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Charge and bonding redistribution in octatetraene driven by a strong laser
field: Time-dependent Hartree—Fock simulation
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The time evolution of the reduced single electron density matrix forrtleectrons in conjugated
molecules in an intense laser field is calculated by numerically integrating the time-dependent
Hartree—Fock equations for the Pariser—Parr—Pople model Hamiltonian. We study the field
frequency and intensity dependence of #ielectron response, the charge fluctuations with respect

to the ground state, and the molecular polarization in unsubstituted and acceptor—donor substituted
octatetraene, where we also examine the interaction between a permanent electric dipole moment
and the laser field. Our results demonstrate the origin of large nonperturbative changes in the
m-electronic charges and bond ordefdiagonal and off-diagonal density matrix elements,
respectively induced by a strong laser field. @003 American Institute of Physics.
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I. INTRODUCTION which includes the electron—electron Coulomb interaction,

, _ but neglects exchande The goal of the present paper is to
Recent developments in femtosecond laser techmquesctudy the nonperturbative electronic  response  of

have made it possible to investigate various ultrafast Pros_conjugated systems to strong external fields, including

IBultielectron excitation induced by both Coulomb and the

cesses in atoms, diatomic or polyatomic molecules, and i
the condensed phaé Multiphoton dissociation and ioniza- exchange interactions. We simulate the time evolution of
charge and bond order af electrons in octatetraene sub-

tion of molecules in strong laser fields are important pro-

cesses which a!low one to pr_obe the control o_f elegtrc_)nic anﬁ’ected to a strong femtosecond laser field by solving the
_nuglea_r dynamics by electric forces. The dissociation an‘#ime-dependent Hartree—Fock equation for the Pariser—
ionization of small molecules such as, HHCI, N, O,  par_pople model Hamiltonian. Our study focuses on the

Brz, and b have be(irfsextensively studied, both theoreticallygiementary changes in electronic structure which are precur-
anti experimentally=** When the field intensity exceeds gorq tg the field-induced ionization processes: these are not
10" W/cn?, the response cannot be described by a perturicluded in the present simulation.

bative calculation in the field. In the low-frequenc¢glec-
ronically off-resonant regim h ionization phenomen
tronically off-resonantregime, such ionization phenomena |\ re) LAy TONIAN AND THE TDHF SIMULATION
can be understood qualitatively in terms of a quasistatic tun-
neling model based on the adiabatic response of a single We describe the many-electrons system coupled to the
active electrort~1¢ radiative field by the model Hamiltonian
Intense field dissociation and ionization processes in He Moot H 2.1)

conjugated polyatomic molecules such as benzene, naphtha- pPPT Texty '
lene, anthracene, hexatriene, decatetraene, gilda@e been

_ ~C 1 _v\2 ~a ~f3
reported recently’2°In these molecules many-body effects ~ Hepr= n;g tm,nPam™ zzn: K(Xp=X) +§ UpqnPhn
strongly influence the electron dynamics, and electrons are o

emitted through nonadiabatic multielectron excitation nzm ,

processes®?42° +3 > ~ YamPrnPmm: 2.2
Exact numerical simulation of these processes can be nmoao

carried out in s_mall molecule_s s_uc_h as 6t HCI, where the Hex= —E(1)P, 2.3

number of active electrons is limited to one or two. Such

calculations are not feasible in polyatomic molecules. lvanov ~ Pnm= arﬁwana' 2.9

et al. have stgdieq this multiexcitat.ion process in. polyatomic|_|PpPiS the Pariser—Parr—Pople Hamiltonian forelectrons
molecules with eight electrons using an approximate theo%hich, with a proper choice of parameters, has been demon-
strated to successfully describe many optical properties of
dElectronic mail: mukamel@chem.rochester.edu conjugated molecules and polymé?€’ These include linear
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spectra, nonlinear optical response, photoluminescence, and

electroluminescenc® A simplified Hamiltonian neglects the
Coulomb interactiond [known as the Su, Schriefler, and

Heeger(SSH model has also been used to predict the struc-
tural changes induced upon photoexcitation, including the
formation of elementary excitations such as polarons and

solitons. Hereafm (ame) is the creation(annihilation op-
erator of asr electron with spinr (= «,8) at themth carbon
atom.

