s function DCore vel)

ALPSCore/CT-HYB

TRIQS/cthyb

iQIST

w2dynamics




ALPS/CT-HYB

HS, E. Gull, P. Werner, Computer Physics Communications (2017)
https://github.com/ALPSCore/CT-HYB

° . e ([ seed=20
» CH+7"8 7 7 L (07 D i OWERET T Hj < Cimelini o608
C++03)
- . model.sites=3
» TXFALT7 7ANVAHDFS 7 7 A NR—A = T
model.spins=2
O)/f >/ y — 7+ — XA model.coulomb_tensor_input file="Uijkl.txt"
. . model.hopping matrix_input_file="hopping.txt"
r» AL /@Lﬁﬁﬁﬁ:f/ﬁﬁﬁ model.beta=20.0
) 7“ ]) _\/Egék@ﬂgj\j‘%mﬁj\@§+{ﬁu model.delta input file="delta.txt"
model.n_tau hyb=1000

TRIQS?> 5 > — A L ARV H §
Z & & A[HE (Python, 4 7°Y 3 V)


https://github.com/ALPSCore/CT-HYB

DCore : TR BIHFOY 7 b 27

¢ TRIQS: A Toolbox for Research on Interacting
Quantum Systems
https://trigs.ipht.cnrs.fr/1.x/index.html
» Green’s function libraries
» Quantum 1mpurity solvers

» Interface to Wannier 90, Wien2k

Pythonf‘? 477V zHArEOE T, ¥
B, BT Eic7u s 7 L2508 H 0

¢ ALPSCore project
https://alpscore.org

» Monte Carlo libraries

» Quantum 1mpurity solvers

Only single-orbital code in original ALPS

¢ DFT + Embedded DMFT Functional

http://hauleweb.rutgers.edu/tutorials/
Rutger’s university

» Quantum 1mpurity solvers

» Charge self consistency with Wien2k
» License issues

¢ 1QIST (Interacting Quantum Impurity
Solver Toolkit)
https://github.com/iqist/iqist
» Quantum impurity solvers

¢ w2dynamics
M. Wallerberger et al., arXiv:1801.10209v1
» Quantum impurity solver

— BHEDIA 77 2HAEOLEZY 77 2 7 HF
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DCore: RER VY7 MUz 7HHE - 8707 Kk

2R - SN =—XHEVW. PERIEHERY 7V 70 - BE1L
BEAIAL—YaVvEREZYERA/NOY EICEBE
SEEXRFIBR/NOAY1I—Y—EBODELIFE2T 3,

1-¥EUF AL [ wEnsHERY IR )
D1—HEYTFsMAL
« (MEEEEE(R. HFIRILALEN etc.)
1~2Y 7027/
v E > ) =7
/\ K7r—7"/‘/—1‘/7 h‘?:?'é"&l%ﬂj
| 2015-2016F THELE LY TR 7—E )
" Kw(2016) ) /H® (2015) mVMC(2016)\ OpenMX (2015)
< |
T =P
HaEsR1L s '
BESAT Y BEAERATEFRTFEEYLN— = EELEY T N LT
\_ Y, \_ EBFI—RE - @esem

2222 (*) SR MHER R /€O Y ih— L~ — U | S



DCore : HFETS 5t

2017FEEY 7 bz 7R - SEALTAY ¥ hTHH !

Connecting power of elaborate TRIQS and ALPS libraries

F XA R R—ZD

TRIQS DCore , ALPSCore A V;—7f;7\
» cthyb U; CT-HYB > Qagiﬁﬁ S
» Hubbard-I > ¢@£E\Eﬁ+ﬁ

» TTIIVIESE

Output: B2 RILF¥—, JU—2EE. AXRY NLEE

F—REHEZAWCETIVERK

IV RiEE (Wannier90FR) HBE{ER (Wannier90#x)
G§3 { G A4
b | RESPACK

2%22



DCore : 3EAEH

» DCore FHFEH (HTI3PR Q)

-
‘y
5
Y

SRS RS

VI7hox7REAEF—L (RERKF YIEH)

- Python2.7
- C++14 (for building TRIQS)

I

2
AF

;‘ . .';—‘*‘{Z-;
B3 B .
it

ERF BFE)  (RIbKE BEE

RERE Ei%

i /1HE

)

A=TYY=ZAYTRIIPHEOT, ETHAMEELE !

