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Effects of the quantum fluctuations on the nonlinear optical response of trans-polyacetylene
to the static external electric field

Akira Takahashi
Department of Advanced Materials Science and Engineering, Faculty of Engineering, Yamaguchi University, Ube 755, Jap

~Received 27 December 1996!

The nonlinear optical response to the strong static external electric field is investigated by the quantum
Monte Carlo method in the Pariser-Parr-Pople model for trans-polyacetylene. The external field drives the
electronic and lattice structures from a neutral dimerized state, through a charge-density-wave-like structure
and to a charged soliton pairlike structure as its magnitude is increased. The external field dependence of the
molecular polarization is strongly correlated to the evolution of these two structures. The quantum fluctuations
of electrons drastically change the polarizability and hyperpolarizabilities when the parameters appropriate for
trans-polyacetylene are used. The quantum lattice fluctuations have only negligible effects on them in this
model in contrast to the case of the Su-Schrieffer-Heeger model.@S0163-1829~97!02731-8#
n

da
y.

th
-

nt

t
n
e
th
p
e

o
a
ro
n

m

th

th
k
th
t

m
ec

t
tl

to
rlo

Su-
-
he
SH

or

ical
ne,
C

and
ua-
his
ys-

ove.
ven-
sical

us
op-
oli-

itu-
eri-

to
ns
ld
and
by

re-
er,

tor-
on-
be

tic
I. INTRODUCTION

Conjugated polymers have large hyperpolarizabilities, a
therefore they are good candidates for optical devices.1,2 Fur-
thermore, they exhibit many interesting properties of fun
mental interest originating from their low dimensionalit
These include strong correlation effects3,4 and nonlinear el-
ementary excitations such as a soliton or a polaron.5 It has
been shown that these properties are closely related to
nonlinear optics.1,6 Thus, the nonlinear optics is also an im
portant tool to investigate these problems of fundame
interest.

Therefore, many theoretical studies have been done on
nonlinear optics of conjugated polymers. Full configuratio
interaction calculations have been applied to the nonlin
optics of short polyenes, and it has been shown that
electron-electron correlation is crucial for the nonlinear o
tical properties of them.1,7,8 These exact calculations can b
applied only to very small systems~up to 12 carbon atoms s
far! in practice. However, conjugated polymers have char
teristic lengths that are closely related to their optical p
cesses@the separation of an electron-hole pair of an excito9

~typically 40 carbon atoms! and the size of a soliton~about
14 carbon atoms!#,5 and it is essential to consider the syste
larger than these lengths to study the nonlinear optics
conjugated polymers.

Several authors have studied this problem by using
single configuration-interaction approximation,10–12 which
can be carried out for systems larger than these leng
However, it is valid only when correlation effects are wea
and this is not the case for conjugated polymers. By
double configuration-interaction13,14 or the time-dependen
Hartree-Fock approximation,15,16 more correlation effects
can be taken into account. However, these methods still
not be enough to take account of the large correlation eff
of conjugated polymers.

On the other hand, Hagler and Heeger proposed that
magnitudes of second hyperpolarizabilities are significan
enhanced by the quantum lattice fluctuations of soli
pairs,6 and this was confirmed by the quantum Monte Ca
560163-1829/97/56~7!/3792~8!/$10.00
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~QMC! study.17 These studies have been done using the
Schrieffer-Heeger~SSH! model. However, since the Cou
lomb interaction, which is considered to be crucial for t
optics of conjugated polymers, is neglected in the S
model, it is not still clear whether this enhancement occurs
not in the model including the Coulomb interaction.

Considering these points, we study the nonlinear opt
response to the static electric field in trans-polyacetyle
which is the simplest conjugated polymer, by the QM
method developed by Hirschet al.18 By using this method,
we can overcome the difficulties mentioned above; large
nonlinear correlation effects and the quantum lattice fluct
tions can be taken into account simultaneously by t
method, and this method can be applied in practice to s
tems larger than the characteristic lengths mentioned ab
Furthermore, the present method is not based on the con
tional energy space picture but calculates real space phy
quantities such as the charge density~CD! distribution in-
duced by the external field. Therefore, it offers an obvio
relation between the chemical structure and the optical pr
erties, for example, how elementary excitations such as s
tons affect the optical response.16,19

Conjugated polymers with donor and acceptor subst
tions often show large hyperpolarizabilities and many exp
mental and theoretical studies have been done on how
maximize hyperpolarizabilities by designing the substitutio
properly.20–25 It has been shown that the static electric fie
produced by donor and acceptor changes their electronic
lattice structures and hyperpolarizabilities are enhanced
this structural change. Therefore, this problem is closely
lated to the problem considered in this paper. Moreov
since the correlation effects and the effects of lattice dis
tion are important also in donor and acceptor substituted c
jugated polymers, the approach used in this paper will
very powerful also to this problem.

