http://www.advancesoft.jp;'u--#m

F-REEYINITIY & ma
Advance /PHASE S#ERtTI7—2017

20172105248(N)me

13:30 (A=)
1330,\,1340 (10 ﬁ) I{E%@L\éj TI\J\\/Z‘Jj I\**I_Etﬁ*i@:r%gﬂ ....................................... 1
FHEAFKRE FEIEF —17
Y5RlGEE
AN A- [E—RIBETEZRAVVCBREFERE> 2L —>3>
13:40~14:40 (60) e e E 5
FEERMFAESIAAT AT —LAE K& =&
F—RIEETEY T b1 77 Advance/PHASE D#itaEE[ 1]
14:40~15:10 (3043) [CONSLANt-IIE] ovvieiie e 48
HRE & &FF
15:10~15:20 (10%3) (IRZ8)
$F—RIBEETEY J 1 77 Advance/PHASE D#FHEEE[2]
15:20~15:50 (30 %)) TWannier90 EMDIBEHE] .o 63
HIRE HSh X
HEHRFKICET DEE
15:50~16:35 (45 %) [@RAHRIE F2A\D Advance/PHASE DIl ..ovviiiiiii e 80
ARAKE $HMEARE O fZEEk
P &S KUEEY — EXDTHEBIT. BRLE
17:00 (FA=)
memo

Adv% Soft
N

Si DIRAERRE ¥
- | - f| B\ / ‘7
. AN \/ 1. i
1 /VYN : N
1' LN — L} -/ N\ | P
=L i )| siommes I
i AR y ]

o SiDI\T RiEE

Copyright ©2017 AdvanceSoft Corporation. All rights reserved.






i
Advance Soft

e
http://www.advancesoft.jp/

FiEEHLED]

it se 180 [l —17

£—[RIEFTEYINIT7Advance/PHASE
EATEIEItI—
20176104248 (N)
7RI RV T MER S5t

Copyright (©)2017 AdvanceSoft Corporation. All rights reserved. 1
i
Advance Soft
SR -
K http://www.advancesoft.jp/
BHER &l EBME
B TEAVRYIMRARAE HATSELE | - /A0 — B, BT LEHE O
(EX#t% AdvanceSoft Corporation) o S DESSELE
it T101-0062 . L 'j')ﬂ'sZF'ﬂ?ﬁ'fb:/Z?L\\'EE)Z’/Z?AF?E%~
B e o BT 245 giEgs | BB | e SF0Lone
FHFDKEILITEE o R TCADY R T L DEAF
TEL: 03-6826-3970 BT ER6HD .

IRIBBIEDRFE. RITER
E2EEL | HATE4R < BHERICROIRMATRES AT LRAFEGE
*ifﬁ%3glz ° EL;ﬁw %'kﬁs 1'3?&?[;%':1%*)6&&1&;}%“1(:/

FAX:03-5283-6580

B 3 20024F (FRL144F)4F 248

BEXRE 37245 M 2T LEKERE
HAK 1008 CQOTFEIRIERA) | | BIFES * HPARCISR DB RTz I ORISR
wmsrem | REEBEISUMOTIITIUEOERRR
KRBT TOO=T T £5 . RERTRIKER
AT LRSE-RFE Y AR—k
FABEE | PSR cFEFN-IXRILF—FRICRIREUBHGE
e Z—/\—avEa—FT4 Y —ER
" K EalL—2ay
N REREH | oy L7004 —ERDIRME
« BRI —E DR
EEANE EER  BEHKRED
Copyright (©)2017 AdvanceSoft Corporation. All rights reserved. 2




Fiel

7RI ZAYT RS Advance sof

9
http://www.advancesoft.jp/

EXRND=——X S
FEHI & Exrcozmt |
Dy 4) 027 1
..... B R FrontNet
I R AR HTFrontFlow/MP
B {KDESSERT

mBERFEY I - | 51t

— VIrDOERIE >

A A

FR{RfEMTFrontFlow  FYJARARREVOCAP
&2 FrontSTR ~ F—EIREHE PHASE

T

BN EHIIaAL—30Y Iz 7 DEFE (2005~2007) FEIAVARY TR
I i | ) T 2 4 YA
BB U887 7 O BRSE (2002~2004) | i

fitt
P
e e e e ——————————

w

Copyright (©2017 AdvanceSoft Corporation. All rights reserved.

Fiel

— ——
Eﬁljt |,§ Advance Soft

FENNRYITID I HH—EX

Jdhnl

MEEMEE MERMEHE

VIR T7 DERH VYIkox7

(BL. %Z5) INVIT—DER5E
HEHAEHED —
AHILTALY A

avEa—g5429

T AL TORF. T
t iR
HMERWMEHEY I Iz 7 ORBELTERELT-.
MERMEARICEATOHRALGV)1—a 2 TRILET,

Copyright (©2017 AdvanceSoft Corporation. All rights reserved. 4




N\

7RIS ZVT D) S —S TR T 7 :

2=
2L

73

Advance/FrontFlow/red  Advance/FrontFlow/FOCUS

BiE

Advance/FrontSTR

F/
Advance/PHASE

b =N

2
: | 5 “
g —8 .
\ J
( o N\
E2C L FYHRRE
Advance/TCAD Advance/REVOCAP

J

L
X ERIFEFERvr—OFBELTOET , ST R4 HP (www.advancesoft.jp) & S BB SLY,
5

Copyright (©2017 AdvanceSoft Corporation. All rights reserved.

|
Advance Soft
)

http://www.advancesoft.jp/

Advance/PHASE

* Ver.3.5

— Ftgee
« Constant-pix
« Wannier90& M &

— B, BRILBETR DM\ T Trv IR
o FEEENRETHEWAL, TESRYEFH/NN—2avITTyT I L—kRL

TLZELY,
— phase-viewerD i R

o FTHEREITR IS
o A—H—HIRrDLKDHE KRR
— Ihhnd FOBFELRETYIIRMBYELES, Y R— 2 4—I20

EHESZSUY,
AIREERRY RBRL . KU T LGUIZL TWEWEEZTNVET .

Copyright (©)2017 AdvanceSoft Corporation. All rights reserved.




i
Advance Soft

—_nh s dDAdvance/PHASE .

e \er. 3.6
- BFZERIBLTHET,
— 2018FEITV—RFE
o FTiEE

- KEBEH-BEEEETFE

— ARBIEARIEILETE Dno-SCFEHE 3t It

- AREEDRFAERHEIL

o INTT499 X ophase-viewerD R B HITLVET,
o CNLUE -HETFET. BYTIIHYELA

— 3D-RISM-SCFi% EESMiE D 3E Y
— ABRMEARINILETEEED AR B D fEIR
— EREREEYIILAA—DE R
— Time-Dependent-DFTIZ kARG BB D HE
— DFPTIC& BT+ /U fEHT
— J -0 )7

Copyright (©)2017 AdvanceSoft Corporation. All rights reserved. 7




Jodduoooy
Jdduoooooboodd
-Jguoooggt-

Jobodouoooogbououon

Joboogboobtobtuoobodboobogouon
gogg

20170 100 240

U00000o0oboOgDd Advance/PHASED O OO OO0 O 2017

Battery
Manganese dry cell

Lead battery

NiCd, NiH secondary battery

Fuel cell

Lithium secondary battery
Capacitor

Electrolytic condenser

Double layer condenser

Supercapacitor
Photovoltaic cell

c-Si, a-Si solar cell

Dye sensitized solar cell

photoelectrochemical
hydrogen production
Sensor
pH meter
ion selective concentration meter
glucose, etc. (using enzyme)
gas (oxygen, etc.)
Electroplating
Cathodic protection
Fe — Fe.Os
Electrolysis
Aluminum, Copper, etc.
Water, salt, etc.
Organic chemicals
tetraethyl lead




Target devices

Energy storage
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anode electrolyte cathode

Energy generation Energy harvesting

AT - '-L-tlh.rlﬁi.;:‘l'”d-\- .
s S l
=
-II
&

i Caloce

0% H,out O,out
o

Experimental technique on electrochemical devices

S - ~ o i 3 =F o ~ e

in situ spectroscopy

X-ray emission/absorption spectroscopy (XES/XAS)
- Raman spectroscopy

- Infrared spectroscopy (IR)

= Auger electron spectroscopy (AES)

- etc...

|-V characteristic

Cyclic voltammetry (CV)

Linear sweep voltammetry (LSV)
Charge/discharge characteristic
* Impedance spectroscopy

- etc...
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Application 1 (XAS analysis of carbon
aerogel super capacitor)

.vaw advmat.de
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Advanced Materials 27, 1512 (2015)
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Newly developed XAS technique reveals
the bias induced changes of the
electronic structure of the electrode. 5

XAS analysis of carbon aerogel super
capacitor

XAS spectral calculation with
guantum espresso package
http://www.quantum-espresso.org
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Experimental technique on electrochemical devices

in situ spectroscopy

X-ray emission/absorption spectroscopy (XES/XAS)
- Raman spectroscopy

- Infrared spectroscopy (IR)

= Auger electron spectroscopy (AES)

- etc...

