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1. Motivation
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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 cha nge. © NEC Corporation 2008 5



Influence of optical perturbation!
Pioneering works: TR KZE KIgkE

\ /\ /\ /\ AH— ’/\ md%’girﬁﬂ:HKS[P(I'at)Wn,k(r,t)

Hgs|p(r,t)] = Hggs p(r,t), At)]

VYV VYV VWY am (P a0

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.




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 cha nge. © NEC Corporation 2008
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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 cha nge. © NEC Corporation 2008 8



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 cha nge. © NEC Corporation 2008 10




(/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 11



Work by external field is

t !
W (t) = dz(f )dt’ + W(t = t)
to t

Thus a new conservation rule iIs

d(U(t) - W(t))

=0
dt
Miyamoto, Zhang, Phys. Rev. B77, 165123 (2008)

1. This holds regardless to xc-functional form
(but within adiabatic xc-functional)

2. Inductance has not been included (j—B—};4)
—current density functional theory

U can cha nge. © NEC Corporation 2008 12




= o cnage (1 €SE CAlculation:
v AB-stacked graphite

I 2x2 cell in lateral
\oayer directions |
 graphite Vunder pulse E-field
vIEcut=60 Ry
/ VITM type

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

- Fictitious charge (-)

R K

U can cha nge. © NEC Corporation 2008 13




[ T | T 1 I
1 {*\\
/]
/ ‘” Pulse shape
/ \
ljﬁ \\
/
, \
0
U
- |
W
_1 |— | ] | | | ]
0 50
Time (fs)

U can change.

Energy (eV/80 atoms)

400

W
o
o

N
o
o

—h
-
o

Work by external field
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Application 1|3 IREmICAERTY
EABERMLIEICEEIE %
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Application 2: optical-field inside nanotube

Applied E-field Esinwt

o 8 1t
vuges  JIF

Induced E-field

U can change.
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Demonstration: Screening against static E-field

o Ve (16V,,)+V,,,(r )=V ()

Applled field

Pi
TR,

mduged f,eld" = Very fast screening by depolarization,

but still takes a time comparable to a
frequency of E-field of light

U 0.97fs . \\* } \
u R
: \
| |
i Il
IR0 £
2

U can cha nge. © NEC Corporation 2008
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Nanotube’s structures and electronic properties.

(n,m): Metaﬂlm\‘/;/hén n-m;Sq

U can change. 18
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|dentification of nanotube chirality (n,m) by optical transition

H. Kataura et al., Synthetic Metals 103, 2555 (1999), relation between (n,m) and
optical absorption peak position

S. M. Bachilo et al., Science 298, 2361 (2002), photo luminescence to identify
(n,m) available by dispersion technique of nanotubes.

A
B 5 ////////// L L L] 'E 900
e 2
o /////////// g 0.3000
///,// | conduction | I 0.2323
8 . = 0.1798
7 oy B o0.1392
2 //////// N T 0.1078
- - 0.08348
1 | = 0.06463
> = 0.05004
B = 0.03875
= ~ 0.03000
= £ 0.02323
1% > 0.01798
£ 0.01392
27 M g 0.01078
_ fg 0.008348
-3 : - 0.006463
S 0.005004
4 = 0.008875
S 0.003000
5 u>j

0 2 4 6 8 10
Density of Electronic States

900 1000 1100 1200 1300 1400 1500
Emission wavelength (nm) [c,;—v, transition]

But this is a consideration under optical field

parallel to tube axis!

U can change.
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Can nanotubes completely screen cross-polarized light?
Cross-excitations is atctually measured, so let's say NO!
Applied E-field is no longer static!

Absorption Absorption & luminescence
W L N 1.8 i

Absorbance
m
N
N
o»
L] L] L]

—h
N

S—polarization
0.5+

Excitation energy (e

o
o N
]

m
o

Excitation energy (eV)
>

Absorbance

—
o
L ) L]

P—polarization

0.5

45eV 5256V

—
h*]
L

00 2 4 6
Energy (eV)

Murakami et al., PRL 94, Lefebvre and Finnie, PRL 98,
087402 (20095) 167406 (2007)

U can cha nge. © NEC Corporation 2008
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Cross-polarization of CNT did not take attentions due to
smaller oscillator strength and depolarization effect, which
was considered in early famous AB-effect works!

H. Ajiki and T. Ando, Jpn. J. Appl. Phys. 34, Suppl, 34-1, 107 (1994).
H. Ajiki and T. Ando, Physica B 201, 349 (1994).

Question for theorists:

Why E-field with cross-polarization can survive?
What suppresses depolarization?

Exciton has been suggested to weaken depolarization.
S. Uryu and T. Ando, PRB 74, 155411 (2006).

While excitons with cross-polarization are not strongly
localized as those with parallel polarization.

S. Kilina et al., Adv. Funct. Mater, 17, 3405 (2007);
PNAS 105, 6797 (2008). e

U can cha nge. © NEC Corporation 2008 21



Free from adjustable parameters: ab-inito
approach for response of_ nanotube against
time-varying E-field

——(8,0) tube

\_Jvext(r’t)

Periodic boundary
conditions:
inter-wall 10 A in x

6Ainy
Z s«

Combination with TDDFT and time-varying sawtooth-type external field

Plane-wave, TM-type pps. (Sugino-Miyamoto code)

O. Sugino, Y. Miyamoto PRB 59, 2579 (1999), 66, 089901(E) (2002).

Checking energy conservation rule (Total Energy — Work)
Y. Miyamoto, H. Zhang, PRB 77, 165123 (2008)

U can change.

