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Effects of the quantum fluctuations on the nonlinear optical response of trans-polyacetylene
to the static external electric field
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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 mBi@163-18207)02731-9

l. INTRODUCTION (QMC) study!’ These studies have been done using the Su-
Schrieffer-Heeger(SSH model. However, since the Cou-

Conjugated polymers have large hyperpolarizabilities, andomb interaction, which is considered to be crucial for the

therefore they are good candidates for optical deviédzur-  optics of conjugated polymers, is neglected in the SSH

thermore, they exhibit many interesting properties of fundamodel, it is not still clear whether this enhancement occurs or
mental interest originating from their low dimensionality. Not in the model including the Coulomb interaction. _

These include strong correlation efféisand nonlinear el- ~ Considering these points, we study the nonlinear optical

ementary excitations such as a soliton or a poldrirhas ~ €Sponse to the static electric field in trans-polyacetylene,

been shown that these properties are closely related to theifich is the simplest gonjugatlegd polymer, by the QMC
nonlinear opticé:® Thus, the nonlinear optics is also an im- Method developed by Hirscét al.™” By using this method,

portant tool to investigate these problems of fundamentaf’® can overcome the difficulties mentioned above; large and
interest. nonlinear correlation effects and the quantum lattice fluctua-

Therefore, many theoretical studies have been done on tﬁg)ns can be taken into account simultaneously by this

nonlinear optics of conjugated polymers. Full configuration—methOd' and this method can .be_ applied in practice to sys-
: . : : . __tems larger than the characteristic lengths mentioned above.
interaction calculations have been applied to the nonline

i . alEurthermore, the present method is not based on the conven-
optics of short polyenesj and I h"?‘s been ShOWT‘ that thﬁonal energy space picture but calculates real space physical
electron-electron correlation is crucial for the nonlinear °p'quantities such as the charge densiBD) distribution in-

tical properties of ther"® These exact calculations can be jceq by the external field. Therefore, it offers an obvious
applied only to very small systenisp to 12 carbon atoms S0 rg|ation between the chemical structure and the optical prop-
far) in practice. However, conjugated polymers have characarties, for example, how elementary excitations such as soli-
teristic lengths that are closely related to their optical protgns affect the optical respon¥&*®

cesse$the separation of an electron-hole pair of an exciton Conjugated polymers with donor and acceptor substitu-
(typically 40 carbon atomsand the size of a solitofebout  tions often show large hyperpolarizabilities and many experi-
14 carbon atom3,” and it is essential to consider the systemmental and theoretical studies have been done on how to
larger than these lengths to study the nonlinear optics ofaximize hyperpolarizabilities by designing the substitutions
conjugated polymers. properly?®=2®It has been shown that the static electric field

Several authors have studied this problem by using th@roduced by donor and acceptor changes their electronic and
single configuration-interaction approximatith;"> which  |attice structures and hyperpolarizabilities are enhanced by
can be carried out for systems larger than these lengthshis structural change. Therefore, this problem is closely re-
However, it is valid only when correlation effects are weak, lated to the problem considered in this paper. Moreover,
and this is not the case for conjugated polymers. By th&ince the correlation effects and the effects of lattice distor-
double configuration-interactioh™® or the time-dependent tion are important also in donor and acceptor substituted con-
Hartree-Fock approximatiott;'® more correlation effects jugated polymers, the approach used in this paper will be
can be taken into account. However, these methods still mayery powerful also to this problem.
not be enough to take account of the large correlation effects
of conjugated polymers.

On the other hand, Hagler and Heeger proposed that the
magnitudes of second hyperpolarizabilities are significantly We adopted the Pariser-Parr-PodkPB Hamiltonian for
enhanced by the quantum lattice fluctuations of solitora linear trans-polyacetylene chain interacting with a static
pairs® and this was confirmed by the quantum Monte Carloelectric field. The Hamiltonian is given by

Il. MODEL
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H=Hggt+Hc+Hey. (1) in this paper. The electric field is assumed to be polarized
along the chain direction. Within the dipole approximation,
The first termH gy is the SSH Hamiltonian and is given we then have

by

K _ 1 ) Hex= —EP, 9

Hssie tmnPamt 52 (Unt1—Uy—Y)%+ WZ Pn

n,m,o n n
2

whereK is the o-bond spring constanty,, is the displace- "
ment operator of thath CH group along the chain direction, P= —eg z(n)(py,n—0.9), (10

y_is a constant that determines the mean bond lerigtls

the mass of the CH group, apd is the momentum operator \yhere—e is the electron charge amn) is thez coordinate
conjugate tou,. The m-electron density operatoys; , are  of the nth site.
defined by In all the calculations in this paper, the system size was
e 1 3 taken to be 40. We used the following parameters, which
Pn,m= Cm,oCn.o> 3 have been shown to be appropriate for trans-polyacetylene

where the operatas, ,, (c;l,) annihilateqcreatesa 7 elec- by previous workg® ,8_=—2.38 eV, B'=2.99 evVA 1!