I-V characteristic

Cyclic voltammetry (CV)

Linear sweep voltammetry (LSV)
Charge/discharge characteristic
» Impedance spectroscopy

- etc...
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Appllcatlon 2 (Cycllc voltammetry)
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- Effective screening medium (ESM) method
- Constant bias potential (constant-pu) method
- DFT/RISM hybrid (ESM-RISM) method

- OO0

- Hydrogen evolution reaction (HER)

- CV curve of oxygen reduction/oxygen evolution
reaction (ORR/OER)

- Proof test & Li insertion into graphite electrode
9

4

Electric field: 0.1~0.5 V/A |,

10

Joddubooddnd

25°C, 1.0M NaCl, Electrode: Pt

nm2 surface area %
NU——— 1 NaCl / 50 H,0
460Pt atoms ©
Va
cf Length scale of EDL.:

o)
EDL m ~ pm
Diffuse layer v

Helmholtz layer: ~A I >
Depth
2nm: 800 atoms ( 264 H>O, 5 NaCl)
10 nm: 5000 atoms ( 1320 H20, 25 NaCl)
0.1 pm: 50000 atoms (13200 H20, 250 NaCl)
-9-
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« All atom calculation  Classical liquid theory
e BOMD, CPMD, ... < JDFTX, ENVIRON, PCM,...
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Poisson-Boltzmann model

PB

(a) d. lon size

12 [. Brukhov, et.al. PRL ‘97
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DFT/RISM hybrid

Cu(100)/Water
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A. Kovalenko, et.al. JCP (1999)

Explicit model (CPMD)

Cu(100)/Water Oxygen-up

.|.
180 Cu atoms & 245 water molecules N 8

n
oxygen-down

N e
¢

Longiny
g

D.L.Price, et.al. JCP (1995)




Cu(110)/Water

63 Cu atoms & 24 water molecules |
Layer distribution function Cu-O distance
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S. Izvekov, et. al. JCP (2001) . time( ps)

ooy

A 0 miinln 0) Modified Poisson-Boltzmann 00 (19200)
ooooo (e ~ 80) ooooo
0000000/0000000 000000 0+0000/0000000
ooog

0000000000000 (19800019900)
HNCO O

Orstein-Zernikel 0 0O O RHNCO D
RISM
3D RISM

g/000000ooooco@oo)yooo
gboooooooooon

dodgggoogogdd (19950)

gobbooobboooobon
guobbgboooooobgad

gddddgoooobbbbobboboobbooooon

N A I I I N

-13-




4 Challenges in modeling an
~electrochemical reaction for DFT-MD

Electrochemical interface

it 0 © Dg
(@)
= o © . .
' g © 2.B|ast plotentlal
- contro
1.S.tron.g électric Vi Electrostatic potential
field in Helmholtz Y /
layer ——hL\! EDL H
i Ve
A

7 AN
3.Screening in diffuse 4.0rigin of electrostatic
layer potential

20

4 Challenges in modeling an
| electrohemial retion for DFTD

( )
1.Strong electric ESM method
field in Helmholtz Effective Screening Medium method
L layer Phys. Rev. B 73, 115407 (2006)
-
2.Bias potential Constant-u method
control Phys. Rev. Lett. 109, 266101 (2012)
\ y,
4 . . . )
3.Screening in diffuse
layer ESM-RISM method

Reference Interaction Site Model
4.0rigin of electrostatic
potential Phys. Rev. B 96,115429 (2017))

20
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Total energy functional in conventional method

Total energy functional

Elpe] = Tpe] + Exclpe] + % // drdrlw + /drvext (7)pe(r) + Enr

7 — 7’|
5o
) Kohn-Sham equation
INPUT {R}7 Pin

[—%V2 + V(T’) + VNL + ch('r)] wl ('r‘) = Eiwi (’r‘) l_EH7 Vext (T‘)

—
Kohn-Sham eq. 181

L

|

/
Vir)= /d’r”‘p:)t_(r:/)| = /dr’GPBC(r,r’)ptot(r’)

OUTPUT|E, Fy

21

Boundary condition at the interface

2D periodic boundary Open boundary condition

i
condition (2D PBC) / (OBC)
>~ 22
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Boundary condition at the interface

Z < In the density functional theory (DFT),
Z, we need to solve two equations.

Z— Kohn-Sham equation
fo 1

_%VQ + V(1) + Var + Vae(r) | $i(r) = eii(r)

/W) —3D PBC

a Poisson equation

Vie(r)VIV (r) = —4mpios (1)

—2D PBC + OBC

\

Mixed boundary condition (MBC)

23

>z

Simulation platform for electrochemical
Interfaces

e )
1.Strong electric ESM method
field in Helmholtz Effective Screening Medium method
_ layer Phys. Rev. B 73, 115407 (2006)
4 . .
2.Bias potential Constant-u method
control Phys. Rev. Lett. 109, 266101 (2012)
9 y,

g 3.Screening in diffuse A

layer ESM-RISM method

Reference Interaction Site Model

4.0rigin of electrostatic

potentia| Phys. Rev. B 96,115429 (2017)

J

24
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Effective screening medium (ESM)

"M.O.and O. Sugino, PRE 73, 115407 (2006)
How to solve the poisson equation under MBC?
Vie(r)VIV(r) = —4mpiot (1)

Laue representation

0:{e(2)0} — e(z)gﬁ]V(gH,z) = —47TP(9||>Z)
0:{e(2)0} — e(z)gﬁ]G(gH,z, ') = —47T5(9||7Z — ')

We can get Green'’s function analytically with

each boundary conditions.
25

Effective screening medium (ESM)

M.O. and O. Sugino, PRB 73, 115407 (2006)

(i)
asz<g|| ) Z) |z::|:oo =0, €(Z> =1 siab
(i) neutral surface, polarized surface...
V(g,21) =0 —
{ 8ZV(g||,z)}Z:_oo =0

slab

electrode

] >
e(z):{ 1 if z>2z

1 <
oo if z< 2z STM, gate electrode...

(iii) ’
{ Vi(g,z1) =0 b
Vg, —21) =W

slab

electrode
electrode

€(z) =00 if |z| > 2 _ . .
(%) | |22 nano-structure in capacitor, zigzag pot.
26
_17_




Effective screening medium (ESM)

M.O. and O. Sugino, PRB 73, 115407 (2006)

GO (g7 7) = praail=| —p
2g) slab Z
G(ii)(gllyz,z/) = 4—7Te gilz=2"1 _ 4—7Te_gll(2z1 2=2') |
29) 29)

2
) =
O

4 /
G(m) (g“,Z, Z/) :gj-‘l-'e—gnh—z |

4mr e=291%1 cosh{g)(z — 2')} — cosh{g (= + 2')}
29| sinh(2g) 21)

27

Total energy functional of the ESM method

Total energy functional
E[ﬂ] +Exc //drdr/p'r—’r‘/l +/drUext( ) (T)+Eion

V == variable

Elpe, V] = T[pe] + Exc|pe] + /dr [+(—)|VV(T) + Prot (T

convennonal

5v ~ " bGeneralized Poisson equation -
/Otot r
Vi(r) d
V[E(T)V]V( ) — _47Tptot( ) 'r' — fr"
§E =0 ESM
Pe .
Kohn-Sham equation : model dependent
Y er (7, 7") pros (7)

—%Vz + V(’l“) + VNL + ch(r) sz( ) = 51¢1(

28
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Schematic animation of electrochemical interface
~simulation

0.0 , \ -0.2 ""ﬁ\-{"

< COSh >
L]
R -
Excess charge (eicell)

-0.6

J. Phys. Soc. Jpn 77, 024802 (2008) 29

Electrochemical reaction

Hydrogen adsorption reaction

H30+ +e — HQO + Had

2 ® & &
o e

J. Phys. Soc. Jpn 77, 024802 (2008) Q=-0.95 (e/cell) 30
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Simulation platform for electrochemical
Interfaces |

e )
1.Strong electric ESM method
field in Helmholtz Effective Screening Medium method
layer Phys. Rev. B 73, 115407 (2006)
. .
2.Bias potential Constant-y method
control Phys. Rev. Lett. 109, 266101 (2012)
\_ J

g 3.Screening in diffuse A

layer ESM-RISM method

Reference Interaction Site Model

4.0rigin of electrostatic

potentia| Phys. Rev. B 96,115429 (2017)

J

31

Limitation of the original conventional DFT-MD

Mode Scheme Thermodynamic  Experimental
potential realization

-q
, _ conventional
N, = const R F(T,V,N,) Isolated capacitor SimUIa tion
p = const R  Q(T,V,u)  Electrochemistry eXperlmental

(STM) simulation

A. Lozovoi et al., JCP 115, 1661 (2001)

32
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0O 0O O KS solver

Input: i, n

U

KS solver

SCF
calculation

ggobogon
KSsUgogooo

gogoobogogon
goboobodng

(constant-n)

Y

gooogogon

O

gogboobogogo
gooo

Output: F;, Eiot, W

Lozovoi's method

Input: 7, W

Y

KS solver
1 O000O0OO0OO

e KSOOOODOO

i -0000000000
calculation Odoooooodg
tant- D —
) Op0000O000
0o0oQ
-.00000000on
0ooo
{} SCFODOOODO
output: F;, Eior, 1 ooooooog
- 00

0O 0O O KS solver

lzkot

A

Lozovolll 00O 00O O [

g
gooon
gooo

iteration

goboodn
gooooo

Lozovoi's method

lz%ot

SCFU U0 U O constant-pJ
Ooooaao

—-SCFO O 0O OO O constant-nJ
Oo00o00oOd

- Jgoonboooubon
gogooooooodn
-Jgggobboboan
gogooobgodgobooo

gogooboo

34
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U 0O00O0Oconstant-nJ SCFU U 0O U constant-pld U O
‘uogoguil o

Input: 7;, Ne

new new
vy G vn
Output: ,r,?ew ¢ KS solver ¢ Output: ngew

scFOOOOOO
SCF 0Ooooooo $DDDDDDDDDD
calculation oOoooooon :

(constant-n) 0000000 ' boooooon

. 0000000
goooog

outout: Fi, Etot, fin
] |

Input: F'; I @ I Input: Fip OC fin — Mext

35
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Conventional NPT MD simulation
| —— Veell - Cell volume

| : W M,,..,, : Fictitious mass for variable cell
S W-“M P,
= Il |
a!‘ l I ’ Pvceu:E_Pext
o\ TR O S TR —— from Virial theorem

If we can introduce a fictitious motion for amount of charge n., we can
realize NVTpe MD simulation

A
—_ . _ Pncell
> Necell = M
EJ/ . Ncell
i —
Pncell = M — Hext

> 1 (ps)
36
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U UdUddAndersent] [

-00000000000000
* -J00000000000DODOOOOOOOOO
°® « ri =Vir, (0<7<1)
0000000000000000