II. MODEL

We adopted the Pariser-Parr-Pople~PPP! Hamiltonian for
a linear trans-polyacetylene chain interacting with a sta
electric field. The Hamiltonian is given by
3792 © 1997 The American Physical Society
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H5HSSH1HC1Hext. ~1!

The first termHSSH is the SSH Hamiltonian and is give
by

HSSH5 (
n,m,s

tm,nrn,m
s 1

K

2(
n

~un112un2 ȳ !21
1

2M(
n

pn
2 ,

~2!

whereK is the s-bond spring constant,un is the displace-
ment operator of thenth CH group along the chain direction
ȳ is a constant that determines the mean bond length,M is
the mass of the CH group, andpn is the momentum operato
conjugate toun . The p-electron density operatorsrn,m

s are
defined by

rn,m
s 5cm,s

† cn,s , ~3!

where the operatorcn,s (cn,s
† ) annihilates~creates! a p elec-

tron of spins at thenth site.tn,n is the Coulomb integral a
the nth site andtm,n (nÞm) is the transfer integral betwee
the nth andmth sites. We considered hopping between o
the nearest-neighbor sites. Thus,

tn,n52(
m

Vn,m , ~4!

tn,n115tn11,n5 b̄2b8~un2un11!, ~5!

and tm,n50 otherwise, whereVn,m is a Coulomb repulsion
between thenth andmth sites,b̄ is the mean transfer inte
gral between neighboring sites, andb8 is the electron-
phonon coupling constant.

The second termHC represents the Coulomb interactio
betweenp electrons and is given by

HC5(
n

Urn,n
↑ rn,n

↓ 1 (
n,m,s,s8

nÞm

Vn,mrn,n
s rm,m

s8 . ~6!

An on-site repulsionU is given by

U5
U0

«
, ~7!

andVn,m is given by the modified Ohno formula26

Vn,m5
U0

«A11~r n,m /a0!2
for um2nu<1,

~8!

Vn,m5
U0

«A11~r n,m /a0!2
exp~2hr n,m! for um2nu.1,

where U0511.13 eV is the unscreened on-site repulsi
r n,m is the distance between thenth and mth sites, and
a051.2935 Å. Note that there are two screening parame
in the formula: the dielectric constant« and the screening
constant of long-range parth.

The third termHext represents the interaction between t
p electrons and the external static electric fieldE. Since the
QMC method is applicable only to the static systems,
focus on the off-resonant nonlinear optics at zero freque
y

,

rs

e
y

in this paper. The electric field is assumed to be polariz
along the chain directionz. Within the dipole approximation
we then have

Hext52EP, ~9!

whereP is the molecular polarization operator

P52e(
n,s

z~n!~rn,n
s 20.5!, ~10!

where2e is the electron charge andz(n) is thez coordinate
of the nth site.

In all the calculations in this paper, the system size w
taken to be 40. We used the following parameters, wh
have been shown to be appropriate for trans-polyacety
by previous works:26 b̄522.38 eV, b852.99 eV Å21,
K540.2 eV Å22, and M53145 eV21 Å 22. The distances
r n,m were calculated assuming a zigzag structure with a u
form bond length of 1.4 Å. We determinedȳ as described in
Ref. 27 to minimize the boundary effects;ȳ 50.0968 Å. As
for the Coulomb screening parameters, Fukutome and
workers have shown that many experiments can be expla
by a single set of the parameters within the Hartree-F
~HF! approximation;«52 and h50.38 Å21.26 However,
since their studies are based on the HF approximation, wh
is not valid in the present case, ambiguities still exist
choosing them. Thus, we adopted not only Fukutom
screening parameters but also the other ones and studie
screening parameter dependence of nonlinear optical pro
ties.

