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1.Application of the Time-dependent density
functional theory
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0. What's ab inito MD?

Molecular dynamics: H% =&V,

Electrons are under the ground ,

(stationary) state oy . OR,

Atoms follow Newton's classical OR, I 52

dynamics : : T
Adiabatic approximation is a

Thermodynamics. mechanics. reaction paths sy proper approach.

1. What's excited state dynamics?

Molecular dynamics under electronic excitation
ex). Photo-chemical reaction, high-energy atom/ion impact

Lifetime of excited state compared to time for atomic motion is a key factor

|
OSSP Al s, We need to treat electron
M' B \-%u\mfwfs / dynamics!
hv o] a
= 500 fs .
| 1 y ih e = Hy
SNPS ,_% g a n
" 2 t
13-cis retinal o o
i kg”s'm k K (13-cis) F. Gai et al. Science
Y oR (@l r2ns) 279, 1886 (1998)

Isomerization Coordinate

U can change. © NEC Corporation 2008 4



Time-dependent version of the Density Functional Theory
E. Runge and E. K. U. Gross, PRL, 52, 997(1984).

Instead of total energy minimization, minimize an action given as,

A= [ la () iv/ar—F(0|o(0)
Within DFT<¢ | H| ¢>=E,,, — & A=0 gives

a4V
dt
:[vujp( D s e [p(r0)+ T Rito)r= Rio)+ 3 = R, G
| 7 r| |’” R (7) |

) ONe-t0-one relation with V(Z,t) and A(~0) with proper initial condition

Time-dependent Kohn-Sham equation

U can change. © NEC Corporation 2008 5



&) Springer

U can change.
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Calculation
was done by

the Earth
Simulator

U can change.
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Excited state dynamics within TDDFT-MD (Sugino, Miyamoto

1999, PRB)
Classical MD with Hellman-

TDDFT: plane wave and pseudopotentials Feynman forces
, 2
ih W"—H‘//n _a_V:M -
5 OR, ot’

Use of Hellman-Feynman forces based on Ehrenfest's
framework. But we must seriously think about potential
energy surface for ions at the moment of non-adiabatic

transition. | o) V(r R))
— p(},,) Z lon ion

“2ReY, fZaﬂC;z Cpe| 1 -, |¢ﬂ>

/

In case of TDDFT, €, is not the eigenvalue but expectation value.

© NEC Corporation 2008
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;hanks to parallel computing

? U1 k(T f+Af)—6*5HKS(H2)¢1k( t)

|[< el 8) [ rp(r,t) >[°

The Earth Slmulal-‘_l:r ente

Yok (r,t+ At) = G%HKS(H%)wQ,k(r, t)

5k (T5 1) | ok (r, 1) >[7 .

p(r,t—kAt)’ .

= <k (vt 4+ At) | Ypp(r, t + At) > |2 :
2 15 A [t 20 MPT - Allreduce

HKS(t+At) "

h | |

= ——A + VHXC r, t+ At)] -+ ’Ufi .

2m n

K < 5 (1, 1) | Ynp(r, 1) > .

Hgs(t + At)

Uni(r,t+ At) = G%HKS(?:_I_%)?Z)”J@(I', t)

U can change. © NEC Corporation 2008 9



2.lon collision to solid surface (Fabrication &
Analysis using ion-beam)

U can change. © NEC Corporation 2008 10




Simulating High-Speed Highly-
Charged Ion colliding to a solid
surface

Static DFT:
Always as |g>

U can change.




VOLUME 86, NUMBER 3 PHYSICAL REVIEW LETTERS 15 JaNuaRry 2001

Partitioned Real-Space Density Functional Calculations of Bielectrode Systems
under Bias Voltage and Electric Field

N. Nakaoka," K. Tada,' S. Watanabe,*> H. _Fujilu,*“S and K. Watanabe ">

I (a)

R L

p () | Pr(1r)
|
>

(b)

2 2

HE () = —f—mv FV, 10, ()4 PN+ Vel o (M4 V5 ()

2 2

HE(r) = —f—nf VL0, (M) + (] + Ve Lpg (MI+ VR ()

, Effective Potential (eV)
® & B M o

bt
,

co

o

20 -10 0 10 20 30
Position (R)

U can change. © NEC Corporation 2008
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O W

=0 t>0
p(r,t=0)=p,(r)+ py(r)

LD (o, ()
(.t =0),, (1, =0),.... 4, (.t = 0)]

=W O Ot OO Ot OF | B = @ f
4

U can change. © NEC Corporation 2008 13



Demonstration: Ar”* passing through a ‘

graphene sheet
g LXIXXIXT
| Computational conditions
| 1. Plane wave basis set (Ecut=60Ry)
| 2.Pseudo potentials (Troullier-Martins)
| 3. I -points with a 5x5 graphene layer (50 C atoms) |
4.30 A for vacuum region
5.d




Computational condition E nergy levels
Graphene

RAr’t “ ]Qa

0 eVq Graphen
e V.B.

15 A

U can change. © NEC Corporation 2008 15



Ar’* with incident energy of 5 KeV

Potential plus

POSITIOn kinetic energy €-|€V€|S

15 ||||||||| ] 5000 | | | | I I I | | | | I I I
10F . - \ .
: ] 40001 Total Energy |
= 5 1s 7 3
- F < 3000 )
D Of————— S - 3
(0} C GCJ >
T ¢ I 2000 , >
—5F Potential Energy 2
- 1000 i
-10¢ ] | -100-
_15: ||||||||| L1 1 ] Ottt ‘u—‘l'l/ﬁ [
0 5 10 15 0 5 _ 10 15
Time (fs) Time (fs)

Time (fs)

Miyamoto, Zhang, PRB 77, 045433 (2008).

