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•
–
– no SCF
–

• phase viewer

• –
– 3D RISM SCF ESM
–
–
– Time Dependent DFT
– DFPT
–
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第一原理計算を用いた
電気化学界面シミュレーション

最近の発展を中心に

国立研究開発法人　産業技術総合研究所

機能材料コンピュテーショナルデザイン研究センター

大谷　実
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2017年10月24日

第一原理計算ソフトウェア Advance/PHASE 最新動向セミナー2017

Electrochemical devices

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  Fe2O3

Electrolysis
Aluminum, Copper, etc.
Water, salt, etc.
Organic chemicals
tetraethyl lead
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Target devices

water-based electrolyte

O2 outH2 out

sunlight in

anode cathodeelectrolyte

e– e–Load

Li
Li

Li+

Energy generation

Energy storage

Energy harvesting

3

Experimental technique on electrochemical devices

in situ spectroscopy

I-V characteristic

• X-ray emission/absorption spectroscopy (XES/XAS) 
• Raman spectroscopy 
• Infrared spectroscopy (IR) 
• Auger electron spectroscopy (AES) 
• etc…

• Cyclic voltammetry (CV) 
• Linear sweep voltammetry (LSV) 
• Charge/discharge characteristic 
• Impedance spectroscopy 
• etc… 動作環境下における第一原理

シミュレーションが可能に
4
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Application 1 (XAS analysis of carbon 
aerogel super capacitor)

0 V 1000 mV

Advanced Materials 27, 1512 (2015)

Newly developed XAS technique reveals  
the bias induced changes of the 
electronic structure of the electrode. 5

XAS analysis of carbon aerogel super 
capacitor

Advanced Materials 27, 1512 (2015)

electrode

graphene

XAS spectral calculation with
quantum espresso package

OH Cl

http://www.quantum-espresso.org
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Experimental technique on electrochemical devices

in situ spectroscopy

I-V characteristic

• X-ray emission/absorption spectroscopy (XES/XAS) 
• Raman spectroscopy 
• Infrared spectroscopy (IR) 
• Auger electron spectroscopy (AES) 
• etc…

• Cyclic voltammetry (CV) 
• Linear sweep voltammetry (LSV) 
• Charge/discharge characteristic 
• Impedance spectroscopy 
• etc… 動作環境下における第一原理

シミュレーションが可能に
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nm m mm

CV LSV

I-V

XES/XAS IR

速度論を
用いて
バイパス

Phys. Chem. Chem. Phys. 19, 4447 (2017)

Application 2 (Cyclic voltammetry)
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本日のアウトライン

• 電気化学界面シミュレーション技術の歴史

• シミュレーション技術

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

• 応用例

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

reaction (ORR/OER)
- Proof test & Li insertion into graphite electrode

9

電気化学界面のスケール感

Electric eld: 0.1~0.5 V/Å

25 , 1.0M NaCl, Electrode: Pt

1 NaCl / 50 H2O

εf

V∞

V

z

EDL

el
ec

tr
od

e

3-layer Pt(111):
460Pt atoms

4 nm2 surface area

Length scale of EDL: 
nm ~ m

2 nm:     800 atoms (    264 H2O,     5 NaCl)
Depth

10 nm:   5000 atoms (  1320 H2O,   25 NaCl)
0.1 m: 50000 atoms (13200 H2O, 250 NaCl)

μ

Helmholtz layer: ~Å

Diffuse layer

10
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電気化学界面シミュレーションの流儀

el
ec

tr
od

e

el
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od

e

•Explicit solvation model •Implicit solvation model

• All atom calculation 
•  BOMD, CPMD, …

• Classical liquid theory 
• JDFTx, ENVIRON, PCM,…

•全ての原子をあらわに扱う
•シミュレーション負荷大
•直感的で扱いやすい
•濃度・溶媒種の自由度小

1mol/L NaCl (aq)

•溶液を連続体で近似
•シミュレーション負荷小
•溶媒の扱い方で負荷は変動
•濃度・溶媒種の自由度大

11

固液界面の階層構造

電極

溶液

μm

nm

Å

水：連続体

イオン：点電荷/ボルツマン分布

Gouy・Chapmanモデル (1910～)
(εr ∼ 80) 水：連続体

イオン：点電荷+排除体積/ボルツマン分布

Modified Poisson-Boltzmannモデル (1920～)

電極：壁

積分方程式理論＋密度汎関数 (1980～＋1990～)

Orstein-Zernike方程式＋

HNC近似
RHNC近似
RISM
3D RISM

水/イオン：球，球＋双極(多重極)子，分子
電極：壁，ジェリウム，原子

水，イオン，金属：擬ポテンシャル

密度汎関数＋分子動力学 (1995～)

ポテンシャル：経験的，非経験的

電圧印可：ポテンシャル勾配，電極表面電荷密度の変化

12
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Poisson-Boltzmann model

I. Brukhov, et.al. PRL ‘97

a: ion size
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固液界面の階層構造

電極

溶液

μm

nm

Å

水：連続体

イオン：点電荷/ボルツマン分布

Gouy・Chapmanモデル (1910～)
(εr ∼ 80) 水：連続体

イオン：点電荷+排除体積/ボルツマン分布

Modified Poisson-Boltzmannモデル (1920～)

電極：壁

積分方程式理論＋密度汎関数 (1980～＋1990～)

Orstein-Zernike方程式＋

HNC近似
RHNC近似
RISM
3D RISM

水/イオン：球，球＋双極(多重極)子，分子
電極：壁，ジェリウム，原子

水，イオン，金属：擬ポテンシャル

密度汎関数＋分子動力学 (1995～)

ポテンシャル：経験的，非経験的

電圧印可：ポテンシャル勾配，電極表面電荷密度の変化
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DFT/RISM hybrid

A. Kovalenko, et.al. JCP (1999)

Cu(100)/Water

15

Explicit model (CPMD)

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

oxygen-up

oxygen-down

180 Cu atoms & 245 water molecules

O

H

Cu(100)/Water

17
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Explicit model (CPMD)

Layer distribution function Cu-O distance

S. Izvekov, et. al. JCP (2001)

63 Cu atoms & 24 water molecules

Cu(110)/Water
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固液界面の階層構造

電極

溶液

μm

nm

Å

水：連続体

イオン：点電荷/ボルツマン分布

Gouy・Chapmanモデル (1910～)
(εr ∼ 80) 水：連続体

イオン：点電荷+排除体積/ボルツマン分布

Modified Poisson-Boltzmannモデル (1920～)

電極：壁

積分方程式理論＋密度汎関数 (1980～＋1990～)

Orstein-Zernike方程式＋

HNC近似
RHNC近似
RISM
3D RISM

水/イオン：球，球＋双極(多重極)子，分子
電極：壁，ジェリウム，原子

水，イオン，金属：擬ポテンシャル

密度汎関数＋分子動力学 (1995～)