The expectation values of various physical quantit
were calculated by the QMC method. The inverse of
temperatureT21 was taken to be 40 eV21. Sincev0 /T54,
where v05A4K/M is the bare optical phonon frequenc
the effects of thermal phonon excitations are negligible. T
Trotter number for electrons and that for phonons were ta
to be 1200 and 40, respectively. To check the validity
these values, we calculated the ground-state energies o
coupled harmonic oscillators and the Hubbard model, wh
can be solved exactly, by the QMC method using these
ues. We compared the energies obtained by the pre
method with those of the exact solutions and found that
errors in them were both within a few percent.

To compare with the QMC results, we also calculated
same physical quantities by using the classical lattice and
HF approximations. In the classical lattice approximatio
only lattice degrees of freedom were treated classically
taking the Trotter number for phonons to be 1 in the QM
simulation. In the HF approximation, the lattice coordina
were treated classically and the electronic and lattice st
tures were self-consistently determined so as to sat
Hellmann-Feynman force equilibrium.

For convenience in the following, we here introduce tw
important physical quantities: the CD and the lattice ord
parameter~LOP!. The CD at thenth site is given by

dn512(
s

^rn,n
s &, ~11!
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where^O& indicates the expectation value of an operatorO.
The deviation of the bond length from the mean bond len
at thenth bond is given by

yn5^un11&2^un&. ~12!

These quantities are decomposed into nonalternating an
ternating components as

dn5 d̄ n1~21!ndn8 ,

yn5 ȳ n1~21!nyn8 , ~13!

where the nonalternating and the alternating components
represented by an overbar and a prime, respectively.
operational definition ofd̄ n is

d̄ n5 1
4 ~dn2112dn1dn11!, ~14!

and the same formulas can be used forȳ n .28 The LOP at the
nth bond is defined byyn8 , namely, the alternating compo
nent of the deviation of the bond length. Hence the LO
shows the strength of bond length alternation including
phase of the alternation. A bond-order wave state, where
bond length alternates uniformly, is characterized by the u
form and finite LOP and a charge density wave~CDW! state
is also characterized by the uniform and finitedn8 . The ex-
pectation value of the molecular polarization operator^P& is
determined by the CD distribution; it is derived from Eq
~10! and ~11! as

^P&5e(
n

z~n!dn . ~15!

III. RESULTS BY THE HARTREE-FOCK
APPROXIMATION

We calculated theE dependence of̂P& by the HF ap-
proximation using the following Coulomb screening para
eters: «51 and h50, «52 and h50, «52 and h50.38
Å 21, «54 andh50, and«54 andh50.38 Å21. We show
them in Fig. 1. As seen from Fig. 1, they are classified i
two types; in a type I~II !, ^P& is a concave~convex! function
of E in the weakE range. TheE dependence of̂P& when
«52 andh50.38 Å21 belongs to type I and the other one
belong to type II. In the following, we mainly focus on th
following two sets of screening parameters, which belong
the different types:«52 and h50.38 Å21, and «52 and
h50. The former set is chosen because it is the appropr
one for trans-polyacetylene and also because it is the only
that belongs to type I. The latter one is chosen as a typ
case that belongs to type II. The results when the latter s
used qualitatively hold when the other sets that belong
type II are used.

We calculated polarizability (a) and second hyperpolar
izability (g) by fitting a curve

^P&5aE1
1

3!
gE31••• ~16!

to the data using the least-squares method. Note that
hyperpolarizabilityb50 because of the symmetry of th
h
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present Hamiltonian. We used the data in the range wh
the contribution tô P& from the third-order term toE is not
negligible and it is much larger than those from the ter
higher than third order; 0<E<0.003 V/Å when«52 and
h50.38 Å21 and 0<E<0.04 V/Å when «52 and h50.
We took the terms up to seventh order in Eq.~16!. Compared
with the case when we take the terms up to fifth order,
difference ina is about 0.03% and the difference ing is
about 2%.

We first show the results when«52 andh50.38 Å21.
Up to E50.002 V/Å, ^P& increases almost linearly toE.
The sloped^P&/dE decreases with increasingE for E,0.04
V/Å; it is almost constant toE for 0.04 V/Å,E,0.06 V/Å,
and it increases with increasingE for 0.06 V/Å,E,0.1
V/Å. To understand this characteristicE dependence of̂P&,
we analyzed the CD and LOP distributions of the HF grou
state at finiteE. We show those forE<0.04 V/Å in Fig. 2.
There is no CD and LOP is almost uniform except for t
chain edge regions whenE50. For 0,E,0.04 V/Å, the
CDW-like electronic structure is induced byE as seen from
Fig. 2~a!. This agrees with previous studies.16,17 The magni-
tude of the CD of this structure increases with increasingE
but the spatial CD distribution of this structure is almo
unchanged toE in this range. Thus, we can approximate
write the CD distribution in this range as

dn~E!>A~E!dn~E0!, ~17!

where E0 is a certain external field in this range, and t
amplitudeA(E).0 depends only onE. From Eqs.~15! and
~17!, we obtain^P& at E as

^P&~E!>A~E!^P&~E0!. ~18!