» BB
- Linux , OS X CO EI{EMERR

2422




DCore : A BREE— Y

» T
- IBTIIR
- BEEHER K8 T- © Bethe, chain, square, cubic lattice
- Wannier90/Z3\ : DFT calculations with/without spin-orbit coupling
- MHAAER

- Slater-Kanamor1 interaction,
- HIPRRPATE Z FH\CEH L 72 G A AEH (Wannier90/Z2\)
RESPACK: http://ma.cms-initiative.jp/ja/listapps/respack/respack
» H M a5
- JERGMERML, 30 =7 R

» PP
- HOZFL¥ = o) MEE (S EENTE
- AT MV A(w), Ak, o) FAEEHEELTOSINZEND !
» MPIIGHIAL

H A 515 (implemented in TRIQS/DFTools)

- m A L3 — (ALPSCore/CT-HYB, TRIQS/cthyb)

[lam— —



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

DCore Tk Z 2B 1ER
AT - BAO7 74)VICEET BERER etc.




DCore: ZEANMGH(6) iR D4

EF—RIBHEHISEHUINAXA—YZEHT BIHFS.
AN7 71 ILDIERR . . —
> WannierQ0EEND 7 7 T ILHHE
(TFAMVT—T 21 R) _ _
(hopping, Interaction)

dcore%1TH : dcore_pre BEIREnfesolvericin U=
W gl (e lish iR 0l hdfSIERD AN T 71 IV = 1ERK

BiRhicsolver2BW:=DMFT:E
(TRIQSTHWSNTW37A4A—Y v M THEREA)
GreenB#l. B2 XRILF¥F—DhHHOEh B,

DMFTEtH : dcore

(HAFER : hdf5ZR)

SHE#IE © dcore post HAOShcEROIMI(EICBRITER)Y I 7 7RTo
(AN TFAN) TFAMERATOHAHT S,




DCore: A GHRT) AJIT7 74

5D Dblockh 5B EIN 5

[model] : =BT 2E&7E [impurity_solver] : VILI\—DER7E
BF TRIQS/hubbard-Il, TRIQS/cthyb,

HEDY - E1F ALPS/cthyb
%E%ii =\ AN = x S
HE{FRDEE [control] : /)bl\—@ﬂ%*ﬁ:o)ﬁ_ﬁm
HEEROAE S RORT v FIELEOmMIXIng/ (T X — 5
DMFT-loop® &AL —7#
BitE75Y

[system] : RICEIT BE&%E

ERFHE DD =D [tool] : IRA NLIBEFDEETE
RRIRENZE D 73 R DEX RXK « R/EIREE

R E KEmRDIm « R ETRE
EZRT>2vIiL IRENEDEZD> T ME
etc-- etc.

ref.) https://issp-center-dev.github.io/DCore/reference/input.html



https://issp-center-dev.github.io/DCore/reference/input.html

sl 5L single-band 2D Hubbard model (1)

dmft square.ini https://issp-center-dev.github.io/DCore/tutorial/square/square.html

-
-
-
-
-
-
-
-

[model] .- g
seedname = square __.--77 __L.--- Eyt&iﬁét
lattice = square4 __..----=°77 | B 7K

norb = 1 «--777 _..e-emttTT l%ié?itét
nelec = 1.9 4- ___________________________ Fy ey

t=-1.0 <

kanamori = [(2.0, 0.0, 0.0)] «----- $E[Eif¢3

[system] oL
beta = 40.0 ------mmmmmmmmmmmmmmmmmoeees ‘ﬁ_ﬁyﬁ,@
nk = 8

n iw = 1000

prec mu = 0.001

[impurity_solver]
name = TRIQS/hubbard-I ANFRE ) LN —

[control]
max step = 7/

ERREizi v N ADIEIE

[tool]
broadening = 6.4
nnode = 4

knode = [(G,0.0,0.0,0.0),(X,0.5,0.0,0.0),(M,0.5,0.5,0.0),(G,0.0,0.0,0.0) ]
nk line = 100 Noag,
omega_max =6.6 ..

omega min =-5.0 A(k,a))%?r’%ff%/\‘)x

Nomega = 460



%?Wﬂ‘ﬁlﬂ’ﬁﬁﬁ

A . ;
Hint — Z Uaﬂ}laclao' iBo 1Cise’'Ciyo
laﬂ}’5 66" .. ..