ポテンシャル：経験的，非経験的

電圧印可：ポテンシャル勾配，電極表面電荷密度の変化

マルチスケール＋電子移動へ．．． 19
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εf

μ

V∞

V

z

EDL

4 Challenges in modeling an 
electrochemical reaction for DFT-MD

1.Strong electric 
eld in Helmholtz 

layer

3.Screening in diffuse 
layer

4.Origin of electrostatic 
potential

2.Bias potential 
control

Electrochemical interface

Electrostatic potential

20

4 Challenges in modeling an 
electrochemical reaction for DFT-MD

1.Strong electric 
eld in Helmholtz 

layer

3.Screening in diffuse 
layer

4.Origin of electrostatic 
potential

2.Bias potential 
control

Effective Screening Medium method

Phys. Rev. B 73, 115407 (2006)

Phys. Rev. Lett. 109, 266101 (2012)
Constant-  method

ESM-RISM method

Phys. Rev. B 96,115429 (2017) 

Reference Interaction Site Model

ESM method

20
-14-



Total energy functional in conventional method

Total energy functional

[
−1

2
∇2 + V (r) + V̂NL + Vxc(r)

]
ψi(r) = εiψi(r)

Kohn-Sham equation
δE

δρe
= 0

E[ρe] = T [ρe] + Exc[ρe] +
1
2

∫∫
drdr′ ρe(r)ρe(r′)

|r − r′| +
∫

drvext(r)ρe(r) + EII

V (r) =
∫

dr′ ρtot(r′)
|r − r′| =

∫
dr′GPBC(r, r′)ρtot(r′)

Kohn-Sham eq.

{R}, ρin

EII, vext(r)

E, F I

SC
F

V (r)

INPUT

OUTPUT

21

Boundary condition at the interface

z

x

y

Open boundary condition 
(OBC)

2D periodic boundary 
condition (2D PBC)

22
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z

x

y

Boundary condition at the interface

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

[
−1

2
∇2 + V (r) + V̂NL + Vxc(r)

]
ψi(r) = εiψi(r)

Kohn-Sham equation

3D PBC
ρ(r)

∇[ε(r)∇]V (r) = −4πρtot(r)

Poisson equation

2D PBC + OBC

Mixed boundary condition (MBC)

+
+
+
+

V (r)

23

ESM-RISM method

Phys. Rev. B 96,115429 (2017) 

Reference Interaction Site Model

3.Screening in diffuse 
layer

4.Origin of electrostatic 
potential

Effective Screening Medium method

Phys. Rev. B 73, 115407 (2006)

Phys. Rev. Lett. 109, 266101 (2012)
Constant-  method

ESM method1.Strong electric 
eld in Helmholtz 

layer

2.Bias potential 
control

Simulation platform for electrochemical 
interfaces

24
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Effective screening medium (ESM)

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

How to solve the poisson equation under MBC?

∇[ε(r)∇]V (r) = −4πρtot(r)

[∂z{ε(z)∂} − ε(z)g2
||]G(g||, z, z′) = −4πδ(g||, z − z′)

[∂z{ε(z)∂} − ε(z)g2
||]V (g||, z) = −4πρ(g||, z)

Laue representation

We can get Green’s function analytically with 
each boundary conditions.

25

Effective screening medium (ESM)

ε(z) =
{

1 if z ≥ z1

∞ if z ≤ z1

{
V (g‖, z1) = 0
∂zV (g‖, z)

∣∣
z=−∞ = 0

ε(z) = ∞ if |z| ≥ z1

∂zV (g‖, z)
∣∣
z=±∞ = 0, ε(z) = 1

neutral surface, polarized surface...

STM, gate electrode...

nano-structure in capacitor, zigzag pot.

(i)

(ii)

(iii)

el
ec

tro
de

el
ec

tro
de

el
ec

tro
de

{
V (g‖, z1) = 0

V (g‖,−z1) = V0

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

26
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Effective screening medium (ESM)

el
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el
ec

tro
de
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de

G(i)(g‖, z, z′) =
4π

2g‖
e−g‖|z−z′|

G(ii)(g‖, z, z′) =
4π

2g‖
e−g‖|z−z′| − 4π

2g‖
e−g‖(2z1−z−z′)

G(iii)(g‖, z, z′) =
4π

2g‖
e−g‖|z−z′|

+
4π

2g‖

e−2g‖z1 cosh{g‖(z − z′)} − cosh{g‖(z + z′)}
sinh(2g‖z1)

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

27

Total energy functional of the ESM method

E[ρe, V ] = T [ρe] + Exc[ρe] +
∫

dr

[
−ε(r)

8π
|∇V (r)|2 + ρtot(r)V (r)

]

Total energy functional

∇[ε(r)∇]V (r) = −4πρtot(r)

[
−1

2
∇2 + V (r) + V̂NL + Vxc(r)

]
ψi(r) = εiψi(r)

Generalized Poisson equation

Kohn-Sham equation

E[ρ] = T [ρ] + Exc[ρ] +
1
2

∫∫
drdr′ ρ(r)ρ(r′)

|r − r′| +
∫

drvext(r)ρ(r) + Eion

V (r) =
∫

dr
ρtot(r′)
|r − r′|

ε(r) = 1
conventional

V (r) =
∫

drG(r, r′)ρtot(r′)

ε(r) : model dependent
ESM

V  variable

δE

δρe
= 0

δE

δV
= 0

28
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Schematic animation of electrochemical interface 
simulation

ESM

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

Electrochemical reaction

Pt Pt

e-

Q=-0.95 (e/cell)

Hydrogen adsorption reaction

H3O+ + e− → H2O + Had

J. Phys. Soc. Jpn 77, 024802 (2008) 30
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ESM-RISM method

Phys. Rev. B 96,115429 (2017) 

Reference Interaction Site Model

3.Screening in diffuse 
layer

4.Origin of electrostatic 
potential

Effective Screening Medium method

Phys. Rev. B 73, 115407 (2006)

Phys. Rev. Lett. 109, 266101 (2012)
Constant-  method

ESM method1.Strong electric 
eld in Helmholtz 

layer

2.Bias potential 
control

Simulation platform for electrochemical 
interfaces

31

Limitation of the original conventional DFT-MD

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

conventional
simulation

experimental
simulation

32
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Lozovoiらが提案した方法

SCF
calculation

(constant-n)

KS solver

Input: ri, n

Output:

• ポテンシャル計算

SCF
calculation

(constant- )

KS solver

Input:

Output:

Lozovoi’s method

F i, Etot, μ F i, Etot, n

ri, μ

• KS方程式を解く

• 下の状態から順番に、
詰めた電子数が に

なるまで電子を詰め

る

• 前回のポテンシャル
と比べる

n

通常のKS solver

• ポテンシャル計算

• KS方程式を解く

• 下の状態から順番に、
フェルミエネルギー

が になるまで電子

を詰める

• 前回のポテンシャル
と比べる

μ

SCFループの中
で毎回電子数が

違う33

Lozovoiらが提案した方法

Lozovoi’s method通常のKS solver

Etot

iteration

• 変分原理が成り立ってい
るのでエネルギーは必ず

収束する

Etot

iteration

• 変分原理が成り立ってない
ので収束が保証されない

• ミキシングをどんなに小さ
くしても多くの場合、結果

は発散する

iteration

SCFループ内でconstant- は
実現できない

SCF計算は、必ずconstant-nで
やる必要がある

34
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どのようにconstant-nのSCFループでconstant- 計算を
実現できるか？

nnew
ernewi

SCF
calculation

(constant-n)