Therefore, the increase in^P& with increasingE is due to the
growth of the CDW-like electronic structure in this rang
For E,0.002 V/Å, A(E) and thereforê P& increase almost

FIG. 1. TheE dependences of̂P& within the HF approxima-
tion. Those when«51 and h50, when «52 and h50, when
«52 andh50.38 Å21, when«54 andh50, and when«54 and
h50.38 Å21, are shown by the solid line, the solid line with th
open squares, the solid line with the closed squares, the solid
with the open circles, and the solid line with the closed circl
respectively.
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linearly to E. For 0.002 V/Å,E,0.04 V/Å, dA(E)/dE
decreases with increasingE as seen from Fig. 2~a!. As a
result,d^P&/dE decreases with increasingE in this range.

We show the CD and LOP distributions of the HF grou
state for 0.04 V/Å<E<0.1 V/Å in Fig. 3. AroundE50.04
V/Å, the magnitude of the CD of the CDW-like structur
saturates and reaches the maximum value, which is alm
the same as that of the metastable CDW HF solution w
E50. Above E50.04 V/Å, the spatial CD distribution in
duced byE begins to change toE as seen from Fig. 3~a!; the
magnitudes of the CD decrease around the chain center
increase around the chain edges with increasingE. Further-
more, LOP’s around the chain center decrease with incr
ing E and become negative aboveE50.06 V/Å as seen from
Fig. 3~b!. Around E50.1 V/Å, the characteristic electroni
and lattice structures of a charged soliton pair with oppo
net charges can be seen; the sign of LOP is reversed a
two soliton centers and there are two alternating CD clo
around there.5,29 The CDW-like structure changes to th
charged soliton pairlike structure asE is increased in the
range 0.04,E,0.1 V/Å. Since a charged soliton has n
charge of6e, the charged soliton pairlike structure has lar
^P&. The increase in̂P& in this range is, therefore, attribute
to the growth of the charged soliton pairlike structure. F
0.08,E,0.1 V/Å, the structure grows most rapidly as se
from Fig. 3. Therefore,̂P& increases rapidly there.

Above E50.1 V/Å, a bipolaron pairlike structure grows
which causes the increase in^P& in this range.

We next show the results when«52 and h50. The
E dependence of̂ P& in this case differs so much from
that when «52 and h50.38 Å21 as seen from Fig. 1

FIG. 2. ~a! The CD and~b! LOP distributions of the ground stat
obtained by the HF approximation when«52 andh50.38 Å21.
Those atE50, 0.005, 0.01, 0.015, 0.02, 0.03, and at 0.04 V/Å a
shown by solid lines, closed circles, open circles, closed diamo
open diamonds, closed squares, and open squares, respective
st
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e
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First, ^P& is much smaller than that when«52 and h
50.38 Å21 belowE50.06 V/Å. As a result, polarizability is
reduced so much by the screening of the long-range C
lomb interaction;a(h50.38!/a(h50!512.8. Second,̂ P&
increases almost linearly toE up to E50.04 V/Å in this
case, and this value is about 20 times as large as the c
sponding value when«52 andh50.38 Å21. These differ-
ences can be understood in the following way. Up
E50.04 V/Å, the CDW-like electronic structure is induce
by E and the spatial CD distribution of this structure is a
most unchanged toE also in this case. Therefore, the in
crease in̂ P& with increasingE is due to the growth of the
CDW-like electronic structure in this range also in this ca
The magnitude of the CD of the CDW-like electronic stru
ture is, however, much smaller than that when«52 and
h50.38 Å21 with the sameE as seen by comparing Fig
3~a! and Fig. 4~a!. This is because the CDW-like structure
significantly stabilized by the screening of the long-ran
part of the Coulomb interaction.29,30As a result,̂ P& is much
smaller than that when«52 andh50.38 Å21 in this case.
Furthermore, since the magnitude is much smaller, it d
not saturate and̂P& increases almost linearly toE up to
E50.04 V/Å.

