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Theory ‘ 100,000 atoms Experiment

10,000 atoms

Large-scale DFT calculations and experiments meet together in Nano World !

» Materials = Nuclei + Electrons (Quantum Objects)

» Density Functional Theory (DFT) = Efficient framework based on
first-principles of quantum theory,
but limited to N =100~1000 atoms

Challenge: 10,000 ~ 100,000-atom calculations

to reveal nano-scale world!
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" Planar transistor Surrounding-g(ﬂ'e\
transistor
Number of atoms
in SINW channels
Source
10,000 - 100,000 atoms ! p
Power = -
current SO — Y,

Silicon Nanowire is
the most promising
channel material
for SGFET

Gate controllability
— suppress leaks at off state
— reduce power consumption
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P. Hohenberg and W. Kohn (1964)
W. Kohn and L. J. Sham (1965)

Nobel Prize in Chemistry
(W. Kohn, 1998)



H(I)n(rlarza"°9r]v) = Enq)n(rlarza”',rN)
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B
P. Hohenberg and W. Kohn
Phys. Rev. 136 (1964) B864.

Hohenberg-Kohn® & &

H=T+U+V,, H'=T+U+V,,
H®,(x,,r,,--,1,) = E®, (1,1, --,1,) H®|(x,r,, --,r,) = E,®,(r,,I,, "I} )
2 , , 2
P,(r) ENJ‘a’r2a’r3 ---drN‘CDO(r ,rz,---,rN)‘ P£,(1) ENJ‘a’rza’r3 ---drN‘CDO(r ,rz,---,rN)‘
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P. Hohenberg and W. Kohn
Phys. Rev. 136 (1964) B864.

Hohenberg-Kohn® & &2

Elp] &EVSEFEEORBEEEERSEANTET,

mx/IME

Elp)]=E, HEEREBOIRILF—
(ab—T1oh—ARBRKOR/NEEE)

D&, BEICETA/MEBBELT, EFHRVLE—REFEN
KRR TEL(FELEEREDH)
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W. Kohn and L. J. Sham
Phys. Rev. 140 (1965) A1133.

Kohn-Sham;ZD 7 A T 7

H=T+U+V,, 0,(r)

HEEROGWMRENGRTYL, SMEZEREINIL, pZHTREENDIDTEGELNH?

H, =T+V" 0,(r) (HKEEZHEAEERADIZWLRIZER)

ext

15



HEERADENRILEENS

N
HKS = E hKS (rz)
i=1

H @ (x,r,, r,) = EL O (xr,r,,--,1,)

(I)(I)Q(rl’rz’”"rN) = ¢0(r1)¢1(r2)“'¢N—1(rN)

N-1
KS
E;" = Esi
i=0

hys (1)@, (1) = £,0,(T) (3RITTDEEER)
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P. Hohenberg and W. Kohn, Phys. Rev. 136 (1964) B864.

.--. x W. Kohn and L. J. Sham, Phys. Rev. 140 (1965) A1133.
= R N 2 v i,

(% R D RE) (19984 W. Kohn /—~L{L2E)

R4

ZOEIR)LFT

E[{¢ }]= gfdrqbi*(r)(—%vngi(r)) EBITARILE—
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EFHENETR)
N

o) =Yg,
i=1

+ f drp(r)v, (r) BF A+ (FFH%REEAER

1 , p(r)p(r’
+§fdrfdr pr)p(r) EFRHY—OARE R

|r_r'| (COFTEITHEEIZHIE)

+E,.[p] g tmIALE— (LEISETERTELLHREL THLAARLD)

RiE-HE TRV F—IHIIH I DL B #

JRPTE LRl (LDA) @ 1. P. Perdew and A. Zunger, Phys. Rev. B23 (1981) 5048.
—#RbAEUTEl (GGA) : J. P. Perdew, K. Burk, and, Y. Ernzerhof, Phys. Rev. Lett. 77 (1996) 3865.
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ZnHER  Kohn-Sham AR W. Kohn and L. J. Sham, Phys. Rev. 140 (1965) A1133.