Output:

F iInput: Input:

ṙi =
pi
mi

,

ṗi = Fi

Atoms

• Geometry 
optimizer (static) 

• Molecular 
dynamics solver 
(dynamic)

SCFループの外側
でフェルミエネ

ルギーをターゲッ

トに近づけるメ

カニズムを導入

できないか？

KS solverrnewiOutput: nnew
eOutput:

Input: ri, ne

分子動力学の拡張系の

方法を利用する

F i, Etot, μin

Fn ∝ μin − μext

35

電子系のグランドカノニカルアンサンブル法

Conventional NPT MD simulation

If we can introduce a ctitious motion for amount of charge     , we can 
realize  NVT e MD simulation

 (e
V)

t (ps)

ne

vcell

v̇cell =
Pvcell

Mvcell

Ṗvcell = P − Pext

: Cell volume
Mvcell : Fictitious mass for variable cell

ṅcell =
Pncell

Mncell

Ṗncell
= μ− μext

from Virial theorem

36
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定圧力手法（Andersen法）

H. C. Andersen, J. Chem. Phys. 72, 2384 (1980)

仮想的なLagrangianを導入

• 簡単のために立方体のセルを考える。原子座標は

でスケールする。座標の時間微分は

ṙi = V
1
3 ˙̃ri

と定義する。←Vの時間微分は無視

ここで、　はシミュレーションセルの仮想的な重さを表す。Euler-Lagrange方程式はW

となる。

セル内の瞬間的な内圧 Pin

（Virial定理）

Pext

L = V 1/3

時間発展

• セルの体積を運動の変数にする

ri = V
1
3 r̃i, (0 ≤ r̃i ≤ 1)

LP =
1

2

N∑
i

miV
2
3 ˙̃r2i − E({V 1

3 r̃};ψ) + 1

2
WV̇ 2 − PextV

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

mi
¨̃ri = −V − 2

3
∂E({V 1

3 r̃};ψ)
∂r̃i

− 2V̇

3V
˙̃r

WV̈ =
1

3V

[
N∑
i

miV
2
3 ˙̃r2i −

N∑
i

ri · ∂E({r};ψ)
∂ri

]
− Pext

37

定電位手法

• 系の電荷量（ ）を運動の変数とするnsystem
(charge:   )n

e−

Simulation
system

e−

V

0

μext

時間発展

• Potentiostatを接続し、systemの電位
を に保つμext

仮想的なLagrangianを導入

ここで、　は電荷量の仮想的な重さを表す。Euler-Lagrange方程式は

となる。

瞬間的な電子系の電位 μin

Lμ =
1

2

N∑
i

miṙ
2
i − E({r};ψ) + 1

2
Mṅ2 − (−μextn)

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

mir̈i = −∂E({ri};ψ)
∂ri

Mn̈ = −
(
∂E({ri};ψ)

∂n
− μext

)

M

N. Bonnet et al., Phys. Rev. Lett. 109, 266101 (2012)
38
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定圧力手法 定電位手法

Pin < PextPin = PextPin > Pext

V0−δV δV

V

V n

n

δn−δn n0

μin > μextμin = μextμin < μext

μext = 〈μin〉Pext = 〈Pin〉

示量変数

示強変数

平均値

平衡状態に
おいて線形化

WV̈ = Pin − Pext

→ WδV̈ � − B

V0
δV

Mn̈ = μin − μext

→ Mδn̈ � − 1

C
δn

B = −V0
∂P

∂V

1

C
=

∂μ

∂n
体積弾性率： キャパシタンス：

feedback機構が働き平均値の周りを振動する

39

熱浴（能勢-Hoover熱浴）を接続することによりそれぞれ統計集合を実現できる

分配関数

揺らぎから
計算可能な量

圧力集合 グランドカノニカル集合（電子系）

H =
1

2

N∑
i

mir
2
i + E({r};ψ)

κ = − 1

〈V 〉
∂〈V 〉
∂Pext

=
〈δV 2〉

kBT 〈V 〉 C =
∂〈n〉
∂μext

=
〈δn2〉
kBT

圧縮率 キャパシタンス

Y =

∫∫∫
exp [−(H+ PextV )/kBT ] drdqdV

H =
1

2

N∑
i

mir
2
i + E({r};ψ)

とすると となる。

より、

補足

Ξμ =

∫∫∫
exp [−(H− μextn)/kBT ] drdqdn

〈n〉 =

∫
nZnexp [βμextn] dn

Ξ

∂〈n〉
∂μext

= β

∫
n2Znexp [βμextn] dn

Ξ
− β

(∫
nZnexp [βμextn] dn

)2

Ξ2

= β(〈n2〉 − 〈n〉2) = β〈(n− 〈n〉)2〉 = β〈δn2〉

Zn =

∫∫
exp [−βH] drdq Ξ =

∫
Znexp [βμextn] dn

40
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How to realize constant-  system

• Fictitious charge particle 
(FCP) is introduced with 
ctitious mass. 

• For static calculation, FCP is 
optimized by line minimization 
scheme. We can obtain the 
grand potential. 

• 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 
step. (e.g., Geometry 
optimization step, MD step)

nnew
ernewi

SCF
calculation

(constant-N)

Output:

F iInput: Input:

ṙi =
pi
mi

,

ṗi = Fi

Atoms

• Geometry 
optimizer (static) 

• Molecular 
dynamics solver 
(dynamic)

KS solverrnewiOutput: nnew
eOutput:

Input: ri, ne

ṅe =
Pne

Mne

,

Fictitious charge 
particle (FCP) 

• FCP optimizer 
(static)

• FCP dynamics 
solver
(dynamic)

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

Ṗne
= FFCP

= μ− μext

Etot, F i, FFCP

FFCP

41

Test calculation (Pt-H2O interface)

10

8

6

4

 5  5.2  5.4  5.6  5.8  6  6.2  6.4
 0
 0.1
 0.2
 0.3
 0.4

Fe
rm

i e
ne

rg
y 

(e
V

)

E
xc

es
s 

ch
ar

ge
 Q

(e
)

Time (ps)

constant-N

Tatom = 353 K
Q = 0.35 (e/cell)

constant-
μext = −6.0 eV

T = 300 K

Mne = 300 cm−1

Mξe = 100 cm−1

μext = −4.9 eV
T = 300 K

Mne = 300 cm−1

Mξe = 100 cm−1
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How to realize constant-  system

• Fictitious charge particle 
(FCP) is introduced with 
ctitious mass. 

• For static calculation, FCP is 
optimized by line minimization 
scheme. We can obtain the 
grand potential. 