tron of spino at thenth site.t,, , is the Coulomb integral at K=40.2 eV A2, andM=3145 eV ! A 2. The distances
the nth site andt,, , (n#m) is the transfer integral between r, ., were calculated assuming a zigzag structure with a uni-

the nth andmth sites. We considered hopping between onlyform bond length of 1.4 A. We determingdas described in

the nearest-neighbor sites. Thus, Ref. 27 to minimize the boundary effectg=0.0968 A. As
for the Coulomb screening parameters, Fukutome and co-
thn=— 2 Vims (4 workers have shown that many experiments can be explained
m by a single set of the parameters within the Hartree-Fock
— (HF) approximation;e=2 and »=0.38 A~1.26 However,
thne1=the1n=B= B (Up—Uns1), (5 since their studies are based on the HF approximation, which
andt,, ,=0 otherwise, where/, , is a Coulomb repulsion is not valid in the present case, ambiguities still exist in

between theath andmth sites,,B_is the mean transfer inte- Choos"f‘g them. Thus, we adopted not anly Fukutomes
gral between neighboring sites, an@l is the electron- screening parameters but also the other ones and studied the

phonon coupling constant. screening parameter dependence of nonlinear optical proper-
. . ties.
The second terni - represents the Coulomb interaction Th . | f . hvsical "
betweens electrons and is given by e expectation values of various physical quantities
were calculated by the QMC method. The inverse of the

whereP is the molecular polarization operator

n#m temperaturel ~ 1 was taken to be 40 eV}, Sincewy/T=4,
He=2 Uplwohnt 2 Vamponpom.  (6)  where wo=4K/M is the bare optical phonon frequency,
n n,m,o,0’ the effects of thermal phonon excitations are negligible. The
An on-site repulsiory is given by Trotter number for electrons and that for phonons were taken
to be 1200 and 40, respectively. To check the validity of
Ug these values, we calculated the ground-state energies of the
U= = () coupled harmonic oscillators and the Hubbard model, which
can be solved exactly, by the QMC method using these val-
andV, , is given by the modified Ohno formdfa ues. We compared the energies obtained by the present
method with those of the exact solutions and found that the
V. — Uo for [m—n|<1 errors in them were both within a few percent.
n.m 2 T To compare with the QMC results, we also calculated the
eV1+(r,m/ag) . " . ; .
: same physical quantities by using the classical lattice and the
® HF approximations. In the classical lattice approximation,
Uo only lattice degrees of freedom were treated classically by
Vom= exp(— nr,m) for [m—n|>1, taking the Trotter number for phonons to be 1 in the QMC
‘~3\/1+(rnymlao)2 simulation. In the HF approximation, the lattice coordinates

were treated classically and the electronic and lattice struc-
tures were self-consistently determined so as to satisfy
Hellmann-Feynman force equilibrium.

S For convenience in the following, we here introduce two

important physical quantities: the CD and the lattice order
parametefLOP). The CD at thenth site is given by

where Uy=11.13 eV is the unscreened on-site repulsion
rm IS the distance between theth and mth sites, and
ag=1.2935 A. Note that there are two screening parameter
in the formula: the dielectric constamt and the screening
constant of long-range patt.

The third termH ., represents the interaction between the
7 electrons and the external static electric fiEldSince the
QMC method is applicable only to the static systems, we d :1_2 (p7 ) (11)
focus on the off-resonant nonlinear optics at zero frequency " e
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where(O) indicates the expectation value of an operador 50
The deviation of the bond length from the mean bond length
at thenth bond is given by

yn:<un+1>_<un>- (12

40

These quantities are decomposed into nonalternating and al‘z 30
ternating components as >
~
— A

dn:dn+(_1)ndr,1a % 20

Yn=Ynt+(—1)"y7, (13)

where the nonalternating and the alternating components are
represented by an overbar and a prime, respectively. The
O T 1

operational definition ofl, is 0 0.05 0.1 pev/h) 0.15

q _1
dp=3(dn-1+2dy+dni), (14 FIG. 1. TheE dependences gfP) within the HF approxima-