The first term in Eq(2.2) gives the one-electron inter-

action energy, antl, ,, is the hopping parameter. Its diagonal

element,t,, , represents the Coulomb integral at theh
carbon atom

tm,mzsm_; Ymn> (2.5

where g, is the electron energy of theth site andy,,,,
which represents the repulsion betwaeth andnth sites, is
assumed to be the Ohno form

U

wherer ,,, is the distance between the two atoms agds a
unit cell length,U=U,/¢4 is the on-site repulsive Hubbard
energy.eq is the static dielectric constant atd}, is the un-
screened on-site repulsioty, , with (m#n) denotes the
resonance transfer integral ofelectrons. We restridt,, , to

a nearest-neighbor form

(2.6

B—pB'Az,, for n=m+1

0, (2.7

t .
mn otherwise,
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17 pim(t) = (W (O] [pfm, HI[W (1))

= EI (tnipi(?n(t) _timp(nri(t)) + U(<f)r:naf’gm

i#n

~ P+ 220 Vil (BT P
i,o!
i#m

+<ﬁ:1rmi)|(lf >)_ %2/ 'yml(<ﬁ|l|f ﬁgm>
io

+(Pgmpl V) +e[z(n) — Z(M)JE(t) plu(t),
(2.9

where(---)=(¥(t)|---|¥(t)) denotes the expectation value,
with respect to the time-dependent wave function. Closed
equations of motion are obtained using the time-dependent
Hartree—Fock(TDHF) approximation, which assumes that
|W(t)) can be represented by a single Slater determinant at
all times. The TDHF approximation describes quantum fluc-
tuations around the Hartree—Fock ground state, partially tak-
ing some electron correlation effects into account. This re-
sults in the following factorization of the expectation value
of two-electron operators

(Pradl] )=l 0P} (D)= 8,501 Piin(D) pi (1)
+ 5(7’(7” 5n]pﬁ'.n(t) (21@

Substituting Eq.(2.10 into Eqg. (2.9), we obtain a closed,
nonlinear self-consistent equation of motion for the one-
electron density matrix

inp?(t)=[h(t)+f(t),p”(V)], (2.11

where h?(t) and f(t) are NXN (N is the basis set size
matrices defined by

where B denotes the mean transfer integral between nearest-  h% (t)=t,n+ Sy m > ¥ Pl () = Yampom(t), (2.12

neighbor sitesB’ is the electron—phonon coupling constant,

andAz,, is the bond length deviation from the average.

The second term in Eq2.2) denotes the elastic energy
between carbon sites representing ¢hbonds, anK is its
harmonic force constanx,, is thenth bond length along the
chain axisz, andx is the equilibrium bond length. The third
and fourth terms in Eq(2.2) represent electron—electron
Coulomb interaction.

Hey IS the interaction Hamiltonian between theelec-
trons and the external electric fie[&E(t)] polarized along
the chainz axis. P is the molecular polarization operator,
which in the dipole approximation reads

P=—e> z(mp7,, 2.8

wherez(n) is thez coordinate of thenth carbon atom.

/o'
and

fnm(t):5n,mez(n)E(t)- (2.13

The TDHF approach has been widely used for comput-
ing the optical response of conjugated molecules by solving
the equations perturbatively in the fiéfdIn this study we
will avoid the expansion; instead, the time evolution of
pam(t) is computed by numerically solving E¢.11) using
the fourth-order Runge—Kutta technigtfeln this method,
we introduce the discrete time serigg,t1,ts,... ts,... t},
andpy (ts;1) is given from the previoup“(ts) as follows:

PTn(tsr 1) =pom(te) + FALKIM + 2k + 2k )

where

The one-electron density matrix element is defined as
) =(¥ ()| pr ¥ (L)), where|W(t)) is the total many-
electron wave function. We have simulated the time evolu-
tion of the density matrix by starting with the Heisenberg
equation of motion