• 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 
step. (e.g., Geometry 
optimization step, MD step)

nnew
ernewi

SCF
calculation

(constant-N)

Output:

F iInput: Input:

ṙi =
pi
mi

,

ṗi = Fi

Atoms

• Geometry 
optimizer (static) 

• Molecular 
dynamics solver 
(dynamic)

KS solverrnewiOutput: nnew
eOutput:

Input: ri, ne

ṅe =
Pne

Mne

,

Fictitious charge 
particle (FCP) 

• FCP optimizer 
(static)

• FCP dynamics 
solver
(dynamic)

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

Ṗne
= FFCP

= μ− μext

Etot, F i, FFCP

FFCP

43

NEB method in    -space

F atom
i , FFCP

F atom
i , FFCP

F atom
i , FFCP

F atom
i , FFCP

Ẽ

ẼR

ẼP

Constrained geometry optimisation 
on hyperplane in    -spaceẼ

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

Ẽ

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

44
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Generalized force acting on atoms & FCP

Minimize     instead of the total energy

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

Force acting on FCP

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

Ẽ = E − μextn

Ẽ E

Ẽ μextn

F i = − ∂Ẽ

∂ri
= − ∂E

∂ri

FFCP = −∂Ẽ

∂n
= −(μ− μext)

45

ESM-RISM method

Submitted to Phys. Rev. B

Reference Interaction Site Model

3.Screening in diffuse 
layer

4.Origin of electrostatic 
potential

Effective Screening Medium method

Phys. Rev. B 73, 115407 (2006)

Phys. Rev. Lett. 109, 266101 (2012)
Constant-  method

ESM method1.Strong electric 
eld in Helmholtz 

layer

2.Bias potential 
control

Simulation platform for electrochemical 
interfaces

46
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ESM-RISM method

S. Nishihara and MO, PRB 96, 115429 (2017)

Reference Interaction Site Model

3.Screening in diffuse 
layer

4.Origin of electrostatic 
potential

Simulation platform for electrochemical 
interfaces

el
ec

tr
od

e

el
ec

tr
od

e

1mol/L NaCl (aq)

•Explicit solvation model •Implicit solvation model

• All atom calculation 
•  BOMD, CPMD, …

• Classical liquid theory 
• JDFTx, ENVIRON, PCM,…

47

ESM-RISM method
Reference Interaction Site Model

3.Screening in diffuse 
layer

4.Origin of electrostatic 
potential

Why do we: 
• give up to keep going with all-atom MD 

simulation?
• introduce the classical liquid theory 

(implicit solvent theory)?

Simulation platform for electrochemical 
interfaces

S. Nishihara and MO, PRB 96, 115429 (2017)
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All-atom simulation vs. RISM
(Explicit solvation vs. Implicit solvation)

el
ec

tr
od

e

En
er

gy

DOS

εF

ΔV

∫
ΔV

DOS(ε)dε �= Integer

= Fractional number

∑
(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).∫

Ω

{gcation(r) + ganion(r)} dr = Fractional number

×

◎

49

What is the RISM theory?

Ornstein-Zernike equation⎧⎨
⎩h(r1, r2) = c(r1, r2) +

∫
dr3c(r1, r3)ρ(r3)h(r3, r2)

h(r1, r2) = g(r1, r2)− 1

h(12) = c(12) +

∫
d(3)c(13)ρ(3)c(32) +

∫
d(3)d(4)c(13)ρ(3)c(34)ρ(4)c(42) · · ·

1 2

3 4 ρ(4)

∫
d(3)

∫
d(4)
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1D-RISM

1D-RISM equation

Closure relation (Kovalenco-Hirata)

Interaction between atomic sites
(Lennard-Jones + Coulomb)

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

hαγ(r) =
∑
μν

∫
dr′

∫
dr′′ωαμ(|r − r′|)cμν(|r′ − r′′|)χνγ(r

′′)

ωαμ(r) =
1

4πr2
δ(r − lαμ)

χνγ(r) = ωνγ(r) + ργhνγ(r)

gαγ(r) =

{
exp [−βuαγ(r) + hαγ(r)− cαγ(r)] for gαγ ≤ 1

1− βuαγ(r) + hαγ(r)− cαγ(r) for gαγ > 1

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

uαγ(r) = 4εαβ

[(σαβ

r

)12

−
(σαβ

r

)6
]
+

qαqγ
r

εαβ =
√
εαεγ

σαγ =
σα + σγ

2 51

3D-RISM

3D-RISM equation

Closure relation (Kovalenco-Hirata)

Interaction between atomic sites
(Lennard-Jones + Coulomb)

gγ(r) =

{
exp [−βuγ(r) + hγ(r)− cγ(r)] for gγ ≤ 1

1− βuγ(r) + hγ(r)− cγ(r) for gγ > 1

uγ(r) =
∑
A

4εγA

[(
σγA

|r −RA|
)12

−
(

σγA

|r −RA|
)6

]
+

∫
dr′

qγρDFT

|r − r′|

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
χνγ(r) =

∑
g

χνγ(g)e
ig·r

hγ(r) =
∑
ν

∫
dr′cν(r′)χνγ(r

′ − r)

From 1D-RISM

52
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Laue-RISM

Laue-RISM equation

Closure relation (Kovalenco-Hirata)

Interaction between atomic sites
(Lennard-Jones + Coulomb)

gγ(r) =

{
exp [−βuγ(r) + hγ(r)− cγ(r)] for gγ ≤ 1

1− βuγ(r) + hγ(r)− cγ(r) for gγ > 1

From 1D-RISM

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
χνγ(g‖, z

′ − z) =
1

2π

∫ ∞

−∞
dgzχνγ(g)e

igz(z
′−z)

hγ(g‖, z) =
∑
ν

∫
dz′cν(g‖, z

′)χνγ(g‖, z
′ − z)

uγ(r) =
∑
A

4εγA

[(
σγA

|r −RA|
)12

−
(

σγA

|r −RA|
)6

]
+

∫
dr′GESM(r, r′)ρDFT(r

′)

53

ESM-RISMの手順・コスト

ρDFT ρsolv

ΔμsolvEDFT

1D-RISM

SC
F1

Kohn-Sham eq.

SC
F3 3D-RISM

SC
F2

vsolvvDFT

INPUT:

OUTPUT:

C
al

cu
la

tio
n 

tim
e 

(s
)

0

450

900

1350

1800

Number of Atom

0 100 200 300 400

Total CPU Laue-RISM

O(N3)

O(N
4
3 )
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Implicit solvation models

Classical Density Functional Theory (CDFT)

Ornstein–Zernike (OZ) equation

Reference Interaction Site 
Model (RISM)

Ac
cu

ra
cy

Joint Density Functional Theory 
(JDFT)

PCM

·
·
·

Variant of JDFT
·
·
·

55

本日のアウトライン

• 電気化学界面シミュレーション技術の歴史

• シミュレーション技術

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

• 応用例

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

reaction (ORR/OER)
- Proof test & Li insertion into graphite electrode
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水の電気分解／燃料電池反応

2H2O → O2 + 2H2

4H+ + 4e− → 2H2

2H2O → 4H+ + O2 + 4e−

陰極

陽極

逆反応

燃料電池

57

水の電気分解／燃料電池反応

2H+ + 2e− → H2

Hydrogen evolution
Electrolysis of water

2H2O → 2H2 + O2

Volmer step:

e-

H3O+ + e− → H2O + Had

ElectrodeElectrode

Heyrovsky step: Tafel step:

e- H2
H2

H3O+ + Had + e− → H2O + H2 Had + Had → H2

ElectrodeElectrode 58
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面方位で異なる反応