The sloped^P&/dE increases with increasingE above
E50.04 V/Å, shows very large peak aroundE50.08 V/Å,
and becomes small again aroundE50.1 V/Å as seen from
Fig. 1. We show the CD and LOP distributions for 0.06 V/
<E<0.1 V/Å in Fig. 4. As seen from Fig. 4, the charge
soliton pairlike structure begins to grow aroundE50.06
V/Å, grows most rapidly aroundE50.08 V/Å, and is almost
completed aroundE50.1 V/Å. Therefore, the characteristi
rapid increase in̂ P& in this range can be attributed to th
growth of this structure.

s,
.

FIG. 3. ~a! The CD and~b! LOP distributions of the ground stat
obtained by the HF approximation when«52 andh50.38 Å21.
Those atE50, 0.04, 0.06, 0.08, 0.1 V/Å are shown by solid line
closed circles, open circles, closed diamonds, and open diamo
respectively.
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When we use the unscreened Ohno potential («51 and
h50!, and also in the SSH model,17 ^P& of the HF ground
state increases discontinuously toE at a certain external field
Ec . In other words, there are CDW and charged soliton p
‘‘phases,’’ and the first-order ‘‘phase transition’’ betwee
these phases occurs atEc . This characteristic behavior ca
be understood in the following way. When«52 andh50.38
Å 21, the CDW-like CD cloud in the weak external fiel
range splits into two parts, and each part grows continuou
into a charged soliton, which has an alternating CD clo
around the soliton center, asE is increased as seen from Fi
3; there are stable intermediate states that connect the C
and the charged soliton pair states in this case. Howe
when we use the unscreened Ohno potential or in the S
model, the magnitude of the CD of the CDW-like electron
structure just belowEc is much smaller than that around th
soliton center of a charged soliton. Therefore, there are
stable intermediate states that connect these two phas
these two cases, and a first-order phase transition betw
them occurs. When«52 andh50, the magnitude of the CD
of the CDW-like electronic structure is also much smal
than that of a charged soliton as seen from Fig. 4~a! but the
difference is not so large compared with the cases where
discontinuous increase in̂P& occurs. Thus, the CDW-like
structure changes to a charged soliton pairlike structure v
rapidly but continuously, which results in the characteris
rapid but continuous increase in^P& aroundE50.08 V/Å in
this case.

With all the sets of screening parameters that we h
studied,E drives the electronic and lattice structures of t
HF ground state from the neutral dimerized state, through
CDW-like structure, and to the charged soliton pairlike stru

FIG. 4. ~a! The CD and~b! LOP distributions of the ground stat
obtained by the HF approximation when«52 andh50. Those at
E50, 0.06, 0.07, 0.08, 0.09, and 0.1 V/Å are shown by the so
lines, closed circles, open circles, closed diamonds, open diamo
and closed squares, respectively.
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ture asE is increased. The evolution of these structures
strongly correlated to theE dependence of̂P&. In spite of
the facts, theE dependences of̂P& with the different Cou-
lomb screening parameters differ very much. For example
the two cases considered here, the sign ofg is reversed by
introducing the screening of the long-range Coulomb int
action; g521.0310226 esu when«52 andh50.38 Å21,
and g53.3310230 esu when«52 and h50. When «52
and h50.38 Å21, dA(E)/dE, and therefored^P&/dE, de-
crease asE is increased in the weakE range as shown above
Thus negativeg can be attributed to the slowdown of th
growth of the CDW-like structure. On the other hand, wh
«52 andh50, the soliton pairlike structure begins to gro
before the growth of the CDW-like structure becomes slo
and d^P&/dE increases with increasingE in the weakE
range. Therefore, positiveg in this case can be attributed t
the growth of the soliton pairlike structure. The origins
optical nonlinearity differ between these two cases with
different screening parameters. The nonlinear optics is v
sensitive to the Coulomb screening parameters within the
approximation.