. 1.
' 'I"i:V3’l‘i

gobbobtd-voboouogoogoo

0 0O 0O 0 Lagrangiant U 0

N
1 2 1. 1 -
Lp:§§ﬁmef—EQthw+5WWQ—ﬂmV

ooowoooobooboobuoobuoobdUobUnEuler-Lagranged O 0O O

(

2 OE({Vir}y) 2V

mir; = -V 73 - =T
o or; 3V ;
gbooobooobog Py

N N
R 29 OE({r};v) 0 VirialO 0 O
WV gy |2V = D gt || e
\ 2 (3
oo
37 H. C. Andersen, J. Chem. Phys. 72, 2384 (1980)

0000 0OnOI0OO0OOOnOODbOOn

system Simulation
(charge:n) system e Potentiostat(] [ 0 O O system 0 [
—_ —_

—_— U HextJ U0

oooo

«—C —> «—c —

0 00O 0O Lagrangiant O 0
1 1
— 2 . ZMn2 - (—
L, = 3 E m;7; — E({r};v) + 2Mn (—textn)

0000MOOO0000000000000EulerLagrangel 000
__9E({ri};9)

it = -
~ 4(””’L—DDDDDDDDDDMm

L OE({ri};v)
Mn = — —on —Next>

boud N. Bonnet et al., Phys. Rev. Lett. 109, 266101 (2012)

38
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gooon gooon

Vv n

| >V | 1
oo0o0n —oV Vo 1% —on no on
Oooon ]Din>Pext Pin: ext Pin<Pext Min < Mext HMin = Hext fhin > Hext
ood Pext:<Pi> ,U/ext:<,U/in>

WV:Rn_PeX M: in — ex
0oooo . ¢ A ft
oooooQ S WV ~ ——6V — Méi~ ——én
Vo C
feedbackD O DO OOO0OODOOOODOOO
oP 1 Ou
B—=_V.2 - _ YK
oo0Ooooo VO@V DDDDDDDDC o
39
O00OO0OO0O-HooverD OOOOOOOOOOOOOOOODOOOOOOOOOO
o000 (3 o 2 e o o e e o e
0000 Y:///exp[—(?—[—l—PextV)/kBT]drdqu E“:///exp[—(?—[—uextn)/kBT]drdqdn
1Y 1Y
_ 2 . _ = 2 .
H=> Zi:mm +E({r};v) H=> ;mm +E({r};v)
oood goooooo
ooooo P 1 a(V)y  (6V? O o(n) _ (6n?)
oooooo (V) OPexy  kpT(V) Olbext kT

(n) =

Zy = // exp[—fH]drdg DO DD E= /Znexp [Bprexen]dn 000 D

2
/nZﬂeXp [ﬁﬂextn] dn 0o0Q 8<n> /nZZneXp [B,uextn] dn (/ nZneXp [/BILLeth:I dn)

=p = —p =2
= B((n*) — (n)?) = B{(n — (n))*) = B{on?)

40
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How to realize constant-p system

Input: T3, Te - Fictitious charge particle
— ¢@ e (FCP) is introduced with
outout: T2 T e outpu: v fictitious mass.

F'ggrtt'lf::lltg (CF'?FQ?G - For static calculation, FCP is
optimized by line minimization

. Py .
He = 47 scheme. We can obtain the
Ne .
SCF p_ pFCP grand potential.
calculation - e _ _ _
(constant-N) oxt = For MD simulation, FCP is

evolved by equation of motion
for FCP. We can obtain the
grand canonical ensemble.

- FCP is updated at each atomic

I Input: FFCP step. (e.g., Geometry

input: I timizati t MD step)
optimization step, MD step
Output: Fiot, Fy, FFCP
| |

41 Phys. Rev. Lett. 109, 266101 (2012)

Test calculatlon (Pt HzO mterface)

constant N constant p

[ N ( N\ N
Tatom =353 K Hext = —6.0 eV Poxt = —4.9 eV
Q = 0.35 (e/cell) T'=300 K T-=30K
]\4ne = 300 Cm_l Mne = 300 Cm—l
Mg, =100 cm ™" Mg, =100 cm ™"
S 7N J )

Fermi energy (eV)

ololelele)
RNWhA

Excess charge Q(e)

5 52545658 6 6.26.4
42 Time (ps)
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How to realiz

Input: 7;, Ne

Output: 7;

new new
new ri * U * n@
KS solver

e constant-p system

Fictitious charge particle
(FCP) is introduced with

output: 2% fictitious mass.

SCF
calculation

(constant-N)

Input: F';

Output: Fiot, Fy, FFCP
] |

Pn _ FFCP

Fictitious charge - For static calculation, FCP is
particle (FCP)

optimized by line minimization

P, :
ST scheme. We can obtain the
. grand potential.
= U — Hext

» For MD simulation, FCP is
evolved by equation of motion
for FCP. We can obtain the
grand canonical ensemble.

- FCP is updated at each atomic

Input: FFCP step. (e.g., Geometry
optimization step, MD step)
43 Phys. Rev. Lett. 109, 266101 (2012)

=

NEB method

\

Reaction path

in E-space

Searching the minimum energy path
(MEP) using NEB with constant-p

Constrained geometry optimisation
on hyperplane in E-space

atom FCP

t. FCP
F? om7 F

atom FCP

FCP is also updated at each atomic step.
=no additional calculation cost

44
-26-




Generalized force acting on atoms & FCP

Minimize E instead of the total energy E

E =F — fiextn

E includes the potential pextn derived from an external potentiostat.
Force acting on atoms

OF OF
F,=—— =—
8’)"2' 87“2-
Force acting on FCP
OF
FFCP — 22 () — fhe
6971 (lL % t)

We need to consider the generalized force acting on atoms & FCP to
optimize the geometry and L.

45

Simulation platform for electrochemical
Interfaces

e )
1.Strong electric ESM method
field in Helmholtz Effective Screening Medium method
_ layer Phys. Rev. B 73, 115407 (2006)
4 . .
2.Bias potential Constant-u method
control Phys. Rev. Lett. 109, 266101 (2012)
9 y,

g 3.Screening in diffuse A

layer ESM-RISM method

Reference Interaction Site Model

4.0rigin of electrostatic

potential Submitted to Phys. Rev. B

J

46
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Simulation platform for electrochemical
Interfaces |

©6°%0 © Do 2
©) o O o
@, 2% ©° =
® o © ©g 0 © -
e All atom calculation  Classical liquid theory
e BOMD, CPMD, ... * JDFTX, ENVIRON, PCM,...

g 3.Screening in diffuse A

layer ESM-RISM method

Reference Interaction Site Model

4.0rigin of electrostatic
potential S. Nishihara and MO, PRB 96, 115429 (2017)

47

Simulation platform for electrochemical
interfaces

Why do we:
e give up to keep going with all-atom MD
simulation?
e introduce the classical liquid theory
(implicit solvent theory)?

g 3.Screening in diffuse

layer ESM-RISM method

Reference Interaction Site Model

4.0rigin of electrostatic
potential S. Nishihara and MO, PRB 96, 115429 (2017)

48
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All-atom simulation vs. RISM
(Explicit solvation vs. Implicit solvation)

Z (ncation + nanion) - Integer

¥

All-atom treatment of solvent region
is not compatible with the bias
application on the interface.

¥

In RISM, we can obtain
|:| thermodynamically relevant pair
distribution function g(r).

D
©
(@)
|-
o)
(&)
QL
(¢b]

DOS

A / x
/ DOS(e)de # Integer
AV

= Fractional number

/ {geation(T) + Ganion (7))} dr = Fractional number
Q

49

What is the RISM theory?

Ornstein-Zernike equation

{h(rl,rg) =c(ry,re) + /d’l”gC(Tl,’l’g)p(Tg)h(?”g,Tz)

h(?"l,'l"g) = g(rlar2) —1

h(12) = e(12) + / d(3)c(13)p(3)c(32) + / d(3)d(4)e(13)p(3)c(34)p(4)c(42) - - -




1D-RISM

1D-RISM equation
-3 / (W (e O

wOé/L(/r.) 47_‘_7,2 6( - ZO‘N)

\ Xvy (r) = Wry (r) + Py Py (7)
Closure relation (Kovalenco-Hirata)
o (1) = exXp [_Buow(r) + hory(r) - Cow(r)] for gay <1
“ - 6ucw(r) + hory(r) - Cory(r) for Jary > 1
Interaction between atomic sites
(Lennard-Jones + Coulomb)

Tap\ 12 Tap\® qaq
(1) = e | (722) " - (%22)"] + 2o
9 €0 = \/€aby

b _Tatoy
\ oy 2 51

.