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

電位：標準水素電極(SHE)基準
H2 � 2H+ + 2e−

HER

Pt(hkl)
Pt(110)
Pt(100)

Pt(111)

p

mechanism rds
Tafel-Volmer

Heyrovsky-Volmer
Tafel-Volmer, Heyrovsky-Volmer

59

Volmer反応のシミュレーション

32 water molecules

36 Pt atoms (3-layers)

GGA-PBE

Plane wave - Ultrasoft pp

Temperature: 80

Pt(111) slab

H₂O
with

 H₃O+

vacuum with
barrier

potentials

vacuum

zw

ze

r = 1

r =metal

H3O+

MO et. al., J. Phys Soc. Jpn. 77, 024802 (2008)
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ESM法を用いたシミュレーションの様子

ESM

61

Volmer反応のシミュレーション

Hydrogen adsorption
(Volmer reaction)

1.2

1.0

0.8

0.6

0.4

0.2

1.2

1.0

0.8

0.6

0.4

0.2

E
xc

es
s 

ch
ar

ge
 [e

/c
el

l]

z 
[D

eb
ye

]

Dipole moment
Excess charge

 1.6
 1.8
 2.0
 2.2
 2.4
 2.6

0 1 2 3 4 5 6 7

 1.6
 1.8
 2.0
 2.2
 2.4
 2.6

P
t

H
 [Å

]

P
t

H
 [Å

]
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62
-35-



Volmer反応のシミュレーション

Pt Pt

e-

H3O+ + e− → H2O + Had

63

Charge transfer  population analysis 

-0.10

-0.09

-0.08

-0.07
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C
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[e
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 0.40
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C
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e 
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pu
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tio

n 
[e

]

Simulation time [ps]

Pt

H

Population of top most 
Pt layer averaged by 
number of Pt atoms

Population of the adsorbed 
hydrogen atom.

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

• Charge population of the hydrogen atom slightly decreases before 
the reaction and suddenly decreases at adsorption
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Electron transfer from Pt to hydronium ion

Pt

LUMO

HOMOe
e e

e
Pt

LUMO

HOMO

e eee
ee

e
Apply bias potential
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ne
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 (e
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f
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なぜ電位コントロールが必要？

Hydrogen adsorption reaction

Q=-0.95 (e/cell)

2
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Fe
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)

Time (ps)

Electron transfer

Pt Pt

e-
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本日のアウトライン

• 電気化学界面シミュレーション技術の歴史

• シミュレーション技術

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

• 応用例

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

reaction (ORR/OER)
- Proof test & Li insertion into graphite electrode

67

①

①
②

③②

②

Simulation of cyclic voltammetry of Pt(111) surface

①

②

③

: Constraint for Blue-moon ensemble calculation

Pt

O2

O OO

O
HH

H+

O

O
HH

H

① ② ③

O
H

O
HH

H+
O

HH

O
HH

Pt + H2O � PtOH+H+ + e−

PtOH � PtO + H+ + e−

2PtO � 2Pt + O2

ORR/OER reaction

T. Ikeshoji and MO Phys. Chem. Chem. Phys. 19, 4447 (2017)
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I-V characteristic

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

• Butler-Volmer equation

• Diffusion equation

• Nernst equation

j0 = k exp

(
− Ea

RT

)

∂c

∂x
= −D

∂2c

∂x2

Eeq = E0 +
RT

nF
log

(
cox
cred

)

from experiment, MD…

(Eyring theory) kBT

h
∼ 245 cm−1

j = j0

{
exp

( αη

RT

)
− exp

(
− (1− α)η

RT

)}

reaction coordinate

E

η

αη

E0
a

Eeq

Ef
a Eb

a

: electrode potential
: equilibrium potential

: activation energy of
  forward reaction

: activation energy
  at equilibrium

: over potential

: symmetry factor 

E

E0
a

η

α

Eeq

Ef
a

Eb
a : activation energy of

  backward reaction

kinetic model

69

Pt

Blue moon ensemble method
• temperature 80
• 8 intermediate images 
• 5 ps duration for taking 

average mean force 
• constant-  scheme

①

Free energy pro le

Pt + H2O � PtOH+H+ + e−

reaction coordinate

0 1
2

8
･･
･

e-

71
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Pt

Blue moon ensemble method
• temperature 80
• 8 intermediate images 
• 5 ps duration for taking 

average mean force 
• constant-  scheme

①

Free energy pro le

Pt + H2O � PtOH+H+ + e−

reaction coordinate

0 1
2

8
･･
･

e-

 0

 0.05

 0.1

 0.8  1  1.2  1.4  1.6  1.8  2

 0

 0.5

 1

E
fre

e 
(e

V
)

E
xc

es
s 

ch
ar

ge
 (e

)

rO H (Å)

μext = −8.4 V

μext = −7.3 V
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Free energy pro le

Pt + H2O � PtOH+H+ + e−

 0

 0.05

 0.1

 0.8  1  1.2  1.4  1.6  1.8  2

 0

 0.5

 1

E
fre

e 
(e

V
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E
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s 
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 (e

)

rO H (Å)

μext = −8.4 V

μext = −7.3 V

①
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Free energy pro le

Reaction① Reaction②

0.80 1.14

0.09 0.28

0.5 0.4

E0
a(eV)

α

E0(V)

E0
a

reaction coordinate

αη1
E1

a E2
a

η1

α =
E1

a − E2
a

η1 − η2
E0

a =
E1

aη2 − E2
aη1

η2 − η1

η2

αη2
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I-V characteristic

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

• Butler-Volmer equation

• Diffusion equation

• Nernst equation

j0 = k exp

(
− Ea

RT

)

∂c

∂x
= −D

∂2c

∂x2

Eeq = E0 +
RT

nF
log

(
cox
cred

)

from experiment, MD…

(Eyring theory) kBT

h
∼ 245 cm−1

j = j0

{
exp

( αη

RT

)
− exp

(
− (1− α)η

RT

)}

reaction coordinate

E

η

αη

E0
a

Eeq

Ef
a Eb

a

: electrode potential
: equilibrium potential

: activation energy of
  forward reaction

: activation energy
  at equilibrium

: over potential

: symmetry factor 

E

E0
a

η

α

Eeq

Ef
a

Eb
a : activation energy of

  backward reaction

kinetic model
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CV curve for ORR/OER on Pt(111)
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T. Ikeshoji and MO Phys. Chem. Chem. Phys. 19, 4447 (2017)

76

本日のアウトライン

• 電気化学界面シミュレーション技術の歴史

• シミュレーション技術

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

• 応用例

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

reaction (ORR/OER)
- Proof test & Li insertion into graphite electrode
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ESM-RISMを用いた電気化学界面のモデリング