+kat)y, (2.14
o(1) I T
knm == %an(P(ts)vts),
i 1 1
ko' == 7 Fiim| p(ts) + 5 AtkD to S AL,
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o(3) o 1 (2) !
ki == = Fim| p(ty) + S Ak t+ SAL), (219

i

and
Fo (p(t) ) =i%pd(1), (2.16 AV
At=te.s—ts. (217 o~
The time evolution of the density matrix is computed by 0 '——A—T

recursive calculations. The initial values opJ.(t)

[=prn(to)] are determined by the ground-state charge dis- 0 e

1
o . . / =334
tribution (no external field given by the Hartree—Fock solu- N - -

Field Intensity, E(t) (ab. units)

tion of Hppp With geometry optimization. We verified that 0 20 40 60 80 100
this method gives stable solutions even for very intense fields Time / fs
(=10 Wicn?).

FIG. 1. Field envelop&(t) for various values of). The pulse duratiod
=10 fs and the center of the pulgg="50 fs.

Ill. APPLICATION TO OCTATETRAENE

We applied our method to octatetraene, using the followtrons move in the inverse direction of the electric field and
ing parameterse,=0, ag=1.2935A, Uy=11.13 eV, ¢4 oscillate between nearest-neighbor sites following the field.
=15, B=-24¢eV, B'=-56eVA L K=80eVA? As a result of this vibration, a charge density wa@DW)-
and x=1.512A.%" These parameters reproduce the experidike charge fluctuation is instantaneously induced by the
mental energy gap for octatetrae@eeV) and its chemical pulse. In the CDW state, charge transfer occurs between

structure, i.e., the 0.09 A bond length alternation. nearest-neighbor carbon atoms and the excitation appears as
The external electric fieldE(t) is assumed to have a a charge density wave on the carbon sites. The density matrix
Gaussian envelope pij(t) is depicted in Fig. 3 at 0, 50, and 100 fs f6r
1 (112 =1668 cm ! and 1=3.3x 10" W/cn?. At this intensity
E(t)=E ex;{ _ g [exp —iQt) there. is no appremable change.ln the off-diagonal part of the
\/ﬁé 20 density matrix, and the electronic structdb®nd alternation

) remains almost unchanged during the laser pulse. The off-
+texpiQy], (3.1 diagonal density matrix elements are relevant to bond order,

where the amplitud& and carrier frequency) are the im-  which is connected to the bond length. In a bond order wave

portant parameters which determine the electronic respons3OW)-like state, the off-diagonal density matrix elements

The present study focuses on the charge and the bondiraje modulated periodically, resulting in a similar modulation

redistribution induced by a strong laser field, which are pre-of the bond length.

cursors to the ionization process. To avoid the ionization

channel we used intensities in the range!31Gnd

10" W/cn? and kept the field frequencieQ lower than I=3.3x10" W/cm?

5000 cm L. Typical ionization experiments use lower inten- R L B O B

sities and frequencies. -

A. Dependence on field frequency

We first consider the dependence of theslectron re-
sponse on field frequencf). In Fig. 1, we show the field
amplitudeE(t) for various values of). In all cases we as-
sumed pulse duratiod=10 fs and the center of the pulse at
t,=50 fs. The time evolution 0p“(t) is calculated between
0 and 100 fs.

In Fig. 2, we display the diagonal density matrix ele-
mentsp;;(t) at each carbon site as a function of time for

Diagonal part of density matrix, £ (®)

=1668 and 3336 cm'. The field intensity (= e,cE?/2) is [ e 3 Q/enil=1668

fixed as 3.% 10 W/cn?, wheree, is the vacuum permit- ot~
tivity and c is the speed of light in vacuum. Intensity of 1 0 20 40 60 80 100
X 10" W/cn? corresponds to electric field strength of 2.75 Time / fs

VIA. Figure 1and Fig. 2 show thai“(t) follows the prOﬁIe FIG. 2. Diagonal part of the density matrix; (t) at each site as a function

of E(t) adiabatically. The sign of the changegf(t) alter-  of time for 0 =1668 and 3336 crit. The intensity of the field i$ =3.3
nates between odd and even sites, implying thatrtledec-  x 10 wren?.
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=
=

Molecular polarization, Mp(t)
(]
3‘% 3
&l 1

t=0fs

0 4
i u_ N Q/ cemi’ =334
I=3.3x10 W/em
1=501s B —
0 20 40 60 80 100
Time / fs

FIG. 5. Molecular polarizatioiv ,(t) for various values of} as a function
of time. | =3.3x 10" W/cn?.