3D-RISM

3D-RISM equation ==

iiFrom 1D-RISM go(® j ﬁ
Xu'y ZXV’Y e ‘,AJ : .
3 [ are (v - N\ /)
EV:/ ’l"C T)X ’Y(r ’I") gH(r) \“ /j

Closure relation (Kovalenco-Hirata)

(r) = P [—Buy (1) 4+ hy(r) — ¢y (7)] for g, <1
gy\1r) = 1 — Buy(r) + hy(r) —cy(r) for g, >1

Interaction between atomic sites
(Lennard-Jones + Coulomb)

(r) =2 dens [<|r0323/4|)12 ) <!ri7?14!)6

52
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Laue-RISM

From 1D-RISM

Laue-RISM equation
! ! = ig. (2 —2) coo0oo000
XV'Y(gH’Z _Z):%/_ ngXV'Y(g)e : e
hy(gy,2) = Z/dz’cy(g”,z’)Xw(g”,z’ —2) 000000 -4

Closure relation (Kovalenco-Hirata) Ao bl

©o00000 -
g (r) = {GXP [=Buy(r) + hy(r) — cy(r)] for g, <1 coo0000
L(r) = :

1 — Buy(r) + hy(r) —cy(r) for g, >1

Interaction between atomic sites
(Lennard-Jones + Coulomb)

- (524) " (s24)

53

+ / dr'GESM (v /) pppr (1)

ESM-RISMU U 0O 0O O U O

INPUT: |PDFT Psolv

l l w
1D-RISM (.a
l P o Total CPU © Laue-RISM
y 1800
" UDFT Vsolv %
] 2 1350
i @ § 900
O 3D-RISM 1 IS
N N 3 450
e 5
0
Kohn-Sham eq. 0 100 200 300 400
l Number of Atom

OUTPUT: |[Eprr  Alsoln

54
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Accuracy

Implicit solvation models

Classical Density Functional Theory (CDFT)

Ornstein—Zernike (OZ) equation

Joint Density Functional Theory
(JDFT)

Reference Interaction Site
Model (RISM)

Variant of IDFT

PCM

55

- | Hydrogen evolution reaction (HER)
- CV curve of oxygen reduction/oxygen evolution

ooy

oot bogdooduod
guoogdootdnd

- Effective screening medium (ESM) method
- Constant bias potential (constant-p) method
- DFT/RISM hybrid (ESM-RISM) method

0o

reaction (ORR/OER)

- Proof test & Li insertion into graphite electrode

56
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Joooogtdooodd

2H20 — 02 + 2H2
—[] [
4HY + 4e~ — 2H;

—[] []
QHQO — 4HT -+ 02 + 4e™

AOREEN = MERE

57

DDDDDDDDDDDDD

Electrolysis of water 2HjL + 26 — H2
Hydrogen evolution 2H,O — 2H, + O

Volmer step: H3O" + e~ — HyO + Hoqg

cﬁ@@@
o T

Electrode Electrode
Heyrovsky step: HsO™ + Hoq + ¢~ — HyO + Hy Tafel step: H.q + Haqg — Ho
A H, QO Hs
.< Q Q Q _> RN BN

Electrode 58 Electrode
-33-




P(110) |

000000000 (SHE)DD

Hy, = 2HT + 2¢~

mechanism rds

w - Pt(hkl)
5§ sof ]

< Pt(100) Pt(110)
= : P(100)
g0

2 Pt(111)
z

5 5ok

O |

40 |

-40 - §

0.0 0.2 0.4 0.6 0.8 1.0

59

Tafel

Heyro
Tafel

vsky{Volmer |

Volmer,[Heyrovsky{ Volmer |

Markovic et.al., J. Phys. Chem. B 101, 5405 (1997)

1)J. Barber, et al., J. Electroanal. Chem 446, 125 (1998)
2)B. E. Conway and G. Jerkiewicz, Electrochim. Acta 45, 4075 (2000)
3)M. C. Tavares, et al., Electrochim. Acta, 46, 4359 (2001)
4)K. Kunimatsu, et al., Chem. Phys. Lett. 401, 451 (2005)

» 32 water molecules

» 36 Pt atoms (3-layers)

» GGA-PBE

> Plane wave - Ultrasoft pp
» Temperature: 80°C

(v
H;0"

MO et. al., J. Phys Soc. Jpn. 77, 024802 (2008)

60
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VolmerU OO OO OOQO OO

vacuum with

barrier
potentials

H>0O
with
H,O0t

— Pt(111) slab

vacuum




0.0

= COFH >
2

-0.6

-0.2
1 <04
- =06

/T =12

Gimulation time (o)

61

Excess charge (e'oell)

ESMUUODOUOUOooogoogdd

Excess charge [e/cell]
|
o
(o]

' Dipole moment
Excess charge

Hydrogen adsorption |

(Volmer reaction)

'

Pt-H [A]

Simulation time [ps]

62
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Voimer OO 4d4dodoooou

o, L
Q- p»‘\% ¢

v
\/.\
IS

H;O0" + e~ — HyO + Hoyg

3.8 3.8
¥
@5‘

Pt

63

Charge transfer — population analysis -

-0.05

-0.06
-0.07
-0.08
-0.09
-0.10

: Population of top most
1 Pt layer averaged by
| number of Pt atoms

0.40

0.30 | Population of the adsorbed

! | hydrogen atom.

0.10

Charge population [e] Charge population [e]

0.00

Simulation time [ps]

e Charge population of the Pt layer gradually decreases before the
reaction and suddenly increases at the reaction.

e Charge population of the hydrogen atom slightly decreases before

the reaction and suddenly decreases at adsorption

64
-36-




Electron transfer from Pt to hydronium ion

— LUMO Apply bias potential /\

©® HOMO |:> ﬁ —©~ LUMO

LUMO

Pt

14
12
10

Energy (eV)
N B O

o

AN

5.27 5.28 5.29 5.3 5.31 5.32
Simulation time (ps) 65

Jotdduoboodudtt

Hydrogen adsorption reaction @ RS )
1 —— —— — L
Q.. Pt Pt

r &4 @ : Electron éransfer
M e

Fermi energy (eV)
Excess charge Q(e)

Q=-0.95 (e/cell)

66
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- bbbt oguod
- JOooogboogg

Effective screening medium (ESM) method
- Constant bias potential (constant-p) method

DFT/RISM hybrid (ESM-RISM) method
000

Hydrogen evolution reaction (HER)

- | CV curve of oxygen reduction/oxygen evolution
reaction (ORR/OER)

Proof test & Li insertion into graphite electrode
67

Simulation of cyclic voltammetry of Pt(111) surface

----------------------------------------

/
N
<

--emEm e e =

A s e s s -

TTe—>
I
+

14

A

I

I

L4
—-----‘ O

~

--------------------------------------------

"\« : Constraint for Blue-moon ensemble calculation - (2) Pt(111), 0.IM HCIO, \
20 b — 26k L] v
. —— 303K -
ORR/OER reaction I — - 33K AN
0 Pt+ HO = PtOH+HT + ¢~ ERN ~
0 PtOH = PtO+H" 4+ e~ im
0 2PtO = 2Pt + O, 20 —L g:% cz O
T. Ikeshoji and MO Phys. Chem. Chem. Phys. 19, 4447 (2017) 0.0_§ (‘)(';.2 0.4 0.6 0.8 Lo 12

68
-38-




vWhat do we need to simulate the I-V characteristic:

e Nernst equation
RT
Eeq : _F 10g ( )
» Butler-Volmer equation

J=1Jo {eXp (ﬁh) — exp (— e

RT
Jo ZGXP (—)

kT

—_— v

COX

Cred
—\Pn
RT

(Eyring theory) 245 cm ™!

« Diffusion equation

Ty

@ B 0%c
or 0x?
I—» from experiment, MD...

kinetic model

R4
E
€q

4
Y/
Y/
A
\
A

; b o
: electrode potential F; : activation energy of
- equilibrium potential backward reaction

71 : over potential

N

reaction coordinate

>

. activation energy
at equilibrium

. activation energy of
forward reaction

« : symmetry factor

Free

0 Pt+H,O=PtOH+H" ¢~

energy profile

71
-39-

Blue moon ensemble method

e temperature 80°C

» 8 intermediate images

<5 ps duration for taking
average mean force

e constant-py scheme




0 Pt+HsO=PtOH+H" ¢~

71

Efree (eV)

0.1 ¢}

0.05

Free energy profile

1 12 14 16
oy (A)

Hext

,uext

1 B
(]
(@]
. @
{05
(7]
0
(]
K
] O L
1.8 2
=73V

-84V

0 Pt+H,O=PtOH+H" ¢~

-40-

Efree (eV)

energy profile

1 ®
S
e 0o 0 — o ©
."":.SNQ_“ o i N 1 0.5 {5
. @ 7
[}
2
1o W
0.1
0.05 ¢
ot
08 1 12 14 16 18 2
ro-n (A)
Mext — _703 V

,Uext

-84V
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Ea o 6”72 EC2L
Y \ Ry Reaction [  Reaction [
o.‘ Eg ‘\;.%;A_
\ / \\“qyy G Eo(V) 0.80 1.14
. . >
go_ Bim—Eim B B2 * | 9 04

a — = —
M2 — M N — 12
74

-V characteristic

vWhat do we need to simulate the |-V characteristic:
« Nernst equation

B ()

——1
nkF 08
» Butler-Volmer equation

kinetic model

COX

Cred

=i fen () o (-0 721)
o ()

T
(Eyring theory) |—> kel 245 cm ™!

3
« Diffusion equation

05

9%c
Ox?
I—» from experiment, MD...

o _
oxr

»

NG

reaction coordinate

I'
E
eq >

4
L/
r/
A
~
'

; b o
: electrode potential ;) : activation energy of
- equilibrium potential backward reaction
7] . over potential

. activation energy
at equilibrium

. activation energy of
forward reaction

a : symmetry factor




CV curve for ORR/OER on Pt(111)

T. Ikeshoji and MO Phys. Chem. Chem. Phys. 19, 4447 (2017) N.M. Markovié, P.N. Ross Jr./Surface Scien,

=

jx107° (A cm™)
.L o

=

Mm V/S |

RrAvSS

ce Reports 45 (2002) 117-229

- (a) Pt(111), 0.IM HCIO, []

2 — 276K [ |
—— 303K
— - 3BK

i [pA]

OlV/s | _ZOVj
J\ ﬂ —Z
W |

D

jx107% (A cm™)
o

|
=

=

i[pA]
—}

jx1073 (A cm™)
o

_1 / | -20 il L
|:| i i | . ,i‘ . 1 ! I ! ] !
0.5 1'0 1j5 0.0 0.2 04 0.6 0.8 1.0 1.2
E (V vs. RHE) 76 E [Vrpgl
oodtobod

- bbb oguod
- oo otdn

- Effective screening medium (ESM) method
- Constant bias potential (constant-pu) method

- DFT/RISM hybrid (ESM-RISM) method
. 000

- Hydrogen evolution reaction (HER)

- CV curve of oxygen reduction/oxygen evolution
reaction (ORR/OER)