—— 28 tion. Those whene=1 and =0, whene=2 and »=0, when
and the same formulas can be usedyfqr”® The LOP atthe  _, and7—0.38 A-L, whene—4 and =0, and where—4 and

nth bond is defiheq byr,, namely, the alternating compo- 7=0.38 A=, are shown by the solid line, the solid line with the
nent of the deviation of the bond length. Hence the LOPypen squares, the solid line with the closed squares, the solid line
shows the strength of bond length alternation including th&yith the open circles, and the solid line with the closed circles,
phase of the alternation. A bond-order wave state, where thgspectively.
bond length alternates uniformly, is characterized by the uni-
form and finite LOP and a charge density wd@DW) state  present Hamiltonian. We used the data in the range where
is also characterized by the uniform and finitg. The ex-  the contribution toP) from the third-order term té is not
pectation value of the molecular polarization operd®y is  negligible and it is much larger than those from the terms
determined by the CD distribution; it is derived from EqS h|gher than third order; € E<0.003 V/A wheneg=2 and
(10 and(11) as 7=0.38 A~! and 0<E=<0.04 V/A whene=2 and 7=0.
We took the terms up to seventh order in ELf). Compared
(Py=eY, z(n)d,. (15)  Wwith the case when we take the terms up to fifth order, the
n difference ina is about 0.03% and the difference wnis
about 2%.
Il. RESULTS BY THE HARTREE-FOCK We first show the results when=2 and =0.38 A1,
APPROXIMATION Up to E=0.002 V/A, (P) increases almost linearly tg.
The sloped(P)/dE decreases with increasifigfor E<0.04
We calculated theE dependence ofP) by the HF ap- VIA; it is almost constant td for 0.04 V/A<E<0.06 V/A,
proximation using the following Coulomb screening param-2nd it increases with increasirfg for 0.06 V/A<E<0.1
eters:e=1 and =0, e=2 and =0, e=2 and 7=0.38 V/A. To understand this characterisicdependence ofP),
A1 e=4 and5=0, ande=4 and»=0.38 A1, We show We analyzed the CD and LOP distributions of the HF ground

them in Fig. 1. As seen from Fig. 1, they are classified intoState at finiteE. We show those foE<0.04 VIA in Fig. 2.
two types; in a type (1), (P) is a concavéconvey function There is no CD and LOP is almost uniform except for the

of E in the weakE range. TheE dependence ofP) when ~ chain edge regions wheB=0. For 0<E<0.04 VIA, the
e=2 and=0.38 A~ belongs to type | and the other ones CPW-like electronic structure is induced lﬁ/;’:\s seen from
belong to type II. In the following, we mainly focus on the Fig- 2@. This agrees with previous studits! ‘The magni-
following two sets of screening parameters, which belong tgude of the CD of this structure increases with increasing
the different typesz=2 and =0.38 A, ande=2 and but the spatial CD distribution of this structure is almost
7=0. The former set is chosen because it is the appropriaténchanged (& in this range. Thus, we can approximately
one for trans-polyacetylene and also because it is the only séffité the CD distribution in this range as

that belongs to type I. The latter one is chosen as a typical

case that belongs to type Il. The results when the latter set is dn(E)=A(E)dy(Eo), 17

used qualitatively hold when the other sets that belong to . ) ) ) .
type Il are used. where Eq is a certain external field in this range, and the

We calculated polarizability€) and second hyperpolar- @MPplitudeA(E)>0 depends only of. From Eqs(15) and
izability () by fitting a curve (17), we obtain(P) atE as

<P>:aE+%yE3+._. 16 (P)(E)=A(E)(P)(Eo). (18

' Therefore, the increase {?) with increasingk is due to the
to the data using the least-squares method. Note that firgrowth of the CDW-like electronic structure in this range.
hyperpolarizability 3=0 because of the symmetry of the For E<0.002 V/A, A(E) and thereford P) increase almost
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FIG. 2.(a) The CD andb) LOP distributions of the ground state  FIG. 3. (a) The CD andb) LOP distributions of the ground state
obtained by the HF approximation wher=2 and7=0.38 A" obtained by the HF approximation when=2 and »=0.38 A~ L.
Those atE=0, 0.005, 0.01, 0.015, 0.02, 0.03, and at 0.04 V/A areThose atE=0, 0.04, 0.06, 0.08, 0.1 /A are shown by solid lines,

shown by solid lines, closed circles, open circles, closed diamondslosed circles, open circles, closed diamonds, and open diamonds,
open diamonds, closed squares, and open squares, respectively. respectively.