IV. RESULTS BY THE QUANTUM
MONTE CARLO CALCULATIONS

We show the results by the QMC calculations in this s
tion. In the QMC calculations, the quantum fluctuations
both the lattice and electrons are taken into account. To
tinguish the effects of these two quantum fluctuations,
have also adopted the classical lattice approximation, wh
only the quantum fluctuations of electrons are taken into
count. We found that the differences between the results
the QMC method and those by the classical lattice appro
mation are almost negligible in all the cases considered h
This shows that the effects of quantum fluctuations of
lattice on ^P& are very small in the PPP model with th
parameters considered in this paper. This result is in cont
to that obtained in the SSH model, whereg is significantly
enhanced by the quantum fluctuations of the lattice.6,17

We first show the results when«52 andh50.38 Å21.
The quantumE dependence of̂P& is compared with that
of the HF case in Fig. 5. We calculateda and g in the
same way as the HF case using the data in the ra
0<E<0.04 V/Å. Since we do not have enough data a
each datum contains statistical error, we took the terms u
the third order toE in Eq. ~16! assuming that the contribu
tions of the higher terms are not so large. The regress
curve is also shown in Fig. 5. The data in the range are nic
fitted by the curve. However, when we take the terms up
fifth ~seventh! order,a is altered by 5~0.5!% andg is altered
by about 50~50!%. Thus, we cannot obtain quantitative pr
cision in g by the present method.

By introducing the quantum fluctuations of electrons, t
E dependence of̂P& is drastically changed as seen from Fi
5. The molecular polarization̂P& increases almost linearly
to E up toE50.02 V/Å, and this value is 10 times as large
the corresponding value of the HF case with the same scr
ing parameters. Furthermore,^P& and thereforea are signifi-
cantly reduced by the quantum fluctuations in this ran
a~QMC!/a~HF!50.16. For 0.02 V/Å,E,0.05 V/Å,
d^P&/dE increases with increasingE. As a result,g is posi-

d
ds,
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tive in the QMC case (g54.1310229 esu!; the sign ofg is
reversed by introducing the quantum fluctuations of el
trons. AboveE50.06 V/Å, ^P& is enhanced by the quantum
fluctuations contrary to their effects in the weakE range.

To understand these effects of the quantum fluctuation
electrons, we analyzed the CD and LOP distributions of
ground state at finiteE. Those forE<0.06 V/Å are shown in
Fig. 6. BelowE50.02 V/Å, where^P&}E, the CDW-like
electronic structure is induced also in the QMC case. Ho
ever, the magnitude of the CD of this structure is mu
smaller than that of the HF case with the sameE and screen-
ing parameters in this range as seen by comparing Fig.~a!
and Fig. 6~a!. This is the reason that^P& is reduced by the
quantum fluctuations in this range. Similar effects of t
quantum fluctuations are also observed in the QMC calc
tion of the charged soliton lattice ground state of doped po
acetylene; the magnitudes of the CD of the alternating
cloud around the soliton centers are reduced significantly
them.27 Moreover, since the magnitude of the CD of th
CDW-like structure is much smaller in the QMC case, t
range where the magnitude and therefore^P& increase al-
most linearly toE is much wider than that of the HF cas
with the same screening parameters.

As seen from Fig. 6, the charged soliton pairlike struct
begins to grow with increasingE aroundE50.03 V/Å; the
CDW-like CD cloud splits into two parts and LOP’s de
crease around the chain center. The structure grows m
rapidly aroundE50.05 V/Å and the characteristic structu
of a charged soliton pair is completed aroundE50.08 V/Å.
For 0.02,E,0.04 V/Å, not only the soliton pairlike struc
ture grows but also the magnitude of the CD of the CD
like structure still increases asE is increased. Thus, the in
crease in̂ P& in this range is due to the growth of these tw
structures. The magnitude reaches a maximum value aro
0.04 V/Å and the increase in̂P& for 0.04,E,0.08 V/Å is
due to the growth of the charged soliton pairlike structur

FIG. 5. TheE dependence of̂P& within the HF approximation
when «52 and h50, and that when«52 and h50.38 Å21 are
shown by the thin and thick solid lines, respectively. TheE depen-
dence of̂ P& obtained by the QMC method when«52 andh50,
and that when«52 andh50.38 Å21, are shown by the open an
closed circles, respectively. The QMC samples are divided into
blocks.^P& for each part is calculated and their variances are sho
as the error bars. The regression curve for the QMC results w
«52 andh50.38 Å21 is shown by the dotted line.
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Since the charged soliton pairlike structure begins to gr
before the growth of the CDW-like structure slows dow
d^P&/dE increases with increasingE above E50.02
V/Å and thereforeg is positive in the QMC case. Conse
quently, the origin of optical nonlinearity is altered by intro
ducing the quantum fluctuations of electrons.