- | Proof test & Li insertion into graphite electrode

s
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ESM-RISMO U U OO UOUOOooodooodd

oo

eRISMOUOUOQMUUODOOOOOO

-Junupagg

O\ QM RISM
o oo ood

78

Al/NaCll O 0O O

RISM(NaCl(aq), 5mol/L

| f RISM

0.12 So,\,
0.08

@ ]
I | 0r
-5t
_ | 2 Total
-15 ¢
0 b——— S -20 —C

0.04
-15-10 -5 0 5 10 15 20 25 30 35 7490 -15 10 —5 0 5 10 15 20 25 30 35 40

Length(A) e Length(A)

. ogoooooo

>

|
o o

Energy(eV)

Density (1/A)
N

Energy (eV)
o
a1

Density (1/A)

Energy (eV)




Al/NaClO O OO (@ odon)

4 —
z _of
_— 9o(2) =
o< + 1 2
S) S 10|
> 2f 2 I
: =
8 1f -
3
0 >
. 016 ©
< &
2 012°f
2 <
% 0.08 |- 3
QO 004} 3 _10!
[}
0 L L L L L L g -15 ¢
-15-10 -5 0 5 10 15 20 25 30 35 40 -20
Length(A)
4 : : :
z
N 9o(2) s
< 37 5
< 5
2 2f z
7] w
c
8 1t -
3
0 A L : : : =
. 016} de(2) ]
< “ "'CJ 10
2 012¢ 1 -
2
% 0.08 g
o 004 3
2
w

Length(A) 80

10
5t
ol
ot

5t

T 100F — — — " T T T ]
5 b 4
] ol ]
5L ]
, ~10 + )
| _;g Vom

0 b 4

5t J

L 4 0 [ 1

5t J

i 1 -10 | 1

0 . -15 | v 1
-15-10 -5 0 5 10 15 20 25 30 35 40 B — o e T

vvvvvvvvvv

-15-10 -5 0 5 10 15 20 25 30 35 40

Length(A)

-15-10 -5 0 5 10 15 20 25 30 35 40
Length(A)

QM

| RISM

Total

oM
RISM

Total

Al/NaCll O O

[]

-.RISMU O OOOONatODOOoooog
ooQmMuuuooooouoodd
= 0000ONa DO ogoooooog

ooogobboooobobood
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> Na+D'OEDHES

AABE//A)

Al/NaCll U 0O U

RISMDAA 2 RE

(.30

rho_Na
0.2%

' rho_Cl
0.20
0.15
.10
0.0
.00

20 15 10 5 Q
Z/ A
82

Nys=2.51
Ngi=2.51
A=0.00

Ef:‘4 .02
EW|::4. 29

» Nat+th' 1 EDiHE

1A RE/N/A)

Al/NaCllO O 0O O

RISMODAF ViEE

0.30

rho_Na
s rho_Cl

020

83
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Nna=2.31
NCI=3-31
A=1.00

E~=-3.98
EW|:=4. 32

30




Al/NaClO 0O O O

—~ 150 ¢
2 5| 3 Na*(QM)
> 0l QM | g 100 t
2 g 50t QM
w -15 ¢} ] L
-20 VQM - g - - - - VQM
s 1t 1 S
e RISI\/I T st
> 05 ] >
5 ol 3 —100 |
c g c B
: Voo —— iy C=I (R! SM? Vsoly
0 7 ) 0 B
Q%; -5 r 4 E -5t
5 10 Total 5 10 Total
S5 -15 | 5 -15
’ -20 Viot — - -20 . . Viot
-30 —20 —10 30 40 50 -30 —20 -10 0 10 20 30 40 50
Length(A) Length(A)

-.QMUODOUONatOOObOOoOooooomuuooobbobobobbbRrisMUogooon
gboooboocroi1icogbooooobogn
sO000Ochargeneutralityl D0 OO0 00000000 OOO0DOOODOOODOOOO

—,Ugdoooobooooooogooobooboon
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Metal/vacuum interface vs. metal/electrolyte interface

In vacuum ]
/\e- 4/\
l Li+ ) ( Li+ J
N N\ 4
In electrolyte Fail to describe salvation

© R O
N

This situation should be
reproduced seamlessly




Mirror image charge generated by ion

| eFirst solvation shell
‘ ! Mirror image & surface
state
ePopulation of Na atom is
+1e at any position (no
electron transfer)
eAmount of the image
charge is ~-0.5e
eRest -0.5e is screened by
g counter ion

ooy

bbb ooouooboon
Jobogobboobougboboobouoboboobouoboboon
Joooobouooboooga

obogobugobooobuoboboobuobobooooboda
oot gooooobbbogoooooon
0d
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970 (2015).
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e=1

||U
o

ESM (Model 3) D A 23Tt 5 1 H Dmodel | FFEIRAA],
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Constant-u M & A =

RXOBEAE (n,) Z2BHELT S ;
8 L 7= 1 Fictitious Charged Particle (FCP) & R 79,

Generalized total energy

oE
E=E+ pugne, p=-
e
EDORbHYIZE xRIMLT 5,
0E
Force on the FCP: F,, =— 5 = M Hegt
e

& 3@k N. Bonnet, T. Morishita, O. Sugino, and M. Otani, Phys. Rev. Lett. 109, 266101 (2012).

X L DEWV - SElDELE (Xenergeticsz  EFB L TWLWB D T,
2 X T Mdynamic equation dstatic versionZ A L TULV 5,
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JRFiEE s 0 RFEE

s BFICEL A
e Y BN TOESMETE &

« FCPICEI< 71t F,,
TER © F,=0
Z M (n,)—EIZXT 9 % &iEL = Line Minimization T & ULy
EEATIINREZHFRIET 2  UWERLAWEGSE, X7

%);t% HZHFEEROABEMDKRE L, FERIIETEXTIR
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Constant-p%: A JJ

eesm7 0w 7 I(C
esm {
#units bohr
model =3
z1=20.0
gex=0.0
sw_g0_potential =ON
sw_modify potential = ON
sw_planar_average = OFF
modified radius =1.0

sw_FCP =ON
fep{
mu0 =-0.107392887
bias = -1.0
}
}
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Constant-p%: A 1% E (NEB) e

* FCPEXEHES
esm{

#units bohr
model =3 & HE L DFCP }
21=20.0 IE & —HE
gex=0.0
sw_g0_potential =ON
sw_modify_potential = ON .s.t.ructure{

sw_planar_average = OFF 14382 ONEB replicas{
ifi ius = 1. el
modified_radius 0 S — }

FaX
sw_FCP = ON atom_list_end0{
fep{
mu0 = -0.107392887 }
bias = -1.0
charge_end0 =0.001 }
charge_end1 =0.002

_control{
driver = neb

multiple_replica{
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| £/ Pt-H20 (phase) = <]

@ Preparaticn panel
-~ general basic settings atomic configuration post processing structural evolution| ESM
nfo
Lty
!ﬂ | use effective screening medium{ESM) |
B set properties for ESM
{3} boundary condition planar average
exe | VacuumiSlabiMetal V| on hd
h electrode coordinate(Z1) dielectric constant(Er) doping electrons(Gex)
results 9 Angstrom -~ 0.0
modify potential modified radius buffer radius
close
on e 1.0 Angstrom Bohr e

use Fictitiously Charged Particle (FCP)

set properties for FCP (constant-mu scheme)

Fermi energy at zero charge bias voltage (V)
-0.1032 Hartree 0.5
step size of steepest descent convergence criterion electronic structure initialization
Hartree e e
charge of endl [neb) charge of end1 (neb)
check conditions
unit cell =train cell super cell atomic coord.
1 modify potential inversion sym. stress tensor
opt cell screening corr. dipole corr. mudy
k-points RISM FCP model
editor save undo new input
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ESM
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L4 |

use effective screening medium{ESM) |2| ESMEEMGE SR

set properties for ESM

set properties for FCP [constant-mu scheme)

Fermi energy at zero charge bias volitag- I[/ﬁ\ll Const-mu(FCP)EHEIZE
|Hartree | | AT ICEIAEEER
step size of steepest descent convergen’

muO

: esmufocpmu0

FEOEOITTIRIF-EAFL TR,

boundary condition planar ave Const-mulFCP) St E [CVacuum/Slab/Meta B R & HF 2R L TUEEN.
i S A || |lGm AHITFAACET2EEEE @ esmumodel FCP mOdeI
electrode coordinate(Z1) dielectric ¢
resufts | 9 Angstrom |
“ modify potential maodified radius buffer radius
S Spdntald s da e e i ] s .
on w 1.0 Angstrom | | Bohr ~
use Fictitiously Charged Particle (FCP) | <) ESMEEMEHE R 1 i

charge of endl (neb) charge of end1 (neb)

check conditions

unit cell strain cell super cell atomic coord.
i | modify potential inversion sym. siress tensor
opt cell SCreening corr. dipole corr. mud
k-points RISM FCP model
editor save new input
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A—E '% |:| L
| £:| AIO01-H (phase) = [-E- 3,
Preparation panel
general basic settings atomic config post pr ing structural evolution neb
replica coordinates  accuracy spring misc
intial replica generation replica manipulation
by linear interpolation viewledit reaction path
import from file distance from end0
export to file
results - - = Ll == NN,
| || o AN (EEHDETRE
endl i i i
end! imagel1 image2 imagel D-I- 7& L/ 7’3\ L \>
EITE length unit
energy
bohr ~ |:| convert Hartree -~
endd
no. element rx ry rz ~
[applytoall |
1 Al 0.00 0.00 10.00
2 Al |5.4111.’.‘.E43 0.00 10,00
3 Al |ﬂ.ﬂﬂ 5.41113843 10.00
4 Al |5.41 113843 541113843 10,00
5 H |ﬂ.ﬂﬂ 0.00 13.110108287 W
coordinate system view configuration
Import Export cartesian [ convert View
edit atomic configuration
select edit add atom remove
editor save undo new input
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Constant-p;%: H

s EERIE
FCPA IR TE
unJBZ S 2T 1 ILF —DH T (ver3.6)
7%;;5\*%» 7T EIZFCPICE < A
IWHREEAB/-ITRETOEN., BRNEDHERE

 NEB

FimageDBEREN Z1TI) T & T, TNEND
output | EEW’ﬁ‘% HH9 5,
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I** Constant-mu by Fictitiously Charged Particle (FCP) is enabled
FCPD R A v T H BN