i First, (P) is much smaller than that whea=2 and 7
linearly to E. For 0.002 V/ACE<0.04 V/A, dA(E)/dE  —( 3g8'A" belowE =0.06 V/A. As a result, polarizability is
decreases with increasiry as seen from Fig. (@). As a  reduced so much by the screening of the long-range Cou-
result,d{P)/dE decreases with increasirtgjin this range. lomb interaction;a(7=0.38/a(7=0)=12.8. Second{P)

We show the CD and LOP distributions of the HF groundincreases almost linearly t& up to E=0.04 V/A in this
state for 0.04 V/IA<E<0.1 V/A in Fig. 3. AroundE=0.04  case, and this value is about 20 times as large as the corre-
V/A, the magnitude of the CD of the CDW-like structure sponding value whee=2 and 7=0.38 A1 These differ-
saturates and reaches the maximum value, which is almoshces can be understood in the following way. Up to
the same as that of the metastable CDW HF solution whek=0.04 V/A, the CDW-like electronic structure is induced
E=0. Above E=0.04 V/A, the spatial CD distribution in- by E and the spatial CD distribution of this structure is al-
duced byE begins to change t& as seen from Fig.(@); the ~ mMost unchanged t& also in this case. Therefore, the in-
magnitudes of the CD decrease around the chain center affiease in(P) with increasingE is due to the growth of the
increase around the chain edges with increagingurther- ~ CDW-like electronic structure in this range also in this case.
more, LOP’s around the chain center decrease with incread-"€ magnitude of the CD of the CDW-like electronic struc-
ing E and become negative abole-0.06 V/A as seen from tUr€ is, however, much smaller than that wher2 and
Fig. 3b). Around E=0.1 V/A, the characteristic electronic 77 ~0-38 A~ with the sameE as seen by comparing Fig.
and lattice structures of a charged soliton pair with Opposng’i(a%{?irc]:gnillgéz)f)i?;;é?jIsbset%aeuss?:r?gnﬁzvg%lIlt(r?es}gunc;jri:nge
net charges can be seen; the sign of LOP is reversed at tg%grt of the Coulomb interactiof:*°As a result{P) is much
two soliton centers and there are two alternating CD cloud

29 . maller than that whea=2 and »=0.38 A1 in this case.
around there:*” The CDW-like structure changes to the Furthermore, since the magnitude is much smaller, it does

charged soliton pairlike structure & is increased in the o <ot rate andP) increases almost linearly t& up to
range 0.04 E<0.1 V/A. Since a charged soliton has net z_g 04 /A

charge of+ e, the charged soliton pairlike structure has large  The sloped(P)/dE increases with increasing above
(P). The increase iGP) in this range is, therefore, attributed £=0.04 V/A, shows very large peak aroulit=0.08 V/A,

to the growth of the charged soliton pairlike structure. Forand becomes small again arouBe-0.1 V/A as seen from
0.08<E<0.1 V/A, the structure grows most rapidly as seenFig. 1. We show the CD and LOP distributions for 0.06 V/A

from Fig. 3. Therefore{P) increases rapidly there. <E=0.1 V/A in Fig. 4. As seen from Fig. 4, the charged
Above E=0.1 V/A, a bipolaron pairlike structure grows, soliton pairlike structure begins to grow aroumt=0.06
which causes the increase(R) in this range. V/A, grows most rapidly aroun&=0.08 V/A, and is almost

