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2. 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

V(D)
dt
:[vujp( D s, [p(r0)+ T Rio),r= Ri@)+ 3 ZR) |,
| 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 6



Influence of optical perturbation!
Pioneering works: TR KZE KIgkE

\ N\ AN N f/\ B = B pte, 0] a0
VYV VYV VWY Ee-taoy

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

d?r[)n,k (I‘, t)
dt

Hysp(r,t)] = Hgs[p(r,t), Vo (r.1)]
VHXC[p(r: t)] = Vgxc[p(l‘, t)] + Veﬁ?t(ra t)

ih

= Hgs [p(r, )] Yk (r, 1)

Castro et al., Eur. Phys. J. D 28, 211 (2004).
U can change.
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How can we know that the simulation
goes numerically correct?

Let’s us re-visit the energy conservation rule.

In case of classical molecular dynamics (MD)

U(t) = Z ﬂ;rI (ddn;d) + V (Rl(t)aRQ(t): ’ HRN(t))

dU(t) (dR:(t)  d®Ry(t) dRy(t) V (Ri(1),Ra(t),,,,Rn(1)\
dt ZI: ( dt M a2 dR; (1) =0
V (Rl (f)) RQ (f)} s s RN(IL)) _, dZR[(f)
— = J
because IR, (1 l—

U can change. © NEC Corporation 2008

9



In case of combination of MD and TDDFT

V (Ri(t), Ra(2),,,,Rn(t)) =
(/¢ __FLQA% dr+//¢ t)v (', ) (e )dr'dr) +%// ﬂ(r’;tzpﬁll‘it) It d
+[EXC[p ]dl“|‘ZZI (/ R (1 ?_ . ‘dr—I—J#I | Rf(t)Z_JRJ(t) |) ng‘T(r? £)

MD simulation must conserve

_ My (dRy DFT
Ult) =25 (dt) * Bt (x,) TDDFT term
' % A\
dU(t)  —dRi(t) ([ d°R(t) dEg’(r.t) i (r,t) 0B, (r,1)
T Dy (Mf @ e )T\ Ta ey TOC
M, d°R(t) _ CdER[ " (r,t) — ()
i dR; (1)

U can change. © NEC Corporation 2008 10



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 12




(/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

\r—r’l
)"‘pe:r:t Zy
+ZZ (/ \RI()—I'| d+§H|RI() RJ()|)
M; (dR
Ut) =3~ ( dt;) + By ' (r, ) Goes to zero!
I A
dU (#) dR; (1) /dQR;(t) dEES (v, 1) dipy (v, t) SEHI (x, 1) o
i 2 dr '(Mf a2 dR, (0 >+;( dt  oyi(r,t) w'c')
dpea:t (:0 I' t +Pea:t )) ! 1
+ [ ( o dr+§ZI|RI<t)—r\)dr
\ _/
—~—

Remains as non-zero!

U can change. © NEC Corporation 2008 13



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))

=0
dt

Miyamoto, Zhang, Phys. Rev. B77, 165123 (2008)

U can change. © NEC Corporation 2008 14




SR + [ictitious charge (+)

Test calculation:
v AB-stacked graphite

s 2x2 cell in lateral
% A directions
7 /EE( \ 10-layer  ¥Tunder pulse E-field
jf graphite  (7Ecut=60 Ry
)/); 5/% vITM type

pseudopotentials
'Single k-point
'dt=1.84 x 104 fs

R K

— Fictitious charge (-)

U can change. ©NEC Corporation 2008 15




1P
(1N
/ | Pulse shape
/ \
ljﬁ \\
/
, \
0
U
‘ !
W
_1 |_ | ] | | | ]
0 50
Time (fs)
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Energy (eV/80 atoms)

400

W
o
o

N
o
o

—h
-
o

Work by external field

© NEC Corporation 2008
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The applications are still unpublished
so they will be shown in the lecture

U can change. © NEC Corporation 2008 18



suma‘ries

1. Time-dependent density functional
approach as a practical tool for electron-
ion dynamics under time-varying field

2.Energy conservation rule

3.Applications (to be shown in the lecture

day.)
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