•電気二重層の計算

• RISM領域にQMイオンを入れた計算

•電解液の分解

QM
電極

RISM
電解液

QM
電極

RISM
電解液

Li+

QM
電極

RISM
電解液

QM
電解液

QM

78

Al/NaCl溶液界面

QM cell

Al
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Al/NaCl溶液界面(電気二重層)
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Al/NaCl溶液界面

• RISMで扱っていてNa+イオンを一つ取り

出してQMで扱ったらどうなるだろう？
元々あったNa+イオンの見方を変えただ

けなので、（熱力学極限が取れていない

ことは置いといて）状況は変わらないだ

ろう。例えばフェルミエネルギー（電位

や仕事関数）

Na+イオンを一つ、QMに格上げしたので
RISMの中のNa+イオンは一つなくなるだ

ろう。例えば、ある領域のNa+イオン数

とCl-イオン数の差を取れば１になる。

81
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Al/NaCl溶液界面

NNa=2.51
NCl=2.51

=0.00

Ef=-4.02
EWF=4.29

Na+ 0

82

Al/NaCl溶液界面

Al Na+

NNa=2.31
NCl=3.31

=1.00

Ef=-3.98
EWF=4.32

Na+

83
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Al/NaCl溶液界面
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)

Length(Å)

Vtot

Na+(QM)

Cl-(RISM)

• QMの計算ではNa+の計算をするために、QMの電子を一つ抜いている。RISM領域でそれを
補償するためにCl-が1個分多く湧き出している。
→全体ではcharge neutralityは保たれて、フェルミエネルギー・仕事関数は変化しない！
静電相互作用を近似無しで扱っていることによる利点

QM

RISM

Total

QM

RISM

Total

84

Metal/vacuum interface vs. metal/electrolyte interface

Li+
PF6

In vacuum

ー

ー

ー
Li+

ー

ー

ー
Li+

ー

ー

ー
Li+

ー

ー

ー
Li+

In electrolyte Fail to describe salvation

No counter ion

Solvated by counter 
ion and electrolyteThis situation should be 

reproduced seamlessly

？

？

e-

85
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Mirror image charge generated by ion

Na+

Clー

ー

ー
Na+

Solvated by counter 
ion and electrolyte

•First solvation shell
•Mirror image & surface
state

•Population of Na atom is
+1e at any position (no
electron transfer)

•Amount of the image
charge is ~-0.5e

•Rest -0.5e is screened by
counter ion86

まとめと今後の展望

• 電気化学界面のためのシミュレーション技術の開発を行い、第一原理

計算と古典溶液理論を融合することにより、実環境に近い状態でのシ

ミュレーションが可能になった。

• ミクロなシミュレーションから電流・電圧曲線のようなマクロな物理

量へとつなげるマルチスケールシミュレーションの基盤技術を確立し

た。

• 現実的な計算コストでシミュレーションが実施可能となることにより、

様々な場面でシミュレーションの需要が高まると期待される。

• 蓄電池・燃料電池以外にも、触媒反応やメッキ、腐食・防食など様々

な応用分野への適用が進みつつある。
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Advance/PHASE [1]
Constant

1 1

Advance/PHASE
2017 10 24
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•
•
•
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Constant
•

(DFT)
=

Constant =

• U

tgt :

U = tgt – 0

0 : ( )
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•

55~10 Å
Ref.: Chem.
Soc. Rev., 44,
970 (2015).

Constant STM

• STM

(STM
)
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Constant

• /

(constant-N)

• Constant / charged
slab
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(ESM)
• (DFT)

(ESM) [1]
• Advance/PHASE ver3.2

ESM

[1] M. Otani and O. Sugino, PRB 73, 115407 (2006).

Model 1 Model 2 Model 3
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Advance/PHASE
• ESM constant

(1)
(2) Nudged Elastic Band (NEB)

ESM 2
RISM
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Constant

ESM (Model 3) model

ESM( ) ESM( )

= 1 =U
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Constant

Generalized total energy

Force on the FCP:

ne
Fictitious Charged Particle (FCP)

E

: N. Bonnet, T. Morishita, O. Sugino, and M. Otani, Phys. Rev. Lett. 109, 266101 (2012).

energetics
dynamic equation static version
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•
: ESM

• FCP :
= 0

( ) Line Minimization
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• esm FCP
esm {

#units bohr
model = 3
z1 = 20.0
qex = 0.0
sw_g0_potential = ON
sw_modify_potential = ON
sw_planar_average = OFF
modified_radius = 1.0

sw_FCP = ON
fcp{
mu0 = 0.107392887
bias = 1.0

}
}

Constant : (

ESM sw_FCP = ON
model=3
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• FCP
esm{

#units bohr
model = 3
z1 = 20.0
qex = 0.0
sw_g0_potential = ON
sw_modify_potential = ON
sw_planar_average = OFF
modified_radius = 1.0

sw_FCP = ON
fcp{

mu0 = 0.107392887
bias = 1.0
charge_end0 = 0.001
charge_end1 = 0.002

}
}

Constant : (NEB

FCP

NEB

control{
driver = neb

}

multiple_replica{
...
structure{

replicas{
...

}
atom_list_end0{

...
}
...

}
...

}
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GUI
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GUI

FCP model

mu0
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NEB

-56-



Copyright 2017 AdvanceSoft Corporation. All rights reserved.

http://www.advancesoft.jp/

•
FCP

ne (ver3.6)
FCP

• NEB
image

output

Constant :
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(output

FCP

FCP

Ionic_step
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GUI (
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GUI (NEB)
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Al(111) p(2 2) 1
5 Al 3

:
5.6994 5.6994 22.7976 Å3

•
(model = 3)

• : (Al,
H), (O)

• GGA PBE
• K : 5 5 1

=

=1

( )

~5.5 Å
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: Al(111)/H2O

•
(ionic_step)

top

1.0 V

+1.0 V1.0 V +1.0V

XGDIIS 22 13

BFGS 17 15

CG 33 24

GDIIS 20 23

QUENCH 15 14

forcmx < 1.0E 3
FCP delta_mu < 5.0E 4

Copyright 2017 AdvanceSoft Corporation. All rights reserved.
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NEB : Al(001)/H

• :
: bridge

top, hollow, bridge H

• NEB :
bridge bridge
image 9

linear interpolation

Al(001) p(2x2) 1
H 1
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( U = +1.0 V)
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• NEB constant
ESM ( / / )

XGDIIS, BFGS, CG, GDIIS, quench
constant
NEB: NEB/ESM

NEB
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Wannier90

• Wannier90
– Wannier90

Wannier90
•
• 1

•
( )

• http://wannier.org
– Wannier90

2
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Wannier90

3
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Wannier90

4

•
– wannier90 2.1.0.tar.gz ( )

•
–
– Linux

• tar zxvf wannier90 2.1.0.tar.gz

•
–
– README.install config

make.inc
– make
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Wannier90

5

•
1. phase SCF
2. ekcal(dos ) k

3. Wannier90
4. Wannier90
5.

http://www.advancesoft.jp/
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Wannier90

6

• Quantum ESPRESSO
(http://www.quantum espresso.org/) Wannier90

• Advance/PHASE

•
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Wannier90

7

• Wannier90
– nfzaj.data (ekcal )
– nfenergy.data (ekcal )
– nfefermi.data (ekcal )
– aphase2wannier90.inp (ekcal )