We next show the results when=2 and »=0. The completed aroun&E=0.1 V/A. Therefore, the characteristic
E dependence ofP) in this case differs so much from rapid increase i{P) in this range can be attributed to the
that whene=2 and »=0.38 A™! as seen from Fig. 1. growth of this structure.
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T T T T T T T T ture asE is increased. The evolution of these structures is
. strongly correlated to th& dependence ofP). In spite of
02F  (a) 2o the facts, theE dependences dfP) with the different Cou-
lomb screening parameters differ very much. For example, in
the two cases considered here, the signyd$ reversed by
introducing the screening of the long-range Coulomb inter-
=888 ST E H action; y=—1.0x 10 %6 esu whens=2 and =0.38 A1,
* i and y=3.3x10"% esu whene=2 and =0. Whene=2
.o . and 7=0.38 A~1, dA(E)/dE, and therefored(P)/dE, de-
-0.2 L . crease ak is increased in the wedk range as shown above.
Thus negativey can be attributed to the slowdown of the
0.04 } } } t l t t } growth of the CDW-like structure. On the other hand, when
-k el e=2 and =0, the soliton pairlike structure begins to grow
before the growth of the CDW-like structure becomes slow,
and d(P)/dE increases with increasing in the weakE
R - range. Therefore, positive in this case can be attributed to
ok :o’.. o i the growth of the soliton pairlike structure. The origins of
mo %o, o’ om optical nonlinearity differ between these two cases with the
o ’n.......o.o* o(,:- 1 differ_ept screhening :)arelljmeters. _The nonlinear optir$s i?] very
.
-0.02f () - Zzgfgl(\{ren to the Coulomb screening parameters within the HF
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IV. RESULTS BY THE QUANTUM

FIG. 4. (a) The CD andb) LOP distributions of the ground state MONTE CARLO CALCULATIONS
obtained by the HF approximation wher=2 and »=0. Those at

E=0, 0.06, 0.07, 0.08, 0.09, and 0.1 V/A are shown by the solid,.

lines, closed circles, open circles, closed diamonds, open diamond

and closed squares, respectively.

We show the results by the QMC calculations in this sec-
on. In the QMC calculations, the quantum fluctuations of
oth the lattice and electrons are taken into account. To dis-
tinguish the effects of these two quantum fluctuations, we

When we use the unscreened Ohno potentiat] and  have also adopted the classical lattice approximation, where
7=0), and also in the SSH mod¥l(P) of the HF ground only the quantum fluctuations of electrons are taken into ac-
state increases discontinuouslyBat a certain external field count. We found that the differences between the results by
E.. In other words, there are CDW and charged soliton paithe QMC method and those by the classical lattice approxi-
“phases,” and the first-order “phase transition” between mation are almost negligible in all the cases considered here.
these phases occurs Bf. This characteristic behavior can This shows that the effects of quantum fluctuations of the
be understood in the following way. When=2 and»=0.38  lattice on(P) are very small in the PPP model with the
A1 the CDW-like CD cloud in the weak external field parameters considered in this paper. This result is in contrast
range splits into two parts, and each part grows continuousl{o that obtained in the SSH model, wheyes significantly
into a charged soliton, which has an alternating CD cloudenhanced by the quantum fluctuations of the laftite.
around the soliton center, &sis increased as seen from Fig. ~ We first show the results when=2 and »=0.38 A™%,

3; there are stable intermediate states that connect the CDWhe quantumE dependence ofP) is compared with that
and the charged soliton pair states in this case. Howevegf the HF case in Fig. 5. We calculated and y in the
when we use the unscreened Ohno potential or in the SSeRmMe way as the HF case using the data in the range
model, the magnitude of the CD of the CDW-like electronic0<E=<0.04 V/A. Since we do not have enough data and
structure just belovE, is much smaller than that around the each datum contains statistical error, we took the terms up to
soliton center of a charged soliton. Therefore, there are néhe third order toE in Eq. (16) assuming that the contribu-
stable intermediate states that connect these two phasestians of the higher terms are not so large. The regression
these two cases, and a first-order phase transition betweéhrve is also shown in Fig. 5. The data in the range are nicely
them occurs. Whea=2 and»=0, the magnitude of the CD fitted by the curve. However, when we take the terms up to
of the CDW-like electronic structure is also much smallerfifth (seventhorder,« is altered by 50.5% andy is altered
than that of a charged soliton as seen from Fig) #ut the by about 5050)%. Thus, we cannot obtain quantitative pre-
difference is not so large compared with the cases where thgsion in y by the present method.

discontinuous increase iP) occurs. Thus, the CDW-like By introducing the quantum fluctuations of electrons, the
structure changes to a charged soliton pairlike structure verlz dependence dfP) is drastically changed as seen from Fig.
rapidly but continuously, which results in the characteristic. The molecular polarizatio(P) increases almost linearly
rapid but continuous increase {®) aroundE=0.08 V/A in  to E up toE=0.02 V/A, and this value is 10 times as large as
this case. the corresponding value of the HF case with the same screen-