We have also computed another characteristic global
t=1001s property of the molecule; the time-dependent molecular po-
larization

FIG. 3. Two-dimensional plots of the density matpix(t) at the times of 0,
50, and 100 fs fo)=1668 cm ! and| =3.3x 10" W/cn?. M p(t)ETr{_erp}, (3.3

The () dependence o1 ,(t), which has the same direction
In order to examine the overall response to the externahs E(t), is depicted in Fig. 5. The time profile dl (t)

field, we have calculated the variance of the charge fluctuafollows E(t) adiabatically.
tion with respect to the ground state We conclude from these results that wHerns less than
7000 cm'!, even when the laser field is as intenselas
=3.3x 10" W/cn?, the molecular polarization follows the
field adiabatically. In contrast, the charges fluctuate nonadia-
batically during the excitation. This can be rationalized as

Ap(t) provides a global measure for the changes in the MO%ollows: The charge fluctuation is directly related to micro-

lecular charge distribution induced by the strong laser field, : .
. : . .~ scopic motion of the electrons. However, the molecular po-
Figure 4 depict\ p(t) for various values of). In compari-

son with Fig. 1, we note that the charge fluctuatisp(t) larization which is a highly physical quantity, can respond to

remains finite even wheRk(t)=0. This means that aQ is the external field almost adiabatically.
increased the electrons can no longer follBit) adiabati- o _

cally. This nonadiabaticity becomes noticeable for frequenB- Dépendence on field intensity

cies above) =3000 cni . We have examined the dependence of the response on
the field intensityl for 0 =1334 cm*. In Fig. 6 we display

the diagonal part of the density matrix at each site as a func-
tion of time forl =4.7x 10 and 3.0< 10'° W/cn?. We note

that asl approaches the 30Wi/cn? threshold, the density

’ m el matrices of the inner second to seventh sites can no longer
0 follow the external field, and the time dependence of the
/\N \I\n 5004 corresponding density matrix elements saturate$ &sin-
creased. This leads to the CDW charge order at the inner
sites whose amplitude is almost independent on field inten-
1668 sity. In contrast, the enfirst and eighth sites are primarily
responsible for a field-induced charge transition. The depen-
667 dence on field intensity is shown in Fig. 6. In Fig. 7 we
depict the time-dependent off-diagonal part of the density
Q/ emi® =334 matrix for | =3.0x 10'° W/cn? andQ2=1334 cm ! at 0, 40,
N 50, 60, and 100 fs. The CDW-like charge fluctuation appears
0 20 40 60 80 100 at 50 fs and the BOW electronic structure disappears, as is
Time / fs seen from the off-diagonal part of the density matrix,

FIG. 4. Dispersion of the charge fluctuation with respect to the ground stat@i,i +1(50 fs). Thus, ther-electronic StrUQture Ch?nge§ from
Ap(t) as a function of time for various values 6f | =3.3x 10 W/cn?. BOW to CDW type as a result of the interaction with the

8
Ap(t)= \/ 2, (pi(H)=pii(0))% (3.2

0.4 T T T T

Dispersion of charge fluctuation
from ground state, Ap(t)
[ [
%
@
173
&

0

I=3.3x10" Wem’
_0_4...1...|...|
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Q=1334 e’ ~

U(W/emd) = 3.5x 10°

1.0

1.0 <
Site 7 15

Bow O

53x10 —>

Diagonal part of density matrix, Py ®

0.5 E
""" Site 1
2 14
0.5 e 3 T/(W/emi) = 4.7x10 b :
ol . =30x0t Q/em=1334 |,
0...|...|.‘.’.|...|...
0 20 40 60 80 100 0 20 40 60 80 100
Time / fs Time / fs

FIG. 6. Diagonal part of the density matii(t) at each site as a function G g, The degree of the BOW electronic structpggyo(t) as a function
of time for | =4.7x 10" and 3.0< 10"** W/cn?. Q=1334 cni'. of time for various values of. Q=1334 cnil.

intense laser field. The ground electronic structure is strongly
modified by the field and a new dynamical electronic order is
created for the electron—field coupled system.

