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Kohn-Sham®D BN RIS (DFT)

Kohn-Sham Hamiltonian for electrons in DFT
Self-consistent solution for eigen-orbitals: ¢,(7) ...real variables

2 = 207 - - o -
“5 A0, <r>+(f %;p(; ‘) dr'+V,, (r>)¢,(r>+ Vie),(F) = £6,(F) o MEW' Aof
- p(r)= ,(F
> Use finite Classical Classical Iu:tntun:\ 1
difference electronic ionic & ecronic f(p,(F)q) (F)dr =0,
(e.9,9pt/dir)  Coulomb  Coulomb Ex.-Corr. pot. i i

$,(4,,)=0
Real-space Grid for orbitals & potential field for KS-DFT-Hamiltonian
& Grid: 106 ~ 107 points in spherical shape

© Orbital-data on a single grid-point (r):
103~ 10* components as {¢,(r).9,(1,),¢(1;),...}

=> In total, 10°~ 10" variables to be determined

RGDFT 2»Order-N3

Divide-&-Conquer type, Real-space Grid DFT (DC-RGDFT) code

Parallel coding of DC-RGDFT

Our formulation to realize:
(1) Density inuity at domail y
(2) Little artificial cutting-effect on orbitals
(from ionic, kinetic, exchange, & correlation)

Order-N Real-space Grid DFT
Comp. Phys. Comm. 183 (2012) 1664

Real-space - Finite difference method
for derivatives
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A E(py) = E(0)+[E(p,) - E(p)]
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Vor (N =19, (r) = P (1)) | Density- Embed- | Vems () =[0(Ts + Exc)/ 0p],,
_ N / template potential o
=1p(r)-py(N/ & thTnal ~ —[0(T+ Eyxc)/ 0p),...,

—~
local | . n-local
Kohn-Sham- [=3+ v, (0,)+ Vpr + vy + Vi Ve + Ve 1Y, = €Y,
type SCF eq. )
for domain-l:  p, = 22\11;,\ ...up to global (=all domain) Fermi level

Parallelization in four points

(1) Domain decomposition of a target system: can be up to ~ 27

(2) Spatial decomposition of grid points in a domain: efficient up to 5x5x5

(3) Level parallelization of orbitals: efficient up to 5

(4) OpenMP parallelization of various do-loops: efficient up to 4 threads
->scalable up to 50,000 CPU-cores

For domain-I:

domain-I i domain-II

level-parallel
computation

Kohn-Sham eq. of domain-I:
local

[_%"' vx(’(pl)+ Vit Ve

FVempeanr ¥ = EY;

non-local
X

domain-IIl_i{ domain-IV Fext




Benchmark tests of DC-RGDFT code
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K-computer (Grid size=0.55 ag)
Strong-scaling test - very good! Weak-scaling test > order-N !
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Scalable up to 50,000 CPU-cores
= 27 domains x 125 spatial decom. x 5 orbitals x 4 threads

©® 2K HFEAFMD)YIalL—ya vk
* BEOABMUA(DFT) TEFRESE > A A VICHATE—REMD
*GHRRFERT VY vILICKBEEMD

® R/IVERADA, 2KYTaL—Y3avEDOI— REREL5IL

> KFRIO(EM)BEFRIERNIBRTH D =AY S
RN ELEIC K DAL > Order-N1b

© RANG, MRARIE

> HFFEOCPUI 7 ZAWT, EFRTH, HHEFRTH,
10BDBBER £T

Target system: Li-ion battery

First-principles MD: Modeling and settings

Li*-ion transport through SEl-electrolyte boundary

Solid Electrolyte
Interface (SEI)
—

,'
Li,O, Li,CO5,... | Li,EDC,...
(inorganic) (organic)

A 4

SEI (Solid Electrolyte Interface)
@® Blocks electrons, but transports Li*
® 10" nm only in depth
® A major resistance part for Li*-ions

Negative Positive
electrode electrode
(graphite) (metal
oxide)

Molecules Simulation systems ... about 2400 atoms

> 72EDC? + 144 Lit
[ Etectrolyte> RIGHT |> 120 EC vs. 112 EC + 8 LiPF,

At T=825 & 1100K

® Various settings for surf. mols for stability; No PBC

PBE-GGA;
Grid size=0.70ag with 0.23ag




First-principles MD: diffusive behavior of Li*-ions

Change in Li*-ion detaching energy at the boundary

® At time=0, insert 36 Li*-ions at the left-end
@ Every 0.3ps, remove Li*-ions at the right-end
© Li*-flow by “pressure” of electric field (Li*) and high Li-density at the left

T=825K without salt

T=825K WITH 1.0 mol/l salt (LiPF,

0.0[fs] %

> By d

i
6.5 Li-ions/5ps

w3 o L P - 2 3
Li-passing: 3.5 Li-ions/5ps | 4@ |Li-passing:

From separate DFT analyses
® Case of without salt:

Li*-detaching as Li*-EC
Detaching energy = 1.7 eV

® Case of WITH salt (PF¢):

Li*-detaching as Li*-PFg
Detaching energy = 0.9 eV

1 Followed by dissociation of LiPFg

and solvation (FE##) by EC’s:
LiPF, + 4EC > LIEC, + PF
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Work in progress...

FEORB

3. BER, BEAFEHETILTUXLORE
dKEK, TEYVINOE >OO0OR (with hybrid sim.)

New rigid-body MD algorithm: idea

Simulation results of Quasi-Liquid-Layer (QLL) of ice

® Rigid-body molecules: TIP4P potential with a long time-step = 5.0 fs

© Fast time-reversible algorithm for rigid-body dynamics: H0
Fastest algorithm with explicit time-reversibility

Ideas to ENFORCE time-reversibility |

Angular position (quaternion): ¢ Angular velocity in body-fixed-frame:

Angular velocity in lab-frame: @ Moment of inertia: /

2 (n)
4" = ¢ + ™ +A7’d‘;7t 1, Lj' =(I; = 1)Q,Q, +torque,
AN oD w=A[qIQ
o =qh»+ll+(_At)(u(u+l)+( Ar)” do

2 dt

= Get complex non-linear Eq. for (n+1)-th 0"

= Simplify the Eq. without losing time-reversibility =¥»ijteration free!

©1.31 million Water molecules

® Top surface: (0001) surface

2 Height-difference (=bump height) ~ 12 A

Red=>bumps(ih) T, bulk melting temp.




Time evolution of Quasi-Liquid-Layer (QLL)-bumps of ice
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