(_ % V2 4+ Vis (r)j¢z (r)=¢,4,(r)

L

?, (l')‘z Vis (1) = fdl" pr)

r-r]

N
grEE p(r)=),
i=1

— ABE#E/IME © Kohn-ShamA B < (Z1)

- BEHEO/NSLAELIS N BOBEAXERDHS

— ERHEEERE(TIHHABEERINILIZIKE)

— 3NRITDORIRE(Schrodinger) — 3R ITTDRERE x N{E(DFT)

OE[¢] 0 constraint
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ZENEZEICE T 510 D551E

S;@E% NHEED S TS E . [pl=E\[p]l+E.[p]
. Ty MEENRZE pl=Ly|lpl+L.p
SRR NS T B (ERT B) & e o ¢
B DOAEE (B- A AHELE) D ST INEEN IR D JHFTE FENTEL(LDA)C X 2 A2 #A LB 4%
] Exlp]==C, [drp™(r)
OF [ p] 5 1/3
-7. 1% r)= =——C r
7.86 Lo](r) 5o(r) 3 CxP (r)
€
S
=
€ roo N
uI Si (FA ¥E FiEE)
~7.90 DFTEtE EER(E
HFEHHA) 5.37 5.41
A FE 4 2 (Mb) 0.977 0.988
-7.92 1 | ] | L | L | N
06 07 0.8 0.9 1.0 1.1 .
Volume LDATELERTELLVIEELZ2 2 H 5
M. T. Yin and M. L. Cohen _)%ﬁ L/L \ITLF*E] % &

Phys. Rev. B26, 5668 (1982). —HEEEFR GFEYEHZD—KXNE)
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Kohn-Sham equation

L

'R

iteration

[_;vz -~ +Idr' p(r’) + éEXC[p]J¢j (r)==,4,(r) Self-consistent

r—rf

op(r)

pr)= Y|, 0]

Electron density)

Plane waves - standard basis set -

i(k+G,)r

X, (r)=e

¢, (r)=> ¢, 7,(r) — 175l EHERE

EnEJ—) TEH(FFT) Z8RRIZERT S !

FABE—REI—FDZ(VASP, QUANTUM ESPRESSO, ABINITS) IZPW;%
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Plane-wave expansion : P(r) = Z f(G)eiG-r
G

Kohn-Sham eq. :
Matrix

1 ’ i representation - -
SGf(6G)+2MG-G)f(G)=g(G) ~ > | Heo | S|=9f
el
| Fast Fourier Transform
ZV(G -G f(G') FFT v(r)g(r)=a(r) i MR a(G)
el
Reciprocal-space Real-space Reciprocal
space

— NIV =T CEBEICFFTS B

O(NlogN) — L LEFTIESNLIC AR (SRFASmIE 35 4)



Total Compute Node (CPU) : 88,128

Total CPU Core : 705,024

Total Peak Performance : 11.28 PFLOPS
Total Memory : 1.34 PiB



_l 2 , (') | OE[p] _
2V +vl.0n+_[dr |r—r'+ So(r) ¢, (r)=¢.4.(r)

=) Kohn-Sham equation is solved in discretized space

J. R. Chelikowsky et al., Phys. Rev. B50, 11355 (1994)
J.-l. lwata et al., J. Comp. Phys. 229, 2339 (2010). Y.

2 6

» Derivatives — (higher-order)finite difference %qﬁ(r) ~ ZCm¢(x+mA, V,2)
X

m=—6

Ngrid
> Integrals — summation over grid points j &, ()4, (X)dr = >4, ()4, (r,)AV
i=1

1 .
» lonic potentials — Pseudopotentials —;—Wl-on

27



Real-Space Method

J. R. Chelikowsky et al., Phys. Rev. B50, 11355 (1994
J.-l. Iwata et al., J. Comp. Phys. 229, 2339 (2010).

-

Real Space Grids

CPU Space

€ MPI ( Message-Passing Interface ) library
MPI1_ISEND, MPI_IRECV — finite-difference calc.
MPI_ALLREDUCE — global summation