With all the sets of screening parameters that we havéng parameters. Furthermokg?) and thereforex are signifi-
studied,E drives the electronic and lattice structures of thecantly reduced by the quantum fluctuations in this range;
HF ground state from the neutral dimerized state, through the(QMC)/a(HF)=0.16. For 0.02 VIAE<0.05 VI/A,
CDW-like structure, and to the charged soliton pairlike struc-d{P)/dE increases with increasirig. As a result,y is posi-



56 EFFECTS OF THE QUANTUM FLUCTUATIONS ON TH.. .. 3797

40 02_ T T T T T T DII:] R T]
= (a) g E " w g,
| ]
—_ B =] =] a g o o % 0 o N
o<1:30 0'1D53855555§§..oooo.:°
~ _.2.0’000000000000000_
% 80832220000000000000.2
[a W 04 Y ER
v 20 0 3 0 0600000 00 008.0
SRSSSSEESEEFEE R SRR
_01-.o°°°°°=aﬁﬁs e mnml |
. = a m 0 u E -
10 02 = " ta o
- - o -
- . L L L L 1 1 L L
- T ] T T 1 ) T T
0 . 2 1 N 1 . 1 004 N ]
0 0.02 0.04 0.06 0.08 0.1 B
E(V/A) _0.02 , aworooossesiseel”
°< o .. Oo' e 900000 PO 1 I
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whene=2 and =0, and that where=2 and =0.38 A™! are % TP —rT =
shown by the thin and thick solid lines, respectively. Eheepen- —
dence of(P) obtained by the QMC method when=2 and =0, -0.02F (b) T
and that where =2 and=0.38 A~%, are shown by the open and
closed circles, respectively. The QMC samples are divided into five  -(.04 1 1 1 L 1 1 1 L
blocks.(P) for each part is calculated and their variances are shown 0 10 20 30 site 40
as the error bars. The regression curve for the QMC results when
£=2 and%=0.38 A~ is shown by the dotted line. FIG. 6. (a) The CD andb) LOP distributions of the ground state

obtained by the QMC method when=2 and»=0.38 A~1. Those
tive in the QMC case 1=4.1x 10~ %° esy); the sign ofy is  atE=0, 0.01, 0.02, 0.03, 0.04, 0.05, and 0.06 /A are shown by the
reversed by introducing the quantum fluctuations of elecsolid lines, closed circles, open circles, closed diamonds, open dia-
trons. AboveE=0.06 V/A, (P) is enhanced by the quantum monds, closed squares, and open squares, respectively.
fluctuations contrary to their effects in the weakrange.

To understand these effects of the quantum fluctuations of Since the charged soliton pairlike structure begins to grow
electrons, we analyzed the CD and LOP distributions of thévefore the growth of the CDW-like structure slows down,
ground state at finit&. Those forE<0.06 V/A are shown in  d(P)/dE increases with increasingE above E=0.02
Fig. 6. BelowE=0.02 V/A, where(P)xE, the CDW-like  V/A and thereforey is positive in the QMC case. Conse-
electronic structure is induced also in the QMC case. Howguently, the origin of optical nonlinearity is altered by intro-
ever, the magnitude of the CD of this structure is muchducing the quantum fluctuations of electrons.
smaller than that of the HF case with the safhand screen- Although (P) is larger in the QMC case than in the HF
ing parameters in this range as seen by comparing F&. 2 case forE=0.06 V/A, the magnitude of the CD induced by
and Fig. &a). This is the reason thgP) is reduced by the E is still smaller in the QMC case than in the HF case as
quantum fluctuations in this range. Similar effects of theseen by comparing Fig.(8& and Fig. &a). This may look
quantum fluctuations are also observed in the QMC calculainconsistent with the previous discussions but can be under-
tion of the charged soliton lattice ground state of doped polystood as follows. The CD is decomposed into the nonalter-
acetylene; the magnitudes of the CD of the alternating CDhating and the alternating components as described in Sec. Il.
cloud around the soliton centers are reduced significantly bffhe magnitude of the alternating component is larger than
them?’ Moreover, since the magnitude of the CD of the that of the nonalternating one both in the CDW-like elec-
CDW:-like structure is much smaller in the QMC case, thetronic structure and in the charged soliton pairlike structure
range where the magnitude and theref0R increase al- with all the sets of parameters considered in this paper. In
most linearly toE is much wider than that of the HF case particular, the difference in magnitude between these two
with the same screening parameters. components is very large in the CDW-like structure. How-