© NEC Corporation 2008
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Please let me remark

This approach does not correctly include excitonic effect.

:> Should we still have strong depolarization?

T S TR T (R N
bt S TR [P = Tl el !
A ERRICELL VR TS

E ]
5 2 AR N
d—FU——ome IbmaE s AR

{t-:; ((J/ ) {%?

£
N ’Xa o+ ﬁ?(ﬂ (‘-"'*Eﬁ)] 9(9 Hand writing by
E. K. U. Gross

470 JJ %@@
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Res u / I £ applied vs. £, fo fa/( =€, applied * E;'na’ucea’)
800 nm liaht to (8.0) nanotube with cross-polarization

-0.02

0.15_|||||||||||||||||||||||||||||||||||||||_ 0.8||||||||||||||||||||||||||||.|||||||||||
- Total field ] No accumulation
0.10F . 0e- Of potential _
og C . . m -
= 0.05F% &4 n AR A A AR = - Potential energy
o R NS - T 0.4 a
5 000F /1! : @ | |
3 o . <
m0-05% i u WY R . 5 O
- ] ()
_0.10F = I
i ] 0.0F-——=2% LEIVY IRYATL
- pplied field - FT of applied field (real) "3 FKinetic - Work -
_0'15IIII||||||||||||||||||||||||||| E pETofapp“(edfl)eld(lmag): Lttt
0 10 20 30 - 1) 30 40
Time (fs) 0.01F 3 1 (fs)
. E
= - =
20.00F g .
e L :
B N - 1| Given freq. 2.688 fs
—0.01F 3 ~
FFT > = FT of total field (real) 3 FFT peak ~ 2 fS
] = Fronomnedmag | | Off resonance!
1

o

5
Period (fs)
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R esu / 1 E. applied vs. £, fo fa/( =E, applied * E;'na’ucea’)

600 nm light to (8,0) nanotube with cross-polarization

0.15_||IIIIII|.||||||||||||||||||||||||||||||_ 0-8|||||||||||||||||||||||||||||||||||||||
- Total fleld“_*ﬂ M ﬂ n ] | Potential energy i
0.10F M ﬂ 4 @ g6k
o< C ﬂ - g -
> S A A A R EARTE = -
:50-05_5 LB TR TR RE B b ~
e el R R R R AL » ™ 0.4} .
o H 1> il
o 000N . -
g R
=008 R i
SSPEIEIFIFIFIFIFLE L 21.79 fs S|gn|f|can’f d@rge redlstrlbutlon'
~0.10F \ U\J U UU ! N
- Applied field J U

_0-15|||||F|)F|)||I|||||||||I|||||||||I||
10 20 30

Time (fs)

o

Enhancement of E-field
inside nanotube!

Induced E-«F fed”insﬁé/ ‘nanotube
exceeds applied E-field.

U can cha nge. © NEC Corporation 2008 25



Further adjustment of frequency gives

significant E-field enhancement!
Period = 1.952 fs =685nm=2.11 eV

paan “RELELIVRILELEL ~U Ly
% o ' !‘W]\]WW l||l “ 41 [WN i \Wm ‘ l’ M :
UIJ:E(:; - Applied T

Time (fs)

The resonant energy 2.11 eV is similar to E,, energy of (8,0) tube.
(Cf. LDA gapis 1.75eV.)

U can change.




Please let me remark again

This approach does not correctly include excitonic effect.

:> Should we still have strong depolarization?
No!/
Instead, E-filed enhancement occurs in resonance!

The diameter of (8,0) nanotube is only 6. 8 A what about
bigger diameter tube?

? 0.10_||||||||||||||||||||||||||||||||||||1:
0 — -
S s Total— (14:0)§
T 0.00g" ‘ =
2 = =
0 = Applied -
LU_O-IO_||F|)|p||||I|||||||||l|||||||||I1|||||11:

-0 10 - 20 30 4

Time (fs)

H. Zhang, YM, APL95, 053109 (2009).
U can change.
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Application of E-field enhancement

B-carotene inside nanotube
y A e e e T e A
okl 4.
» b ¢ O Exp.of SWCNT (e oesr
;5 ~|(10) O Exp. of Car@SWCNT 1 <0.04]
s :?[ ; |=r — Calc. in SWCNT | ; -
TN @ °® 4| — Calc.in Car@ SWCNT b) *F—
oi & g ---------- Loss of crystal order | _ Pk
- . e 4 3 E (C): af
= & [\
B. W. Smith, M. Monthloux, and | 2 @l
® |
D. E. Luzzi Nature 396, 323 1=H ¢ L N A N N | |
(1998) O u | T ——wy g
5 10 15 Wavelength [nm]
Q[nm’ 11
K. Yanagi et al., PRB74, 155240 (20006)

Q: Can we shed light on molecules@CNT stronger?

A: Maybe yes with frequency of light

U can change.

of resonances.
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sumaries

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

2.Energy conservation rule

3.Applications (exfoliation of mono-
graphene sheet from graphite: E-field
enhancement inside CNT.)
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