FOPE  EDRIPIISIERE RN

Ja N

JRF BiE AV
FRFICKFLUTIC4RET >V I

DCoreTld. U TODOEXZTR—K

DEDING A =T ITIKTF U TRENBERADZEIR (kanamoritd A {F
‘RESPACKHZZN TDAZ]

375 &)



Kanamorit8 & {EFH

Uaaaa = U,

Ugpap = U’ (a # p),
Uappa = J (a # p),
Uaapp = J (a # p),

where U, U’,J at each correlated shell are specified by the parameter
kanamori as

interaction = kanamori
kanamori = [(U_1, U' 1, 2. 1), (U2, U' 2, J 2), ... ]

SlaterBiiz &, HDINFA—Z{HYR—b



e YE single-band 2D Hubbard model (2)

https://issp-center-dev.github.io/DCore/tutorial/square/square.html

1. A7 74 )VD>5HDFS 7 7 A )L 2 1ERK

> dcore pre dmfit square.ini

dmft square.ini — square.h5

2. HEEE A

> dcore dmft square.ini

» dmft square.im
» square.hS

3. H O #Ef#E GTH O IPOH % ek

> dcore check dmft square.ini

— square.out.h5

4. PP EAT

H
> dcore post dmft square.ini




3

gliw

a5 single-band 2D Hubbard model (3)

)

r

©
o [

W

A & R O IR 2

> dcore check dmft square.ini

1.0

0.5

0.0

-0.5

~1.0};

https://issp-center-dev.github.io/DCore/tutorial/square/square.html

4. YRR ENT

> dcore post dmft square.ini
> ognuplot square akw.gp

Re Sigma-10_0
Re Sigma-2 0_ 0
Re Sigma-3 0 0
¢ Re Sigma-4 0_0
Re Sigma-50_0
e Re Sigma-6 0 0
Re Sigma-7 0 0

Im Sigma-10_0
Im Sigma-2 0_0
Im Sigma-3 0_0
Im Sigma-4 0_0
Im Sigma-50_0
Im Sigma-6 0_0
Im Sigma-7 0_0

4



sl 541: SrvOs with Quantum ESPRESSO (1)

https://issp-center-dev.github.io/DCore/tutorial/srvo3 qe/srvo3.html

7 S TP

Quantum BSPRESSOIC & % it

1. A7 74 VD>5HDFS 7 7 A4 )V 2 1ERK

. Ssrvo3.ini

> dcore pre srvo3.ini
[model]
latticeﬁg:Zéggégzéé:::>
seedname =

nelec = 1.0

ncor = 1

norb = 3

kanamori = [(3.419, 2.315, ©6.530)|]
bvec=[(1.627091,0.0,0.0),(0.0,1.627091,0.0),(90.0,0.0,1.627091) |

2. HO R A G L
> dcore srvo3.ini
3. H O R TR D IR 2 fifE ai

> dcore check srvo3.ini

4, VIBEEIENT ion—o

i
> dcore post srvo3.ini




sl F41: SrvOs with Quantum ESPRESSO (2)

https://issp-center-dev.github.io/DCore/tutorial/srvo3 qe/srvo3.html

++T+

+ .

+
+++
+ +#I++I*++*

Alk,w)

[model]

lattice = wannier9e
seedname = srvo3
nelec = 1.0

ncor = 1

norb = 3
interaction =
bvec=[(1.627091,079,0.9),(0.0,1.627091,0.0),(0.0,0.0,1.627091) ]

https://1ssp-center-dev.github.10/DCore/documentation.html