As seen from Fig. 6, the charged soliton pairlike structureever, the nonalternating component has much larger contri-
begins to grow with increasing aroundE=0.03 V/A; the  butions to(P) than the alternating one. In the CDW-like
CDW:-like CD cloud splits into two parts and LOP’s de- structure, both components are reduced in magnitude by the
crease around the chain center. The structure grows moguantum fluctuations and the reduction is larger in the alter-
rapidly aroundE=0.05 V/A and the characteristic structure nating one. In the charged soliton pairlike structure, the mag-
of a charged soliton pair is completed arouBe0.08 V/A.  nitude of the alternating component is reduced but that of the
For 0.02<E<0.04 V/A, not only the soliton pairlike struc- nonalternating one and therefo(®) are enhanced by the
ture grows but also the magnitude of the CD of the CDW-quantum fluctuations.
like structure still increases & is increased. Thus, the in- We next show the results whesn=2 and »=0. For
crease inP) in this range is due to the growth of these two E<0.07 V/A, (P) is almost unchanged by introducing the
structures. The magnitude reaches a maximum value arourgiantum fluctuations of electrons as seen from Fig. 5. In this
0.04 V/A and the increase iP) for 0.04<E<0.08 V/A'is  range, the CDW-like electronic structure is induced by
due to the growth of the charged soliton pairlike structure. also in the QMC case. The alternating component of the CD
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of this structure is reduced by the quantum fluctuations imquantum fluctuations of electrons.
magnitude but the nonalternating component is almost un- In donor and acceptor substituted trans-polyacetylene, the
changed in this case. As a result, although the CD distribustatic electric field is produced by the charge of donor
tion is altered by the quantum fluctuation®) is almost (Qp>0) and the opposite charge of accepter @p). Its
unchanged by them in this range. electronic and lattice structures are changed by the electric
In the HF case(P) increases abruptly &=0.08 V/A.  field and hyperpolarizabilities are enhanced by this structural
By introducing quantum fluctuations, the sharp increase beshange?®=2? Since this static electric field can be approxi-
comes more gradual. The ground states aro&0.08 mated roughly by the uniform static electric field considered
V/A can be regarded as the intermediate states that connelsere, we can approximately regard the effects of uniform
the two stable CDW and charged soliton pair states as merstatic field as those of donor and acceptor substitutions. Then
tioned in Sec. Ill. We can expect that such intermediateQp in donor and acceptor substituted trans-polyacetylene
states are less stable and the magnitude of the quantum flucerresponds t& in the present problem. From tliedepen-
tuations is larger in them compared with the CDW anddence of(P), we can obtainy, 8, andy atE as
charged soliton pair states. This can be seen directly in the

following way. We divided QMC samples into five blocks _d(P(E))
and calculatedP) for each part. Their variances are shown ()= de
as the error bars in Fig. 5. The varianceEat0.08 V/A is
much larger than the other ones. This shows that the quan- d%(P(E))
tum fluctuations increase there in magnitude. Such large B(E):—dz_' (19)
guantum fluctuations in the intermediate states make the
sharp increase iP) less steep. d3(P(E))
The evolution of the CDW-like and charged soliton pair- y(E)zﬁ

like structures is strongly correlated to tRedependence of

(P) also in these two QMC cases with the different screenThey can be regarded as those of donor and acceptor substi-

ing parameters. However, the nonlinear optical response dituted trans-polyacetylene wit@y, which corresponds to

fers so much between the two cases with the different CouE.

lomb screening parameters also in the QMC case. Therefore, It has been shown that the changes in the lattice structure

we must be very careful in choosing them when we calculatare strongly correlated to the polarizability and hyperpolar-

nonlinear optical properties. Moreover, this result indicatedzabilities in donor and acceptor substituted short polyenes;

that y can be changed drastically if we can control theasQp is increased, LOP’s decrease at all the bonds and the

screening parameters. sign of the average of LOP over all the bonds is reversed at
a certainQp. The hyperpolarizabilities are significantly en-
hanced when the average of LOP becomes almost?2efo.