Although ^P& is larger in the QMC case than in the H
case forE>0.06 V/Å, the magnitude of the CD induced b
E is still smaller in the QMC case than in the HF case
seen by comparing Fig. 3~a! and Fig. 6~a!. This may look
inconsistent with the previous discussions but can be un
stood as follows. The CD is decomposed into the nonal
nating and the alternating components as described in Se
The magnitude of the alternating component is larger th
that of the nonalternating one both in the CDW-like ele
tronic structure and in the charged soliton pairlike struct
with all the sets of parameters considered in this paper
particular, the difference in magnitude between these
components is very large in the CDW-like structure. Ho
ever, the nonalternating component has much larger co
butions to ^P& than the alternating one. In the CDW-lik
structure, both components are reduced in magnitude by
quantum fluctuations and the reduction is larger in the al
nating one. In the charged soliton pairlike structure, the m
nitude of the alternating component is reduced but that of
nonalternating one and therefore^P& are enhanced by the
quantum fluctuations.

We next show the results when«52 and h50. For
E,0.07 V/Å, ^P& is almost unchanged by introducing th
quantum fluctuations of electrons as seen from Fig. 5. In
range, the CDW-like electronic structure is induced byE
also in the QMC case. The alternating component of the

e
n

en
FIG. 6. ~a! The CD and~b! LOP distributions of the ground stat

obtained by the QMC method when«52 andh50.38 Å21. Those
at E50, 0.01, 0.02, 0.03, 0.04, 0.05, and 0.06 V/Å are shown by
solid lines, closed circles, open circles, closed diamonds, open
monds, closed squares, and open squares, respectively.
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of this structure is reduced by the quantum fluctuations
magnitude but the nonalternating component is almost
changed in this case. As a result, although the CD distr
tion is altered by the quantum fluctuations,^P& is almost
unchanged by them in this range.

In the HF case,̂ P& increases abruptly atE50.08 V/Å.
By introducing quantum fluctuations, the sharp increase
comes more gradual. The ground states aroundE50.08
V/Å can be regarded as the intermediate states that con
the two stable CDW and charged soliton pair states as m
tioned in Sec. III. We can expect that such intermedi
states are less stable and the magnitude of the quantum
tuations is larger in them compared with the CDW a
charged soliton pair states. This can be seen directly in
following way. We divided QMC samples into five block
and calculated̂P& for each part. Their variances are show
as the error bars in Fig. 5. The variance atE50.08 V/Å is
much larger than the other ones. This shows that the qu
tum fluctuations increase there in magnitude. Such la
quantum fluctuations in the intermediate states make
sharp increase in̂P& less steep.

The evolution of the CDW-like and charged soliton pa
like structures is strongly correlated to theE dependence o
^P& also in these two QMC cases with the different scre
ing parameters. However, the nonlinear optical response
fers so much between the two cases with the different C
lomb screening parameters also in the QMC case. There
we must be very careful in choosing them when we calcu
nonlinear optical properties. Moreover, this result indica
that g can be changed drastically if we can control t
screening parameters.

V. DISCUSSIONS

Only the static electric field is considered in this pap
while experimental measurements have been done at fi
frequencies.1,2 Therefore, the present result cannot be co
pared directly with the experiments; the present study un
estimates the contributions from those excited states wh
excitation energies are near the frequency of the light use
the experiments. However, if the frequency is far enou
from the resonant ones, the difference will not be so larg

In the previous studies, it has been shown that the qu
tum fluctuations of the lattice play an important role in t
linear and nonlinear optics in the SSH model f
trans-polyacetylene.6,17 This result is in contrast to the
present one, where the effects of quantum fluctuations of
lattice are negligible. The difference can be understood
follows. First, in the SSH model with the parameters app
priate for trans-polyacetylene, the electron-phonon coup
constantb854.07 eV/Å and this value is much larger tha
that in the PPP model. This is because some effects of
Coulomb interaction can be taken into account by increas
b8.30 Thus, the effects of the quantum fluctuations of t
lattice are overestimated in the SSH model. Second, in
SSH model,g is enhanced mainly by the hybridization of th
charged soliton pair state to the CDW-like classical grou
state as a quantum fluctuation of the lattice.17 In the present
model, such hybridization occurs also as a result of the qu
tum fluctuations of electrons. Therefore, the effects of qu
tum fluctuations of the lattice are hidden by those of the la
n
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quantum fluctuations of electrons.
In donor and acceptor substituted trans-polyacetylene,