¥! FCP (constant-mu) parameters

sd step = 0.500000000000000E+00
delta_mu = 0.500000000000000E-03 =L
mud = -0, 107397887700000F +00 FCPATIRIE & I IR
bias = 0.100000000000000E+01 Y
sw ES initial = 1
ID farcmx = 0.5693447964280-03 lonic_step Z & (CH 7]

IFCP> Excess charge = 0.3048744484716099E-01
IFCP> Current EFermi = -0.709021472497830E-01 ( Target EFermi = -0.706435791172663E-01 )
IFCP> Force acting on FCP = 0.000%5%9% .u.
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| £ test (phase) = | (e
@ Results viewer panel
inf general listoffiles 100 DOS charge structural evolution image files
info
!é select stdout file: output00d -~ | filter: [ ignore case = editor
input
{3} general SCF post
exe job status
h program start time
results Fri Mar 10 10:23:05 J5T 2017
“ jobstatus file: jobstatus000
IITE status iteration iter_ionic iter_elec elapsed_t ine
FINISHED 1186 [ 24 236.3887
MPI info:

number of processors: 12

number of bands and generated k-points

number of eigen values:

band parallelization : 1

12

number of generated kpoints: 20

kpoint parallelization : 12

Fermi energy

Charge

current fermi energy: -0.171271137503573E+00

excess charge: -0.203354491965815E-

target fermi energy: -0.17146106249136TE+00

A

copy Ctri+C

reload
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info

results

L]

close

Results viewer panel
general listoffiles 00 DOS charge structural evolution image files
A
select stdout file: outputtdi_ri03 - | filter: | |:| ignore case editor
general SCF post >S5 = -

° ’f )( -V C t ‘\-

job status
program start time
Fri Mar 10 11:00:45 JST 2047
jobstatus file: jobstatus001
status iteration iter_ionic iter_elec elapsed_tine
ITERATIVE 535 23 3 43899, 4487
MP1 info:
number of processors: 24 band parallelization : 2 kpoint parallelization : 12
number of bands and generated k-points
number of eigen values: 16 number of generated kpoints: 20

Fermi energy

current fermi energy: -0.144478000806538E+00 target fermi energy: QRIS EE e LTI

copy CtrkC |
Charge 2
excess charge: 0.966800499999995E-02
W
reload
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BiEeEIt
STETETIL -

Al(111) p(2 % 2) Z=H (< 7K 5> F11E]

SEEAIR T 7 (JEER3EBETTE)
LA X
5.6994 X 5.6994 X 22.7976 A3

/\I A7 7 Eﬁ,ﬁi%T}b
(model = 3)

H), 7L k2 YV 7 FO)
A HRAE BN ES%L © GGA-PBE
K&t > 7)o 5x5x1
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EasaEf: Al(111)/H,0

o R X TARERIK WInbHtopH A k

(ionic_step) : Hi% TIEICRE T 5 .

BHERMA KAFDIEEICE
IEHRZ %,

MBS © PHERORRTEBE

v oV . +1.0V

XGDIIS 22[] 13(] = S
= 7
BFGS 17[8] 15[] TE -2
CG 33[e] 24[g]
GDIIS 20[=] 23[q]
QUENCH 15[d] 14[H] = . -l0V
IREZE ¢ JRFICE < F foremx < 1.0E-3 = A7 7RME
FCPIZ 18 < 77 delta_mu < 5.0E-4 HNEICHE
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NEBET5: Al(001)/H :
Al(001) p(2x2) X T 7 (12,
E) ICHRTFUEZBRESE S @ v
e -
s BEREAL: R
P i REX

> REELREME: bridget 1 b
> top, hollow, bridge’z & DY A MIZENZETNHREFZEWLNTWLS
DB EL OB L THBRIZ I EICL Y REEMEZ RD 5,

« NEBEtE:
bridget A b A Sbridget 4 b A~ DILEL
image#(39

BHE A X — A B linear interpolation
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BT & AT AL F—DEAL L
AE = AE + pudn,

LERBICHB T2 RLEXF—DZELL (eV) EA A= IcB T2 BEERS

0.3 0.03

0.2 0.01 I . I
0-15 0.00123456789
0.1 Y M
-0.02
0.05
-0.03
0
1 2 3 4 5 6 7 8 9 --+1.0V =o-0V =o--1.0V
-0.05
—_t], —_— —_—-1, == - M
LOV OV L0y BE—ED&EHT, HHEKICH-> TR
FEFEOELLH S !
BFH—EOFEIFEE—TICH AL |
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o S HEL - NEBETE [Cconstant-wit & B A L 7=,
ESME(BEZ/RZ7 71E€BETIV)ICEDL,

>EE&E L ¢ XGDIIS, BFGS, CG, GDIIS, quench;: T
constant-pwE HME A3 Al 82

>NEB: /& DONEB/ESM)E & [B) CEHRE TEZR 5,

M | RREREYIC, NEBEDUNRME I & <7< #HAD
L7V HHN B BIREE L WRIGERE R L2 D
THEWEYINERENE o NR NI EHAE N

> DL 7Y HF%E FRICEDCERE (MiGEFT
35 FEAA—VHET)
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Wannier90& MiEE

B1EZEED NS 180 HR K

$£—RIEETEYIMNIT7 Advance/PHASE
EHEIEtTIF—-2017
201761042248 (X)
7RI RV T MER S5t
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e Wannier90
— WannierQ0Z FEREEFRAWNV-F—REBHEICKYEONT-EF
KEFAWNVTRABET - IE#HEHETSHTOI I LT,
Wannier90Z& FAWLVTLUL T D K3 ZEMRIRETT,
s THFEEEZRERKIZERTEET,
. %rf/i‘»r*/-‘r“«y/j‘%-‘r“)w)l%é%/\s)w:T*/H%%a“é:thffé
o NWAN—RETILONINWL=TUo%=ERT BBTEHBYET,
(FEOBKRDEEETHFTILY)
 http://wannier.org
— WannierQ0D R TD VT HALTT,
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wWelcome!
ura
Latest News
...............
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w lcouohssdoz0—-F
SER 1
85, 2
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o Ayra—RENET7AILIE.

— wannier90-2.1.0.tar.gz B/ \—2 3> TOIEHR) T,
o fRE

- FREVINERAWT. I7MIVERBRLE T,

— LinuxTl&, av F#AALET,

e tar zxvf wannier90-2.1.0.tar.gz

e OVINAIL

- BRRICTETALIMNICHEE

— README.installZ5 & . HEVDIREIZE L =55 E 771 /L% config
TAILEM5aE—L., make.inclZZEHE

— makeavwREELT
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« FTEFIE
1. phaseZFLVNT, SCFETEICKY B FIRAEEZRDHD
2. ekcal(dosE—R)ZRAW-EEERETEICELY. A LKRT T
DTN BEEMSE -5 EETS
3. WannierQ0D A > T yhE#1ER T %
4, Wannier90& =17

5. &R
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- E—REFHHETOY S .LQuantum ESPRESSO
(http://www.quantum-espresso.org/) H¥Wannier90 & E# 9
HEMAEETLT=,

o BEIL#MHE T, BLETEZEITLY. Advance/PHASE CENMERREEZ
TWWEL,

. ST o
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o WannierQ0MD A > Ty bEEDT=DITHBELIT7AIL
— nfzaj.data (ekcalD HH AT 71 IL)
— nfenergy.data (ekcal D H AT 7AJL)
— nfefermi.data (ekcal D 3774 L)
— aphase2wannier90.inp (ekcalDH AT 7AIL)

« aphase2wannier90M EITEIZIERRESN ST 71 IL
— graphite.amn
— graphite.mmn
— graphite.eig
— UNKxooxx x(XIZ#F) D=TE#ZRET 58I E

Copyright (©)2017 AdvanceSoft Corporation. All rights reserved.

in
Advance Soft

Wannier90& & oy

o WannierQ0ME1T
- HASNBI774I)ILDFEHMIE. WannieroOD I =27 IILEZSBL T
=0y,
— Advance/PHASEEWannier90Zx= AWLWTHELN =D T D RIK E.
D-IEA#MNSHEEE L=/ FE%EQuantum ESPRESSO &
WannierQ0= AW\ THELONT-FERELLELFELT-,
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1. phaseZxfEof-it&
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3. Wannier90D 4 > 7y MERK
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— AIRIERTYT
1. phase-viewer 74—y~ DL A
2. ERTT—RAEDOERTR
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RPA & FLEX3T{EL

B SyFqoSy—- oy B 1EE N— FER
7— FOREH 2
J
o o _ ' | > BETIRLF— |
O[G] = OO+ st = — S [u 3 Uysth— k) + 2 U2yctk - k) — UProlk — k) |G
Fo) O = 35 2|V * 3Usk =K+ 5 Uxclk = K) = Uxolk = K) |GK)
-

N Y )
4o

H > RAEY & EE%%B%H

[;LY,—"‘ Xxs(q) = _X0@) _ xc(q) = . 1)
H B BEEITRILE— H ﬁ; . I' = Uxo(q) I'+ Uxo(g)
oD[G] B RPA&FLEXIE#L > SHEEH
— =2 v L5 elxl CER
oG vV cBHEEREVELE
B BCEEFEE =FLEGEL

vl 3y LETE =RPA

G (Go) > xo > Xsc 2L G-
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X0(@) = 35 ; G(q + k)G(k)




Z B ERPA & FLEX3T{EL

B T
m Newtonix or —Hk

> BYRAENT
7 — B

> BDT— B

GAOU‘; iwy)
| W ET—y TS |

ri
ri
£
v/

L IpC ol
® Newtoni% or :9};’55',

Gk, iw,)

N
N
|
-

> HOIRILX—
S(k, iwy)

> BRI
/?O(Qs E"‘flurr)

™

|m EmET— I

> B & REY
BExR

/\?C(Qs l-anu')