€ OpenMP

Further grid parallelization (within each node)
is performed by multi-thread parallel

[R1=1/—F1CPU(B8a7)



Orbital parallel (band, k, spiniparailen)

I {¢1 (r)a' . ',¢10(l‘)} mmm=) orbital group 1
V2 +vKS(r))¢n(r)=£n¢n(r)- (§ (), ()} == orbital group 2

| —
Grid parallel Grid & Orbital parallel
4 . N ( h
> Ngyq is divided by 9 CPUs. > Ny is divided by 3 CPUs
» Each CPU handles all orbitals > Each CPU handles 1/3 of orbitals

CPUO CPU1ICPUZ‘ICPU3ICPU4‘ICPUSICPUGICPU7 CPU8

MPI_COMM WORLD




Flow chart of the self-consistentipre

BFRE(105~10008 R) DRTDITHDOEENIMILE
THoBEFRAF~10B)EFZTRHD

Subspace-iteration method for large-sparse eigenvalue problem)

<¢" s ¢"> minimiz
Bls) e

( CG ) Conjugate-Gradient method ¢, =

ﬂ ( GS ) Ortho-normalization by Gram-Schmidt method

E Density and potential update

ﬁ ( SD ) Subspace Diagonalization

Diagonalize /., within a small dimensional space

spanned by ¢, (1), ¢, (), -y, ()]

\s

N:[FFE



Si4096, computational time and performance (PACS-CS 256 CPUs)

Time (sec.) GFLOPS/node
Old algorithm 661 0.7
New algorithm 111 4.3

Theoretical peak : 5.6GFLOPS/node

O(N?) bottle necks of DFT calculations can be performed
with 80~90% of the theoretical peak performance !

e L
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100,000-atom test @[ 52

Si nanowire with 107,292 atoms
# of Grid points : 576 x 576 x 192
= 63,700,992
# of Orbitals : 229,824

Total number of parallel processes

55,296

18,432 ( grid parallel ) x 3 ( orbital parallel )
Total peak performance : 7.07 PFLOPS

55,296 nodes ( 442,368 cores )



Performance of a step of iteration

 Time for a step of SCF iteration is 5500 sec.
« Sustained performance is 3.08 PFLOPS /SCF.

* 43.6 % efficiency to the peak performance.

e Communication cost is 19.0% of all execution times.

SCF (total) 5456 3.08 43.6
Conjugate-Gradient 209 0.05 0.74
O(N?)

Gram-Schmidt O(N3) 1537 4.37 61.9
Subspace 3710 2.72 38.5

diagonalization O(N?3)
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Peak Performance
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full-node test @K

system : Si nanowire ( 107,292 atoms )
grid : 576 x 576 x 180 = 59,719,680
band :230,400

nodes: 82,944 ( 10.6 PFLOPS peak )
cores : 663,552

Elapsed time for 1 step of SCF iteration

O(N2) O(N?)

time (s) 2931 160 946
PFLOPS 5.48 0.06 6.70
peak% 51.67 0.60 63.10

493
0.01
1.03

779
8.14
76.70

Y. Hasegawa et al., J. High Perform. Comp. Appl. 28, 335 (2014)



Structural property of bulk'SiicryStal

‘\\\
10,648 atomsm |
21,952 atomsm

0.07

o
o
o

o
v
T

o
s
T

o o o o o
o o
N w

o
e

o
T

Energy / atom (eV}

18 18.5 19 19.5 20 20.5 21

Volume / atom

Volume of Si crystal
vs. Total Energy /

10648-atom cell of Si crystal and its electron density \

LDA = Local Density Approximation (exchange-correlation functional)

LDA LDA LDA Expt.
(21,952 atoms) (10,648 atoms) (2 atoms)