To further examine the variation of the bond order in-
duced by the laser field, we have introduced the following
measure of BOW:

t=0fs 6

PBOND('[):Z:l (piis1()=pir1i+a(t)? (3.9

When pgonp(t) Vanishes, the BOW disappears as well. The
time evolution ofpgonp(t) is depicted in Fig. 8 for various
values ofl. Whenl| is less than~ 10" W/cn?, the BOW
order is hardly affected by the field. Ak approaches

1=A0fs ~10"° W/cn? the ground-state electronic structure is
strongly affected by the field and the bond order alternation
disappears during the pulse.

We next examine the intensity dependence of the dy-
namical charge fluctuation. In Fig. 9 we depitp(t) for
various values of andQ=1334 cm®. The time evolution
of the charge fluctuation closely follows the external field. In

1.2 T T

Q/ emi’=1334

-
T

[ U(Wiend) = | | ]
5 3

e
]

53x 10"
[ 3.0x 10"

1.3x 10"
4.8x10"
F 2.1x 10"
3.5x 10"

o
Y

5

i=60fs

5

from ground state, AP (t)
e
b

Dispersion of charge fluctuation

o
Y

0 20 40 60 80 100
f & 1=1008s Time / fs

FIG. 7. The density matriy;;(t) at the times 0, 40, 50, 60, and 100 fs for FIG. 9. Dispersion of the charge fluctuation with respect to the ground state
Q=1334 cm ! and| =3.0x 10" W/cn?. Ap(t) as a function of time for various values bf Q=1334 cm L.
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25 e e 8 LN WS EL LA IS LR IR RN T N VL
g - O/ emi’=1334 Q/ emi'=1334
:g 20 3 ]
£s 6f :
'k
i o~
QE ] £ ]
o= P
=] Mt
= = I = 4 ]
o o
= g 10 1 =
) [ r ]
8 &
ob
5] 5 . 2 .
=]
|
0- 1 1 1 1 1 1 1
0 2 4 6 | A S S T B I S S S
14
[/(W/em’x 10)]2 0 2 4 .8, 38
[/(W/em’x 10)]
FIG. 10. Integrated charge fluctuatiohp(t) as a function of \I. Q
=1334 cm ™. FIG. 12. Maximum values ol ,(t), that isM (50 fs), as a function offl.

0=1334 cm™.

order to illustrate the net effect of the field on the charge

fluctuation, we looked at the total charge fluctuation duringnonlinear at higher intensities. This nonlinearity originates
the pulseAp(t) integrated over time, as a function ¢f is  from end effects; as discussed in Fig. 6, when the field in-
displayed in Fig. 10. Sincé~E?, we see that the total tensity approaches-10'° W/cn?, charge transfer between
charge fluctuation is proportional to the electric field ampli-atoms 1 and 8 becomes larger than among the other atoms. A
tude E in the intensity region below %10 W/cn?. At  nonlinear molecular polarization is induced by the enhance-
higher intensities, however, the charge fluctuation deviategent of end-to-end charge transfer when the field intensity
from this linear relation, and eventually saturates. This isexceeds that value.