~ . » + o : Two-Particle Self-Consistent (TPSC)
XS (q! i€y)

(ZhBEEEEE]

> T3 hEHE : Random Phase Approximation (RPA) [ELi# G #85E16L]
> BE2EEEHE  : Fluctuation EXchange (FLEX)E{L [4E 5 &3]

13

@ R B8 ZE TS
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VT =0 ABRERISHLRUONZ I 1T 5
B O — L ) RO
g5 iE & BLamZ & D HTTE
A weak-coupling study for uniaxial pressure effects
on superconductivity in strontium ruthenate Sr,RuO,

K.N., M. Ochi, K. Kusakabe, K. Kazuhiko
(to be prepared)

FE 02 Kazutaka Nishiguchi A, #%5 1F 22 Masayuki Ochi 8,
& EB%— Koichi Kusakabe A, 2 K12 Kazuhiko Kuroki®

B oA EHE T Gradate School of Engineering Science, Osaka University A
F A 22 Department of Physics, Osaka University 8
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» SCenhancement:
from 1.5 K in the unstrained material
to 3.4 K at compression by =0.6%, A, ; 5 e
and then falling steeply | o e
= . 5 wo]
Wi "\\‘ ""5 3w J !
Fig A T, against slisin lie sasspies . d- Lespsid ¥ L
B el Tha peards e T iy f i ki Tt § i 3 1
APy e | |." .. Tty . .:l -:-.l »Ti : -.' Foa
.. 3 v ot 4 c a7 Wi
:f. :; :I:: i : I- n.. ; i ',._;.
4 2 agaan L] w1
0 L s 1
. ¥ &
P R o
: 3l O W s
e i ‘ . L;_‘J
) mpmeratary (K] i
W A, Steppke, L. Zhao,M. E. Barber, T. Scaffidi, F. Jerzembeck, H. Rosner, A. S. Gibbs, Y. Maeno, S. H. Simon, P 0 -1 il B s A0 Mo el
A. P. Mackenzie, and C. W. Hicks, Science 355, 148 (2017). o e 1 T b, e Tremmred iy &
B H. Taniguchi, K. Nishimura, S. K. Goh, S. Yonezawa, and Y. Maeno, J. Phys. Soc. Jpn. 84, 014707 (2015). e A L i
B Y. A.Ying, et al., Nat. Commun. 4, 2596 (2013). 10 T s b 1T} of e & o o s
W C. W. Hicks, et al., Science 344, 283 (2014). L L 2
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Effective model for Sr,RuQO,
: Tight-binding model

| Tight-binding model. | ® 3 doubly-degenerated

energy bands.

Hy = Hy, + Hso & isadf2 —521/2 -:‘;
' H, = Z (i) -isearz & a2 ||e
a at a —Sedf2  —idf2 £, ]
Hki“ - Z (Ek - ,U,) CoCho
kao ) Spin-Orbit
€77 Coupling (SOC)
Hso =AY L;-S;

Yz c T ¢ S -
€ = —2tscosk, — 2t cosk,

€ = —2tycosk, — 2t5cosky,

€, = =2t (cos k, + cos k,)—4ts cos k, cos ky,—2t3 (cos 2k, + cos 2k,) =

-

(1) S.Cobo etal., PRB 94, 224507 (2016).

(2) V.B.Zabolotnyy et al., J. Electron Spectrosc. Relat. Phenom. 191, 48 (2013).
(3) T.Scaffidi et al., PRB 89, 220510(R) (2014).

(4) 1. Eremin, etal., PRB 65, 220502 (2002).

(5) K.K.Ngand M. Sigrist, Europhys. Lett. 49, 473 (2000).

(6) Y. Yanase and M. Ogata, JPS] 72, 673 (2003).

(7) Y.Yanase et al., Phys. Rep. 387 1 (2003).

etc ...
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Effective model for Sr,RuQO,
. Interactions for multi-orbital systems

H=U Z Z ninf + U’ Z Z nin! —Ju Z Z (ZS” S+ 97?????) +J Z Z PTT”‘ZT"?N’;T H B Constraint for d-electrons: H

i a=h i a=h i a=h
Intra-orbital HFI=|1=tZr= 375?5““!1 Hund’s coupling TEZ.?FZES.?ET ,
On-site Hubbard u On-site Hubbard n bommmee = U'=U-2Jy
3 J=Jy=J
0 o 1 4 I 1 * l
b —1‘—’— A. v ‘I‘ : _1L = _+ _H_ A2
r ! JH § J’
U U U - Ju :
Note:
Due to the weak-coupling theory,
the parameters are set to be small > We here setsmall U = 1~2ty,
so that the fluctuations do not diverge. » ...and high temperatures T = 0.001 eV~0.01 eV (10 K~100 K)
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Linearized Eliashberg Equation

B Linearized Eliashberg (SC gap) equation

in Spin dependent Multi-Orbital RPA.

1, (spin)

ANfR) =~ L S k= K Y AR ().
PR i
a'F Hv
|‘J‘I b " i . il w .
ir :II: ::Hr {'- } I Z 0o {\F ' ,"""‘,-'-'r){‘rl:;llﬁ’(k‘ Tedy ]'
Feyr
Property:

» Vpis SC pairing interaction.

» When the eigenvalue 1, = 1, SC transition occurs.
» Evenwhen A, # 1, A, is a criterion for SC ( Large A, < High T¢.).

z(l) zx(2),xy(3) (orbital)

“ B SC pairing interaction. H

Vo VgV
Y. x(q)]

B Antisymmetry for
SC gap function.

A (k) = =g (k)

Note:
Set U to be small & T to be high for
the RPA scheme.
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B FEigenvalues A, V.s. Unitary transformation
Temperatures T between ¢, , basis & je¢r band basis.
A A AT “ N s B
Parameters: (#k,,, = 128) Ar = UrDy U—k Dy = U}rﬂ‘k U—k
t; = 0.081eV, 1 = 0.064 eV,
U =19ty,] = 0.25U.
Dii Dy Di
e I" ¢ |- s # I.':
ave i ' : h ' : fe
-] R =
..'.I'- h ‘ .' :|'-' B : I
. ' *II.: . - I
- ~
: il o ®l-
T = 0.0100 eV LA -.‘.I:" s I
~ 100K L L ) -




Anisotropic spin susceptibilities

Parameters: (#k,, = 64)
t; =0.081eV,U = 1.9¢t;,] = 0.25U,
T =0.01eV.

ZZ
XS

XX
Xs

Pressures & Fermi Surface

H B Uniaxial pressure [x-direction] “

. P
e}; = 215 cosk, — 25 cosk, €' = —2n(cosk, + cosky) — 4ty cos k, cosky T —
~ —2t3(cos 2k, + cos 2k,) /
€, = —215(1 + rp)cosk, — 214(1 — rp) cosky ’ { r
==20(1 + rp)cosk, — 21(1 — rp) cos ky — 413 cos k, cos ky |
~263(1 + rp) cos 2k, — 213(1 — rp) cos 2k, -

€' = —2tycosky — 215 cosky
E‘i‘r = —2f4(] + rp} cos ]t\ - 2I5(l - rp) cos k."

B Van Hove Singularity (vHS)

i ik
-
L] L]
-, 150w 150w
-
" ERT ) ERT)
A " A B A AR " AR e

|
—
=
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o = 0.03 (3%)
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Uniaxial pressure effects

Parameters: (#k,, = 128)

t; = 0.081 eV, 1 = 0.064 eV, W Eigenvalues A, V.s.
U=19t,] =025U,V = 0.25U, Pressure rate 1,
T =0.01eV.

B vHSatyY

e = 0.02 (2%)

Uniaxial pressure effects:
» SC enhancement due to VHS.
» ...in both odd- & even-parity pairing.

OO0 000 Dnoanninoail anie SO I (R oS However, according to the experiments ...,
: 453 : L Y ' > Sufficient SC enhancement?

> Diparoundn, = 0?

T =0.0100 eV
~ 100K

% & RSB A ER IS BT 5
BRI > TAL D
HE R—t AR
Self-Doping Effect
Arising from Electron Correlations
in Multilayer Cuprates

K.N., S. Teranishi, and K. Kusakabe

J. Phys. Soc. Jpn. 86, 084707 (2017)

78 102 Kazutaka Nishiguchi, =5 78 /&1# Shingo Teranishi,
& B EBE— Koichi Kusakabe

PRAERET
Gradate School of Engineering Science,
Osaka University.

-91-




3-Layer Hubbard Model HgB2,Ca,Cu30,,,

(Hg-1223)

Hg-series cuprate
(3-layer sys.)

H = Ho + Hy € = —2t(cos k; + cos ky) IRE cover 1 (0P) o,

H Total Hamiltonian. H

+ 41 cos k. cos k, — 21" (cos 2k, + cos 2k_‘.) '
[Bmeriguonanonosel| T e
: Inter-layer T
& t 0 c}m : single-electron hopping : g
_ ] + 2+ 3+ 2 ........................................... ﬁ
Ho = Z (Ckrr Ckor ckrr) e &k Ik (| Cho o i+ cosk P Layer 3 (OP)
o 0 n &l k = —t. (cosk, + cosk,)
- B ) Note:
H On-site Hubbard interaction “ Downfolded parameters Hg-series “n”-layer cuprates
for Hg-series 3-layer cuprates also have the similar parameters.
— a _.a
Hy = UZ Z”*'Tnfl (t. 7', 1", 1) = (0.45, 0.10, 0.08, 0.05) eV K. Nishiguchi, K. Kuroki, R. Arita, T. Oka, :
i a Pie L Ty T e e and H. Aoki, Phys. Rev. B 88, 014509 (2013).

Here we neglect site potential in IP & OPs 25

TPSC for Multilayer Systems

| TPSC (Two-Particle Self-Consistent) approach | B Self-consistently determine
spin & charge channel interaction Us & U¢

' through the double occupancy (nTnL).