• aphase2wannier90
– graphite.amn
– graphite.mmn
– graphite.eig
– UNKxxxxx.x(x )

http://www.advancesoft.jp/
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Wannier90

8

• Wannier90
– Wannier90

– Advance/PHASE Wannier90
Quantum ESPRESSO

Wannier90
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Wannier90

9

pz
Advance/PHASE+Wannier90

QuantumESPRESSO+Wannier90
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Wannier90

10

Advance/PHASE+Wannier90
QuantumESPRESSO+Wannier90

M K A
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Wannier90

11

• phase viewer
–

1. phase
2. ekcal
3. Wannier90
4. Wannier90

–
1. phase viewer
2.

http://www.advancesoft.jp/
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Wannier90
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• phase, ekcal
– ( )

Ver3.5

ciao
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13

• phase, ekcal
– kpoint sampling (mesh )

http://www.advancesoft.jp/
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Wannier90

14

• phase, ekcal
– ( )

method
unit cell type Primitive
lattice system
inversion symmetry
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15

• ekcal
– Post processing ( )
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• Wannier90
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• Wannier90

ON
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Wannier90
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• Wannier90
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• Wannier90 Wizard

http://www.advancesoft.jp/
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Wannier90

20

• Wannier90 Wizard
s fz(x2 y2) sp3 2

p fxyz sp3 3

pz fx(x2 3y2) sp3 4

px fy(3x2 y2) sp3d 1

py sp sp3d 2

d sp2 sp3d 3

dz2 sp3 sp3d 4

dxz sp3d sp3d 5

dyz sp3d2 sp3d2 1

dx2 y2 sp 1 sp3d2 2

dxy sp 2 sp3d2 3

f sp2 1 sp3d2 4

fz3 sp2 2 sp3d2 5

fxz2 sp2 3 sp3d2 6

fyz2 sp3 1
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21

• Wannier90 Wizard

wannier_plot

fermi_surface_plot

bands_plot

write_tb

kpoint_path
k

Wannier90

http://www.advancesoft.jp/
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Wannier90

22

• Wannier90

Wizard
• k
•
Edit
• win
• Wizard

Wannier90
(Wannier90 )
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• Wannier90
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Wannier90

24

• Wannier90
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• (.wout)
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Wannier90
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• (.wout)
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•

•
•
•
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Wannier90

28

•
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Wannier90

30

•

(3 )
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31

•
Wannier90

( )
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Copyright 2017 AdvanceSoft Corporation. All rights reserved.

Wannier90

32

• ( )

(ver3.5) (ver3.6)

(ver3.6)
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Wannier90

33

• ( )
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Advance/PHASE
2017

Advance/PHASE

3N 3

LDA (Local Density Approximation) ,
GGA (Generalized Gradient Approximation)
etc…

Si HgBa2CuO4

Advance/PHASE
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GGA Advance/PHASE
HgBa2CuO4

D. J. Scalapino,
Rev. Mod. Phys. 84,
1383 (2012).

overoptimalunder

Mott insulator

half filling

HgBa2CuO4

CuO2

CuO2

…etc.

CuO2

D. J. Scalapino,
Rev. Mod. Phys. 84, 1383 (2012).

Mott
half
filling

Large

Small

(Cluster) DMFT
CPT
VCA …

RPA, FLEX
TPSC
FRG …

DMRG
VMC
Exact Diagonalization …

LDA/GGA
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d p

GGA Advance/PHASE
HgBa2CuO4

WANNIER90

WANNIER90 ( aphasewannier90 Advance/PHASE) N. Marzari, I. Souza, and D. Vanderbilt,
Psi K Newsletter 57, 129 (2003).

Disentanglement

Disentanglement

Cu

Cu
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aphasewannier90 + WANNIER90

HgBa2Ca2Cu3O8HgBa2CuO4
HgBa2CaCu2O6

CuO2

Hg

O

Cu

abcd
cdcdbaba ccVGVcc

ccccVcctH

,
:

V ,,,', JVUU

GW BSE, cRPA, Møller Plesset 2
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Cu d

Cu d’

Cu d’

Cu dHg

AF super-exchangeU

Cu d’

Cu d

Cu d’

Cu d’

Cu d

O

O

AF super-exchange2U

Cu d

Cu d’

Cu d’

Cu d

Hg

Hg

AF super-exchange2U

CuO2

HgO

HgO

Wannierization:
Advance/PHASE + aphase2wannier90 + WANNIER90

•
•

•

RPA (Random Phase Approximation)
FLEX (FLuctuation EXchange)

TPSC (Two Particle Self Consistent)

HgBa2CuO4
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…etc

FLEX (FLuctuation EXchange approximation)

RPA (Random Phase Approximation)

RPA & FLEX

RPA & FLEX
&

= &
= FLEX

…
= RPA
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RPA & FLEX

Random Phase Approximation (RPA)
FLuctuation EXchange (FLEX)

Two Particle Self Consistent (TPSC)
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Sr2RuO4

A weak-coupling study for uniaxial pressure effects 
on superconductivity in strontium ruthenate Sr2RuO4

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

Kazutaka Nishiguchi A, Masayuki Ochi B,

Koichi Kusakabe A, Kazuhiko Kuroki B

Gradate School of Engineering Science, Osaka University A

Department of Physics, Osaka University B

Uniaxial pressure effects: SC enhancement

A. Steppke, L. Zhao,M. E. Barber, T. Scaffidi, F. Jerzembeck, H. Rosner, A. S. Gibbs, Y. Maeno, S. H. Simon,
A. P. Mackenzie, and C. W. Hicks, Science 355, 148 (2017).
H. Taniguchi, K. Nishimura, S. K. Goh, S. Yonezawa, and Y. Maeno, J. Phys. Soc. Jpn. 84, 014707 (2015).
Y. A. Ying, et al., Nat. Commun. 4, 2596 (2013).
C. W. Hicks, et al., Science 344, 283 (2014).

SC enhancement:
from 1.5 K in the unstrained material
to 3.4 K at compression by 0.6%,
and then falling steeply
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Effective model for Sr2RuO4
: Tight binding model

3 doubly degenerated
energy bands.

Tight binding model. Matrix form.

orbitals.

Spin Orbit
Coupling (SOC)

(1) S. Cobo et al., 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) I. Eremin, et al., PRB 65, 220502 (2002).
(5) K. K. Ng and M. Sigrist, Europhys. Lett. 49, 473 (2000).
(6) Y. Yanase and M. Ogata, JPSJ 72, 673 (2003).
(7) Y. Yanase et al., Phys. Rep. 387 1 (2003).
etc …

Effective model for Sr2RuO4
: Interactions for multi orbital systems

Intra orbital
On site Hubbard

Inter orbital
On site Hubbard

Hund’s coupling Pair hopping

Constraint for electrons:

We here set small ,
… and high temperatures ( )

Note:
Due to the weak coupling theory,
the parameters are set to be small
so that the fluctuations do not diverge.

-88-



Linearized Eliashberg Equation

Property:
is SC pairing interaction.