Lattice constant 5.39A 5.39A 5.39A 5.43A



twisted bilayer graphene S,

Mtwist angle 6=30° Mtwist angle 0=25° Mtwist angle 6=20°

K. Uchida et al.,Phys. Rev. B (2014)

6> ~20°
No Corrug

No locally

Mtwist angle 6=15° Mtwist angle 6=10° M twist angle 6=5°

6 <~20°
Corrugati

Locally A4

exist, and

% 0 becomes|

Fermi velocity (1,./v,°)

e
0

0.1
0.67 0.08
2 006
0.4r )
0.04
0.02
0.2
0
0.8 Uy 12 1.4
OO 5 10 15 20 25 30

+xx calculation (this work)
o experiment [8]

twist angle 6 (°)

Elapsed time for 1 step of SCF loop at K computer (841 nodes)

22,708 2980 446 710

1452

single k point
real*8



magic angle in nanofacets on sic(O001)WICIAET
surface

= HEST(AICS)
I/IEI\F/I i_rpagi .. K. Sawada, J.I, A. Oshiyama
. FUjil ana . lanaka
Phys. Rev. Lett, 99, 06102 (2007) Appl. Phys. Lett. 104, 051605 (2014).

1.4 r r T T T r / o¥a¥e¥nTeVnleValy

Total energy difference (eV/cell)
o
[e)}

most stable

5 10 15 20 25 30 35 40
Facet angle ¢ (deg)

Elapsed time for 1 step of SCF loop at K computer (960 nodes) 4 points
complex*16

BRMI T HLHE R
968 29.55 6.38 Al 0.41 EHDOLED SIS
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174V EEAZICRE T 5% "

~PP

IE[14. 1R} Wi () 3 N (st ) O
[ - ]=fdrva—Rp(r)+;fdr¢n(r);—R¢n(r)

2 nloc ¢n> +C.C.

¥
(%

n=1

(—1V2+v+19pp )

1 . Kohn-Sham 2R IF TWnb & LT
(‘5V2 * V[P](")+V55c<"))¢n(") =60, 2001 % g EECC O A TS &

~PP

IE[{¢, 1R, } IV (1) QY [ (1) Dt
[ o ]=fdrg—Rp(r)+§fdr¢n(r);—R¢n(r)

BART v VO IIARFFEICALRNCHBEICHE T 5720,
DFT+Hg&ERT o ¥ VBT OFHENIEFICHEICFETTE 5

RASLTI BRI BEOAAUIZRIET
dR ' (Hellman-Feynman#)
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DFTOEE->ITRIILF—E/IMEfERE

=Mk
E[p] = E, =E[p,]

FHEICET HEEZONZRFEEITOIRILF—R/MEZPOTLSIEIZLED

mx/IME

E[p,Ri"i,Rizni,- : "R?\me ] L, (Rini’R;ni" ' "R?\me ) - E[po’Rini’R;m le, o ]

£2TEHLIC
E,(R"RY - Ry )2 E, (R Ry, Ry ) EBESIRFRELEH

DFTEE — REFEEEH — DFTEHE - - (ZRILF—R/NETHERYERYT)

RFEEREL



RFEEREIEQ .

E,(R.R,R, ) OBMEIZE#ZDES(CCH) ERLD

CGREDERATYIT. BFRDIRILF—/IME (Kohn-ShamAFEHX Z£E<)
ZETITEIDLELHS(DFTEHE)

ZDFATDEAEN,. E—REDFTORLEELGAH

DFTETHE 2 ELAESL (CCREDEHMZIT) BYRTLELNDD
(DFTEZDEFHEDRAE—FNEHRSND)



E—EESTFHALE D

OE,(R.R,, R, )

F,=- R BEFRN I BBDOEFZIZRIZFTH
1

NewtonMDEE) AIER (HE AE)

dIR,() I, (R R,, )
M= = - ;ZZ |R — |

MD%1RTv T8 5 (RFROLEEHMMT) S LIZRSDFTEH HEEST
(RSDFTERS MM L v 4B D TRE—R BRI T DFHE)
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C a r- P a rrl n e I I O M D Par.rin.ello, Ph.ys. Rev. Lett. 55, 2471 (1985).