because CDW-like charge order is created in intense fields

and the charge is not mobile in the inner atoms of the mol-

ecule. The charge fluctuation is restricted by this field-lV. ACCEPTOR-DONOR SUBSTITUTED

induced electronic structure &ss increased. OCTATETRAENE

The time-dependent molecular polarizatid,(t) is In this section we consider the optical response of

shown in Fig. 11 for various values bf M(t) is induced in acceptor—donor substituted octatetrag&hghown in Fig. 13.
the direction of the field and follows its time profile. The 11,4 s pstitutions are modeled by modifying the on-site en-
maX|mu\r;1_ v_alue§ oM (D), "e"_MP(S_O fs). are displayed ergies,e; andeg. The donor(acceptor is substituted at the
ver(s)ﬂs ! rr:? Fig. 12. The intensity region below 1 g (aighth site; its on-site energy is increasétecreased
X107 wienf, M,(50 fs), is proportional to the electiic \ i respect to the on-site energy of the carbon sites. We
field amplitudeE, and the dependence becomes mcreasmgl%ssumesl: —sg and use the energy differencéd=s,
—eg=0) as a characteristic strength parameter of the
o acceptor—donor substitution. We use the following param-
' O/ cil=1334 eters: 0=1334 cm! and 1=3.3x 10" W/cn?. When Q

~

e

=,

=

g

= Donor

E (S — AE=E€1-Cs

Tt o

®

= Q €1

=3 8 8

E 8 C 4 5 6 7 |

= .

E 8 Sitel 2 3 g

[=] . -

= »n -

. . = Acceptor

o

_4 1 1
0 20 40 60 80 100
Time / fs

FIG. 13. On-site energies of a simple model for an acceptor—donor substi-
FIG. 11. Molecular polarizatioM (t) for various values of as a function  tuted octatetraene. This effect is included in the changes in the on-site en-
of time. 0=1334 cn . ergies,e, (acceptoy andeg (donop.
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(a) E(H
Q7 em'=1334, U(W/em)=3.3x10"
Ag /eV = 8.0 /

1.8

14 ¢

0.6

-—Ofs ----- afs 60fs
- —30fs S0fs e 70fs
0.2‘|I1.|.I..|nl.|n:l:.|.I|.|.I.|.|I.||.I|.

1 2

Diagonal part of density matrix
-

5 6
Site number

(b) -E(t)
| © / em=1334, V(W/em) =3.3 x 10"
[ Ag/eV=28.0
14 [ 7

1.8

Diagonal part of density matrix
[
T

06 J ]
F -—Ofs ----- 40fs - 60fs 100fs
F — —30fs SOfs - T0fs
0.2 L Il L 1 1 1 1 1 1
1 3 4 5 6 7 8
Site number

FIG. 14. Diagonal elements of the density matpix(t) of the acceptor—
donor substituted octatetraene as a function of the site number at charactt
istic times for the typical cases dfe =8 eV for (a) E(t) and (b) —E(t).
0=1334 cm ! and| =3.3x 10" W/cn?.

=1334 cm!, the fieldE(t) has a maximum intensity at 50
fs and it points in the direction from the first to the eighth
atom, as seen in Fig. 1.

The time evolution of the diagonal part of the density
matrix p;i(t) is shown as a function of site number far
=8 eV for E(t) and the reverse field- E(t) in Figs. 14a)
and 14b), respectively. ForAe =8 eV, the substituted oc-
tatetraene has the permanent ground-state electric dipole m
ment in the negative direction. From Fig. 14) we see that
the external field around 50 fs weakens the permanent ele:
tric dipole moment due to the electronic transition from the
negatively chargeceven sites to the positivéodd) sites. On
the other hand, Fig. 18) shows that the reverse external
field —E(t) enhances the permanent dipole by inducing
electron transfer from the positively charged sites to the
negative sites. In general, the external field induces an add
tional dipole moment in the molecule parallel to the field.
Therefore, the CDW-like charge order weakens around 50 fs

for E(t), and becomes stronger ferE(t), as shown in the FiG. 15. Time evolution of the off-diagonal elements of the density matrix

(a) E(t) case

M. Suzuki and S. Mukamel

1=0fs

t=501s

t=1001s

t=01s

t=50fs

=100fs

thick lines in Figs. 14a) and 14b), respectively. Snapshots p;;(t) at times of 0, 50, and }00 fs faxe=8 e\i for the cases ofa) E(t)
of the off-diagonal density matrix elements;(t) are shown ~ and(b) —E(t). ©=1334 cm * and| =3.3x 10 Wient.