static electric field is produced by the charge of don
(QD.0! and the opposite charge of acceptor (2QD). Its
electronic and lattice structures are changed by the ele
field and hyperpolarizabilities are enhanced by this structu
change.20–22 Since this static electric field can be approx
mated roughly by the uniform static electric field consider
here, we can approximately regard the effects of unifo
static field as those of donor and acceptor substitutions. T
QD in donor and acceptor substituted trans-polyacetyl
corresponds toE in the present problem. From theE depen-
dence of̂ P&, we can obtaina, b, andg at E as

a~E!5
d^P~E!&

dE
,

b~E!5
d2^P~E!&

dE2 , ~19!

g~E!5
d3^P~E!&

dE3 .

They can be regarded as those of donor and acceptor su
tuted trans-polyacetylene withQD , which corresponds to
E.

It has been shown that the changes in the lattice struc
are strongly correlated to the polarizability and hyperpol
izabilities in donor and acceptor substituted short polyen
asQD is increased, LOP’s decrease at all the bonds and
sign of the average of LOP over all the bonds is reverse
a certainQD . The hyperpolarizabilities are significantly en
hanced when the average of LOP becomes almost zero.20–22

In the present case, the soliton pairlike lattice structure gro
with increasingE and LOP’s decrease only in the regio
between the solitons. The difference is attributed to the f
that the system size considered in the previous studie
donor and acceptor substituted polyenes was too sma
describe the formation of a soliton pair. The changes in
lattice structure, that is, the growth of the charged soli
pairlike lattice structure, is strongly correlated toa, b, and
g also in the present case. In the HF case when«52 and
h50, ^P& increases very rapidly aroundE50.08 V/Å, where
the charged soliton pairlike structure grows most rapidly, a
E dependence of̂P& shows a step-function-like behavio
As a result,a and ugu become the largest aroundE50.08
V/Å and ubu becomes the largest a little above or belo
there, and these maximum values are much larger than t
when E50. When the quantum fluctuations are taken in
account,d^P&/dE aroundE50.08 V/Å is reduced but it still
shows a very sharp peak there. Thus, these maximum va
of the polarizabilities are reduced by the quantum fluct
tions but they are still much larger than those whenE50 also
in the QMC case. Consequently, large hyperpolarizabilit
can be expected by proper substitution of donor and acce
when«52 andh50.

In the QMC case when«52 andh50.38 Å21, the step-
function-like sharp increase is not seen in theE dependence
of ^P&. Thus, hyperpolarizabilities become larger arou
E50.05 V/Å, where^P& changes most rapidly, than thos
when E50 but the enhancements are not so large. This
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dicates that large hyperpolarizabilities will not be obtain
by donor and acceptor substitution when we use these
rameters. As seen from Fig. 1, ash or « becomes smaller
namely, the screening of the Coulomb interaction becom
weaker, the step-function-like behavior inE dependence o
^P& becomes sharper and larger hyperpolarizabilities will
obtained by substitution of proper donor and acceptor.

As long as uniformE is considered, only qualitative
analysis is possible for donor and acceptor substituted tr
polyacetylene. The QMC method used in this paper is ap
cable to this problem. This problem is a subject for a futu
study.

VI. SUMMARY

We studied the nonlinear optical response of tra
polyacetylene to the static external electric field. The ex
nal field drives the electronic and lattice structures of tra
polyacetylene from the neutral dimerized state, through
i-
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ev
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CDW-like structure and to the charged soliton pairlike stru
ture as its magnitude is increased. The evolution of these
structures is strongly correlated to theE dependences o
^P& with all the screening parameters considered in this
per both in the QMC and HF cases. The polarizability a
hyperpolarizabilities are very sensitive to the Coulom
screening parameters. When the screening parameters a
priate for trans-polyacetylene («52 andh50.38 Å21) are
used, the quantum fluctuations of electrons drastica
change the linear and nonlinear optical response;a is de-
creased to 16% and the sign ofg is reversed by introducing
them. When«52 and h50, the quantum fluctuations o
electrons have only negligible effects on^P& in the low E
range but the characteristic sharp increase of^P& at
E50.08 V/Å become less steep by introducing them. T
effects of quantum lattice fluctuations are negligible w
both the sets of screening parameters in contrast to the
of the SSH model.
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