Car-Parrinello®S>4552o7y

L= ’“‘i [ dr‘(/ii(r)‘z +% f"M,Rf —E,..[¢.R,]+ iiz\] ([ drg; (r)p,(r)-5,)

i=1 j=1

EFHHER
2 OE,(R,.R,,
v, ERO o o) 37,2, R
dt J=l |R R |
d°¢(t) __OE,,

e D 8,0 =)+ EA,](/) 0

j=1

dt’ 5¢. ()

(BEFRDEFEAHBELTHRNFLERLEOAFEX CHEIRE)
—(EIL7AVVRTUNMIDFTZBEE T HEMNELY)



RS-CPMD

64 MPI x 8 OMP
(512 cores)

512 MPI x 8 OMP
(4096 cores)

1024 MP| x 8 OMP
(8192 cores)

2048 MPI x 8 OMP
(16,384 cores)

vd.: 4

38.98
(54.3 %)

5.54
(37.5 %)

3.23

2.18

Force
construction
20.46 2.28
(61.4 %) (8.79 %)
2.69 0.52
1.50 0.42
0.93 0.43

n
operation

2.23
(2.43 %)

0.44

0.28

0.20

14.03
(68.5 %)
1.83

0.99

0.59
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N N N

A 1 1 |
H(t)= _EEV? +E§‘1} _rj‘ +i=Elvexz(riat)

i=1

+ r-E(r)

v, (r,t)= 2
\

mﬂﬁ‘u[  —EBBERLES

ﬁ(t)‘l’(rl,rz,---,rN,t) =ih%\l’(r1,r2,---,r]v,t)

ZOYAXCHERTERELARL



R K 77 25 B 1L BE 45 22 5

ﬁ(t)=—livz+l§ I +§v (r.,t)
) L i 2 & ext \Ljs

‘n_ﬁ‘ia

A N
p(r,1) = <qj(t)|,0(1’)|lp(f)> p(r) = Zé(r -r,)
i=1
pr,t) & v, (r,1) B 11K Runge-Gross M &

E. Runge and E.K.U.Gross,
Phys Rev. Lett. 52, 997 (1984).



H%Faﬁﬁ‘iﬁKohn-Sham?'ﬁE; :

A= f dt(\p(t)p% ~H(1)| () Ay = f dt <1PKS(t)|i% ~ H ((O|W (1))

I .0 ~
A= dt(‘I’KS(t)|za— T|W (1))

1 o ,p(r,0)p(r',1)
+5ft1 dtfdrfdrprh_pr,T

+f ;2 dt [ drv,,(r,0)p(r,1)

+A,.

2

(_%vz + v(r,t))qbn(r,t) = i%qﬁn (r,1) p(r,t) = Z\qﬁ,- (r,?)

E. Runge and E.K.U.Gross,Phys Rev. Lett. 52, 997 (1984).



H%Faﬁﬁ‘iﬁKohn-Sham?'ﬁE; :

0, (r,0)[

I o, 9 N
(‘EV +V(r,t))¢n(r,t>=15¢n<r,r> p)=3

v(r,t)=fdr’ﬁ(i;{ + 0Asc +v (r,t)

HIEKEDFTORNBEMEZDEEFE>TLS
[Adiabaticiz{l I KLfFEH NS,

e.g.) ALDA ( = Adiabatic LDA)



5K 72Kohn-Sham A F2z6@)

1 o _: 0
(_EV +v(r,t))¢n(l’,f)—lat¢n(rat)

V(l',l‘)=fdl” p(r', t) 6f)?§c)+vext(r )

HUIE(ALDAF)ZLICETE TS Go, ZEEICMATALUVMEDREELYIZES

Al 2
Io(r’ = n ’t)|

j(r,1) = —Ef (¢, (®.0V,(6.1) -6, (t,0)V e, (r,1)



ERRTDDFT -

—h—2V2+v(rt) (rt)—ihg (r,?)
2 K} b Wi b ath 2

m

w,(t+At)—eXp( Y Ks[p](t)Atjwl(t) — EBRERESIERME
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TDDFT accurately describe optical absorption
Dynamical screening effect is significant
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