When the eigenvalue , SC transition occurs.
Even when , is a criterion for SC ( Large High ).

Linearized Eliashberg (SC gap) equation
in Spin dependent Multi Orbital RPA.

Note:
Set to be small & to be high for
the RPA scheme.

Antisymmetry for
SC gap function.

SC pairing interaction.

Gap function

Parameters: ( )
eV, eV,

, .

Unitary transformation
between basis & band basis.

wave

wave

Eigenvalues v.s.
Temperatures
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Anisotropic spin susceptibilities

Parameters: ( )
eV, , ,

eV.

Odd Parity

Even Parity
peak is dominant. cf: S. Cobo et al., PRB 94, 224507 (2016).

Pressures & Fermi Surface
Uniaxial pressure [x direction]

3

1
2

(0%) (1%) (3%)(2%)

Van Hove Singularity (vHS)
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Uniaxial pressure effects

Eigenvalues v.s.
Pressure rate

Parameters: ( )
eV, eV,

, , ,
eV.

Uniaxial pressure effects:
SC enhancement due to vHS.
… in both odd & even parity pairing.

However, according to the experiments …,
Sufficient SC enhancement?
Dip around ?

(2%)

vHS at Y

Self-Doping Effect 
Arising from Electron Correlations 

in Multilayer Cuprates

K.N., S. Teranishi, and K. Kusakabe
J. Phys. Soc. Jpn. 86, 084707 (2017)

Kazutaka Nishiguchi, Shingo Teranishi,
& Koichi Kusakabe

Gradate School of Engineering Science,
Osaka University.
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3 Layer Hubbard Model

3 layer tight binding model

Intra layer dispersion

Inter layer
single electron hopping

Total Hamiltonian.

On site Hubbard interaction Downfolded parameters
for Hg series 3 layer cuprates

Layer 1 (OP)

Layer 2 (IP)

Layer 3 (OP)

Hg series cuprate
(3 layer sys.)

Note:
Hg series “ ” layer cuprates
also have the similar parameters.

K. Nishiguchi, K. Kuroki, R. Arita, T. Oka,
and H. Aoki, Phys. Rev. B 88, 014509 (2013).

HgBa2Ca2Cu3O8+
(Hg-1223)

Here we neglect site potential in IP & OPs

TPSC for Multilayer Systems

TPSC (Two Particle Self Consistent) approach

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

sum rule for susceptibilities
(exact relations)

Spin & Charge susceptibility in TPSC

TPSC Ansatz
for Multi layer systems

Self consistently determine
spin & charge channel interaction &
through the double occupancy .

Solve Self consistently!

TPSC satisfies:
Conservation laws for spin & charge.
Mermin Wagner theorem.
Pauli principle .

sum rule for spin & charge
susceptibilities.
f sum rule.

TPSC is…
Unperturbative
weak & intermediate
coupling theory.
See “filling physics”
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Spin Fluctuations

Parameters: ( eV)
, eV,

.

Spin Susceptibility in OP & IP

AF instability is STILL larger in IP than in OP.
STILL consistent with Exps.

HgBa2Ca2Cu3O8+
(Hg-1223)

Small AF: OPCharge channel interaction enhanced
Charge susceptibility suppressed

Spin channel interaction saturated
Spin susceptibility enhanced but NOT diverge

Large AF: IP

Small AF: OP

Self doping effect

Layer Filling ( = OP & IP)

Self Energy in TPSC

Layer Filling in OP & IP

Self Doping Effect
due to electron correlations

in multilayer cuprates.

With increasing on site Hubbard interaction ,
layer filling becomes larger in IP than in OP.

GET consistent with Exps.
Energy gain in IP against .

HgBa2Ca2Cu3O8+
(Hg-1223)

More Holes: OP

Less Holes: IP

More Holes: OP
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Multilayer Cuprate Superconductors
H. Mukuda, S. Shimizu, A. Iyo,
and Y. Kitaoka, JPSJ 81 011008 (2012).5 layer Hg series cuprates

Inhomogeneous planes: Outer Plane (OP) & Inner Plane (IP).
Different carrier concentration: more holes in OP & less holes in IP.
= less electrons in OP & more electrons in IP.
Consistent with the NMR experiments.

HgBa2Ca2Cu3O8+
(Hg-1223)

OP

IP

OP

K. N., S. Teranishi, and K. Kusakabe,
J. Phys. Soc. Jpn. 86, 084707 (2017).

3 layer Hubbard model + TPSC approach
“Self doping effect” arising from electron correlations.
It is not until we take account of electron correlations
that we can understand layer filling in OP & IP.

Superconductivity in Multilayer Cuprates
Arising from Asymmetrical Electron Correlations 

and Self-Doping Effects

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

Kazutaka Nishiguchi, Koichi Kusakabe

Gradate School of Engineering Science, Osaka University.
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Linearized Eliashberg Equation

Properties:
is SC pairing interaction.

is the DOS of Cooper pairs.
Valid for around

Linearized Eliashberg equation
in TPSC approach.

Layer: SC pairing interaction.

Glue DOS of Cooper pairs

H. Miyahara, R. Arita, and H. Ikeda, PRB 87 045113 (2013).
D. Ogura and K. Kuroki, PRB 92, 144511 (2015).

Property:
Just an eigenvalue equation.
Solve with power method by iterations.

Eigenvalue :
When the eigenvalue , SC transition occurs.
Even when , is a criterion for SC ( Large High ).

Magnitude of Gap Function in OP & IP

Magnitude of the gap function in OP & IP.

H. Mukuda, S. Shimizu, A. Iyo,
and Y. Kitaoka, JPSJ 81 011008 (2012).

5 layer Hg series cuprates

Inhomogeneous planes: Outer Plane (OP) & Inner Plane (IP).
The OP has higher than IP.
The SC mainly appears in OP compared to IP.
Consistent with the NMR experiments?

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

HgBa2Ca2Cu3O8+
(Hg-1223)

OP

IP

OP
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Spin Fluctuations v.s. Spectral Weight

SC in OP & IP.
The strong pairing interaction favors the SC in the IP.
However,
the weak DOS of the Cooper pairs much more suppresses
the SC in the IP.
The spectral weight at “hot spot” is very small !

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.

eV
eV

Spin susceptibility
( pairing interaction).

Average spectral weight
( DOS of Cooper pairs).

Average spectral weight.

Development of a many body problem solver
for Advance/PHASE

Advance/PHASE
First principle calculations software
Density Functional Theory (DFT)
Pseudopotential method
aphase2wannier90
Interface of Advance/PHASE & WANNIER90

Kazuyiki Okazaki
& Daichi Tanaka

WANNIER90
Maximally Localized
Wannier Functions (MLWFs)
Disentanglement
Tight binding model

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

• www.wannier.org
Multiorbital Hubbard model

: site, spin, & orbital.

A many body problem solver
A weak coupling theory:
Multiorbital RPA (Random Phase Approximation)
& FLEX (FLuctuation EXchage) approximation

A prototype code (under construction)
An effective model for sulfur hydride solids H3S
under high pressures

2 orbital Hubbard model
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