U can change.
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3.Time-varying dielectric field (Pulse laser,
dynamical conductivity)

U can change. © NEC Corporation 2008 17




Pioneering works: THiR A% KIEFxXE

VAN N N fA WD — His [, 0)] (e,

Bertsch, et al., PRB62 7998, (2000).

dwn,k (I‘, t)
dt

Hys |p(r,t)] = Hpes [p(r,t), Veur(r, )]
Vgxc[p(l‘, t)] = Vgxc[p(r, t)] + Veﬁ?t(ra t)

ih

= His [p(r; )] i (r; )

Castro et al., Eur. Phys. J. D 28, 211 (2004).

U can change.




How can we know that the simulation goes
numerically correct?

Let us use total-energy conservation rule.

In case of classical molecular dynamics (MD)

M, [(dR;\’
U(t) :Z 2I ( dtI) +V(R1(t)ﬂR2(t):?:aRN(t))
i
dU(t) (dRi(t)  PRy(t)  dRa(t) V (Ru(t),Ra(t)....Ru(0))
dt ZI: ( dt M a2 dR; (1) =0
vV (Rl (t): RQ (t)ﬁ 99 RN(t)) A dQRI(t)
because IR, (1 = Mi—2

U can change. © NEC Corporation 2008
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In case of combination of MD and TDDFT
V(Rl(t) RQ( )v ’ 9 ERN(t)) =

(/w —_ﬁzm N+ [ [, o’ v, drdr) 2//P|r_pr(lrit o

p(r,t) Zy DFT (.
+[EXC[P(I‘,t)]dI‘+;ZI (/ R(1) 1 ‘dr—i-; R, (1) — R, (1) |) Ep " (r,1)
MD simulation must conserve
M; (dR
U =35 ( dtI) + B (5,1) TDDFT term
1
4 % N\
dU(t)  dR;(1) d°R;(t) dEES(r,t dii (v, t) SEPFT (v, 1)
& Ta (Mf @z " dR,() ) > ( & oui(r, 1) +C'C')
M, ’Ry(t) _ dEp; " (r,t) — ()
dt? dR;(t)
SEPFT (v t dip;(r,t
(5'{;/ ( (.r/) ) HIX ‘;( ),2/)%( ) ?h ,l/)(gz )

U can change. ©NEC Corporation 2008 20



U can change.

Example of TDDFT-MD 96 C atoms
under R.T.and 173—231 excitation

Energy (eV/96 atoms)

5

| \

 Kinetic + Potential Energy for ions

I

Potential Energy for ions

0
0

100 200 300 400 500 600

Time (fs)

© NEC Corporation 2008
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Without time-varying external field

(/w _—hzm,z;z Hdr+ [ [0 Ooul, o) dr’dr) 2//" r_r,‘

Zy DFT
+/EXC ]dI‘+ZZI (/|RI _r‘dr—l-;'RI(t)_RJ(t) |) Epo ~ (r, 1)
With time-varying external field |, (.1) = Trt(_r ,rt|) !

Ejg ' (r;t)

( [ Wi (x _—hzmpz £)dr + f / GHE v (' B)d(x dr’dr) / Exclp

2// t) + peat(r', 1)) (p(r, 1) + peat(r, ))dr’dr

\r—r’l

( t)"'pe:ct Z
*ZEZ"(/ Re) 1 “me() RJ(H)

JAT

U can change. ©NEC Corporation 2008 22




(/w _—BQA?,bZ dr—l—//?]bf(r',t)vm(r',r)wi(r, t)dr’dr) —I—/Exc[p(r, t)]dr
2 [[ p(r' 1) + pext (', 1)) (p(r, 1) —l—pewt(r,t))dr,dr

\I‘—T’l
)"‘pe:r:t Zy
A d
> (/ R e TR RJ()I)
EE B
_ My (dR; DFT
Ut) = 2.5 (dt) + By, (r,1) Goes to zero!
NG
W) AR [ ER()  dEES(r. 1) Qg (e 1) SEDFT (e, 1)
di ZZI: di '(Mf az TR, (1) )*Z( dt  Sur(r,t) +C'C')

|t/ —r | | R;(2)

_ Y
Remains as non-zero!

+/ dpess (T, 1) / ((p(r’,t) + Pext(r',t))d Iy ZZI 1 — |) dr
—

U can change. ©NEC Corporation 2008 23



Work by external field is

t !
W (t) = dz(f )dt’ + W (t = t)
to t

Thus a new conservation rule is

d(U(t) — W(t))
dt

=0

Miyamoto, Zhang, submitted

U can change. ©NEC Corporation 2008 24




C—— + Fictitious charge (+) _
Test calculation:

v AB-stacked graphite
2x2 cell in lateral

\ directions

‘under pulse E-field

‘Ecut=60 Ry

"TM type

pseudopotentials

'Single k-point

'dt=1.84 x 104 fs

Conservation rule was

numerically confirmed
% - Fictitious charge (-)

10-layer

A
4
A
% > graphite

NSNS

RK KK K

U Can C ha nge - © NEC Corporation 2008 25




Slna P jes

1. Time-dependent density functional
approach as a practical tool for nano-
engineering

2.lon-surface interaction

3.lrradiation with pulse shot

Some applications will be presented

U can change.