at times 0, 50, and 100 fs fd(t) in Fig. 15a) and in Fig.
15(b) for —E(t). For E(t), the amplitude of CDW-like

charge order decreases around 50 fs and the BOW remaisponse when the permanent electric dipole moment is oppo-
almost unchanged even at 50 fs. In contrast, when the field isite or parallel to the external field, respectively.

reversed there are fewer changes in the CDW order during Ap(t) is depicted for various values adfe for E(t) and

the laser irradiation, and the BOW order is hardly noticeable-E(t) in Figs. 16a) and 1€b), respectively. The charge

at 50 fs. This is the anticipated dynamicatelectron re- fluctuation from the polarized ground state of the substituted
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(a) E(t) — E@®, e -E(t)
0.4 . . . .
£ o | @/eml-1334, V(Wiem)- 3.3x10M ] 2 fy(Wiem) -33x 10" 1
£y S |Q/ai-1334
g 903 E =% .

g ; =
B X =
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E< 02 ] =
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= g 0.1 B :;
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()} 20 40 60 80 100 =
Time / fs 8
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P w0 0 100 the external fielde(t) [ —E(t)]. The 50 fs curve is asym-
Time / fs metric being larger when the field i5(t). Since the charges
tend to be redistributed so that the permanent dipole becomes
FIG. 16. Dispersion of the charge fluctuation with respect to the groundparallel to the external field, the charge fluctuation when the
stateA p(t) as a function of time for various values &¢ for the cases ofa) molecular permanent dipole is antiparallel to the external
E(1) and(b) —E(t). ©=1334 om * and! =3.3x 10 Wien. field is Iarggr than in thepparallel casF:a

Finally, the time evolution of the molecular polarization
octatetraene decreases at virtually all times compared witl$ shown in Fig. 18 for various values ak. The solid lines
unsubstituted octatetraen@ £=0), indicating that ther  represeng(t) and the dotted lines representE(t). There
electrons in substituted conjugated polymers are stabilizetp No noticeable difference between unsubstituted and substi-
against the external field perturbation. This effect becomedited octatetraenes; the-electron response to the field is
even more pronounced ase is increased. The maximum independent of the permanent dipole moment.
values ofAp(t) at 28, 39, 50, 61, and 72 fs are plotted in
Fig. 17 versusAe. The solid lines represeri(t) and the V. CONCLUSIONS
dotted lines represent E(t). At 50 fs, the permanent elec-

o . ; S We have calculated the time evolution of theslectrons
tric dipole moment is in the opposit@aralle) direction to

density matrix in unsubstituted and acceptor—donor substi-
tuted octatetraenes driven by an off-resonant strong laser
— E@), T field, using the PPP model Hamiltonian.

T By investigating the field frequency and intensity depen-
dence of the response in octatetraene, we found that even
when E(t) vanishes, the field-induced charge fluctuation
from the ground state remains finite and does not foli(it)
adiabatically. This nonadiabatic response becomes more pro-
e nounced ag) exceeds~3000 cnmi . The total charge fluc-
wsb ] tuation is proportional to the electric field amplituBen the

QR intensity region belowl =1x 10" W/cn? and saturates at
7 higher intensities. The molecular polarization is proportional
to E in the intensity region below x 10" W/cn?. This de-
pendence becomes gradually nonlineat &sincreased.

We have examined the interaction between the perma-
nent electric dipole moment and the external field in
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0 . . . . . acceptor—donor substituted octatetraene. In general, due to
0 2 4 6 8§ 10 12 the external electric force, the charges are redistributed so as
AeleV to make the permanent dipole parallel to the field. Therefore,

FIG. 17. Maximum values of the charge fluctuatidp(t) at the times 28, Wh(_an a molecule Wlt_h a permanent deOIe Ir_]ter_aCts with the
39, 50, 61, and 72 fs as a functioné. The solid lines are foE(t) and the ~ antiparallel external field, the charge qu_ctuatlon is larger than
dotted lines represent E(t). 2=1334 cmi* and|=3.3x 10** W/cn?. the parallel case. In contrast, the field-induced molecular po-
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