: i | TPSC satisfies:
: | Spin & Charge susceptibility in TPSC | q-sum rule for susceptibilities : | W Conservation laws for spin & charge.
: (exact relations) i | @ Mermin-Wagner theorem.
N - — B Pauli principle (n2) = (n,)
. Xo(@) . Xo(q) : 7 ol
(@)= —F s —_— 1 : | ® g-sum rule for spin & charge
Xslg A clg N 2,44 = n® — 2nn? H L
1 = Us xo(q) 1+ Uc 2o(q) NB Z X' (q) = n® = 2niny) : susceptibilities.
| q ¢ | m fsumrule.
TPSC Ansatz N Z 2(q) = n® + 2(ninf) — (n)?
for Multi-layer systems 4
i | TPSCis...
(nin U I L B i | > Unperturbative
Ug =V Us=| 0 UE;" 0 Uc=| 0 U(':" 0 > weak- & intermediate-
’ (HT)(HL) 0 0 oP 0 0 UoP coupling theory.
§ ¢ > See “filling physics”

Y. M. Vilk and A. -M. S. Tremblay, J. Phys. | (France) 7, 1309 (1997).
H. Miyahara, R. Arita, and H. Ikeda, PRB 87 045113 (2013).

26
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| Spin Susceptibility in OP & IP |

¥ g, ¥, 0

e A i S T

Ty

Spin Fluctuations

T s e LT~

Parameters: (U = 5 eV)
Nay = 0.90, kgT = 0.01 eV,
(#hy) X (#ky) = 64 x 64.

HgBa,Ca2Cu30y,;
(Hg-1223)

oOomsm

Charge channel interaction U¢ » [enhanced]

= Charge susceptibility ¢ N [suppressed]

Spin channel interaction U¢ ~ [saturated]

= Spin susceptibility y¢ ~ [enhanced but NOT diverge]

vg 1 U

AF inst;
> STIL

ability is STILL larger in IP than in OP.
L consistent with Exps.

27

Self-doping effect

| Layer Filling n® (a = OP & IP) |

N At " 1-1
Gk =[Gy (k) - (k)|
0.95 ¢

1 pe
nt = N_ e-:w,,(} Gaa(k)
B 4= % 050

0.85

“ Self-Energy in TPSC “

! iy = 0,90 IP

[ ity = .85 Ip .

0,80 -

“ Layer Filling in OP & IP H

Hyy = 095 P

=i———a—a—a—-—0—00 01

op

ap

HgBa,Ca2Cu30y,
(Hg-1223)

More Holes: OP

Less Holes: IP =>%

I 3 1 ' 2 3 4 5 6 MoreHoles: oP =l
= 55 2|V + FUkstk = K)0s + ZUkctk = K)0e|GPK) U (eV)
kr

B With increasing on-site Hubbard interaction
layer filling becomes larger in IP than in OP.
/N GET consistent with Exps.

= Energy gain in IP against U.

U,

Self-Doping Effect
‘ due to electron correlations

in multilayer cuprates.
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Multilayer Cuprate Superconductors

(= - |

H. Mukuda, S. Shimizu, A. lyo, K.N., S. Teranishi, and K. Kusakabe, HgBa,Ca2Cu30g,;
H 5-layer Hg-series cuprates H and Y. Kitaoka, JPSJ 81 011008 (2012). J. Phys. Soc. Jpn. 86, 084707 (2017). (Hg-1223)
LL 4] ik el i) 1] i il ekl L |41|
* '|
Cip o I.I‘I‘II.I ~ft T <A S 1 L ol i - =i 8o H
P o= Al -d"_-_rn... "‘“!r.ip-l- “1;!;--- -.‘l.\r ]
Ll P iopli s B =t B "}.-.r.' e e
I - - -JI " .Jr o
O .I.I:FIIII -l ! :JL.I . o S nillh '
Fefdh n 5]
e ek
HORAMUDE Y HQIRHSUDME HgRasUD el HgrRasOPTiEY  HEIZANOPTME  TIHAASOVD)  Cul3LSOVD) -—“""m-'-* i
Fim THE fy o OK o R &om YOER, e i T FONE Fi o B0
- o . — — =E . s ® B8 ;-:l-l-l-l-—-—-l—tclz':l:l:l
L ek shi 3 e e i s attn-e
5] . ::""'-"‘-: "—*-'l-f L
- " g v . - a1 1 1 s
I ia¥i
B Inhomogeneous planes: Outer Plane (OP) & Inner Plane (IP). B 3-layer Hubbard model + TPSC approach
> Different carrier concentration: more holes in OP & less holes in IP. » “Self-doping effect” arising from electron correlations.
» =less electrons in OP & more electronsin IP. » Itis not until we take account of electron correlations
» Consistent with the NMR experiments. that we can understand layer filling in OP & IP.

29

SR A A T HE B &
Ho F— l:°‘/7§<“ﬁ%i)>6$ DZ)
EIEER | /I SIpRAY Sl ae !
Superconductivity in Multilayer Cuprates
Arising from Asymmetrical Electron Correlations
and Self-Doping Effects

K.N., and K. Kusakabe
(to be prepared)

78 #0122 Kazutaka Nishiquchi, B 24—

Koichi Kusakabe

F A EHE T Gradate School of Engineering Science, Osaka University.
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Linearized Eliashberg Equation

B Llinearized Eliashberg equation Layer: a, b, ... = 1 (OP), 2(IP), 3(OP) H B SC pairing interaction. H

in TPSC approach.

l ’ L ’ o Fa 3 A~ o l o A

ab b tygvad cpn A a'b’ op.0 ~bb ’ ~ A

. =—— - - Ve(q) = U + =Uxs(q9)Us — =Uxc(g)U
A0 (k) Nﬁ;;wi(k KNG (KA (k)G (—K') b(q) 5 Uks@Us — 5 0kc(@)Uc
L u J u J %
H Glue H H DOS of Cooper pairs H

H. Miyahara, R. Arita, and H. Ikeda, PRB 87 045113 (2013).

m Properties: D. Ogura and K. Kuroki, PRB 92, 144511 (2015).
» Vpis SC pairing interaction.
» G(k)G(—k) is the DOS of Cooper pairs.
» Valid foraround T = T,
B FEigenvalue A, : B Property:
» When the eigenvalue 1. = 1, SC transition occurs. » Just an eigenvalue equation.
» Evenwhen A, # 1, A, is a criterion for SC ( Large A, < High T¢). > Solve with power method by iterations.
31
B T =0.0150eV (~150K),
H B Magnitude of the gap function in OP & IP. H #(ky, ky, wn) = (128,128,4096).
f 3 H 5-|ayer Hg-series cuprates H H. Mukuda, S. Shimizu, A. lyo, HgBa,Ca2Cu30g,;
[ { and Y. Kitaoka, JPSJ 81 011008 (2012). (Hg-1223)
; | « n=0355(0F)
Ar | = n=0Q00F) cemr i e " - s r il e wn
| o na0oO@R) 7 ] e, (8 ]"" ; '_*] . :]t_':f. Lize (e ]
[ « n=0AS(0F)} - - -t - - -
| { e . 3 SiF - =
| . | & =0 85{P) gl
n I Hg BT 1T g L3eNLIDwY H_.--_:-'.-.-.lc el H_;'_:JLCP:' o g RREORTY  ThadlinTh  CutbalGy
) i :-:.. :: .lu-'.L . & i '\:L : .l'.'. .1.'.::
, b L ar e v = nims
— aab av = SR A - - v
(rate) = A% /Agps  Aibs ; ATE)] e m e 7 =
— ab
Aabs = Z Aabs .
Inhomogeneous planes: Quter Plane (OP) & Inner Plane (IP).

ab

» Magnitude of the gap function in OP is larger than that in IP.
» Interlayer gap functions are also finite, but very small...

The OP has higher T, than IP.
The SC mainly appears in OP compared to IP.
Consistent with the NMR experiments?

VVvyvym
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B Spin susceptibility

(e pairing interaction).

x5¥(q.0)
(L}

x5 (g,0)

Spin Fluctuations v.s. Spectral Weight

B Average spectral weight

(o< DOS of Cooper pairs).

- 2k, T)

B U=60eV,n, =090,
T = 0.0150 eV (150 K),
#(key, ky, ) = (128,128,4096).

H B Average spectral weight. H

dow AY

(k. T) =

k,w)

—eo 2 cosh(Bw/2)

Vv m

Due to Electron Correlations.

The AF fluctuations in IP is larger than that in OP.
The spectral weight (FS) in IP disappears compared to OP.

SCinOP & IP.

The strong pairing interaction favors the SC in the IP.

However,

the weak DOS of the Cooper pairs
the SCin the IP.

The spectral weight at “hot spot”

much more suppresses

is very small !

Adva&‘Su!t
FERAL P i P AR LT
N

PR
52l —23>

B YL TE

AdvanzoBoll

L]
i BEMI TS 7 BT
Adlvanee/ PHASE

Development of a many-body problem solver
for Advance/PHASE

NN RN |

Advance/PHASE

First principle calculations software
Density Functional Theory (DFT)
Pseudopotential method
aphase2wannier90

Interface of Advance/PHASE & WANNIER90

& —4T Kazuyiki Okazaki
& F 9 X H#b Daichi Tanaka

WANNIER90
Maximally-Localized

Disentanglement
Tight-binding model

Wannier Functions (MLWFs)

“ B Multiorbital Hubbard model H

A. A. Mostofi, J. R. Yates, G. Pizzi, Y-S. Lee,
. Souza, D. Vanderbilt, N. Marzari
Comput. Phys. Commun. 185, 2309 (2014)
www.wannier.org

H= Z lapCaCp + Z V"Y"ﬂctr(“ﬁc}’% a, B,v, &: site, spin, & orbital.

aff

afyd

A many-body problem solver
A weak-coupling theory:

AN

Multiorbital RPA (Random Phase Approximation)
& FLEX (FLuctuation EXchage) approximation

under high pressures
v’ e, 2-orbital Hubbard

B A prototype code (under construction)
v An effective model for sulfur hydride solids H;S

model
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