V. DISCUSSIONS In the present case, the soliton pairlike lattice structure grows

Only the static electric field is considered in this paper,with increasingE and LOP’s decrease only in the region
while experimental measurements have been done at finiteetween the solitons. The difference is attributed to the fact
frequencies:? Therefore, the present result cannot be comthat the system size considered in the previous studies of
pared directly with the experiments; the present study undeidonor and acceptor substituted polyenes was too small to
estimates the contributions from those excited states whogéescribe the formation of a soliton pair. The changes in the
excitation energies are near the frequency of the light used ifdttice structure, that is, the growth of the charged soliton
the experiments. However, if the frequency is far enougHdairlike lattice structure, is strongly correlated 4o 3, and
from the resonant ones, the difference will not be so large. ¥ also in the present case. In the HF case wher2 and

In the previous studies, it has been shown that the quarg=0, (P) increases very rapidly arourg=0.08 V/A, where
tum fluctuations of the lattice play an important role in thethe charged soliton pairlike structure grows most rapidly, and
linear and nonlinear optics in the SSH model for E dependence ofP) shows a step-function-like behavior.
trans-polyacetylen®!” This result is in contrast to the As a result,a and|y| become the largest arourig=0.08
present one, where the effects of quantum fluctuations of th¥/A and | 8| becomes the largest a little above or below
lattice are negligible. The difference can be understood a#here, and these maximum values are much larger than those
follows. First, in the SSH model with the parameters approwhen E=0. When the quantum fluctuations are taken into
priate for trans-polyacetylene, the electron-phonon couplingiccountd(P)/dE aroundE=0.08 V/A is reduced but it still
constant8’ =4.07 eV/A and this value is much larger than shows a very sharp peak there. Thus, these maximum values
that in the PPP model. This is because some effects of thef the polarizabilities are reduced by the quantum fluctua-
Coulomb interaction can be taken into account by increasingjons but they are still much larger than those wken0 also
B’ Thus, the effects of the quantum fluctuations of thein the QMC case. Consequently, large hyperpolarizabilities
lattice are overestimated in the SSH model. Second, in thean be expected by proper substitution of donor and acceptor
SSH model,y is enhanced mainly by the hybridization of the whene=2 and »=0.
charged soliton pair state to the CDW-like classical ground In the QMC case whea=2 and»=0.38 A~ %, the step-
state as a quantum fluctuation of the lattiéén the present function-like sharp increase is not seen in thélependence
model, such hybridization occurs also as a result of the quaref (P). Thus, hyperpolarizabilities become larger around
tum fluctuations of electrons. Therefore, the effects of quanE=0.05 V/A, where(P) changes most rapidly, than those
tum fluctuations of the lattice are hidden by those of the largavhen E=0 but the enhancements are not so large. This in-
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dicates that large hyperpolarizabilities will not be obtainedCDW:-like structure and to the charged soliton pairlike struc-
by donor and acceptor substitution when we use these padre as its magnitude is increased. The evolution of these two
rameters. As seen from Fig. 1, gsor e becomes smaller, structures is strongly correlated to ttie dependences of
namely, the screening of the Coulomb interaction becomegp) with all the screening parameters considered in this pa-
weaker, the step-function-like behavior Ehdependence of per both in the QMC and HF cases. The polarizability and
(P) becomes sharper and larger hyperpolarizabilities will benyperpolarizabilites are very sensitive to the Coulomb
obtained by substitution of proper donor and acceptor.  gcreening parameters. When the screening parameters appro-

As !ong as yniformE is considered, only qgalitative priate for trans-polyacetylenes €2 and 7=0.38 A~1) are
analysis is possible for donor and acceptor substituted trangised  the quantum fluctuations of electrons drastically
polyacetylene. The QMC method used in this paper is applith a6 the linear and nonlinear optical responsds de-
gzjbc;(; to this problem. This problem is a subject for a futureCreaseol to 16% and the sign pfis reversed by introducing

' them. Whene=2 and »=0, the quantum fluctuations of
electrons have only negligible effects ¢R) in the low E
range but the characteristic sharp increase (Bf) at

We studied the nonlinear optical response of transE=0.08 V/A become less steep by introducing them. The
polyacetylene to the static external electric field. The extereffects of quantum lattice fluctuations are negligible with
nal field drives the electronic and lattice structures of transboth the sets of screening parameters in contrast to the case

polyacetylene from the neutral dimerized state, through thef the SSH model.

VI. SUMMARY

1s. Etemad and Z. G. Soos, 8pectroscopy of Advanced Materi- V. A. Shakin and S. Abe, Phys. Rev. 3, 4306(1994).
als, edited by R. J. H. Clark and R. E. Hest®viley, New York, 15H. Sekino and R. J. Bartlett, J. Chem. Phgs, 976 (1986.

1991). 16A. Takahashi and S. Mukamel, J. Chem. PHy&0, 2366(1994).
2J.-L. Bredas, C. Adant, P. Tackx, A. Persoons, and P. M. Piercel’A. Takahashi, Phys. Rev. B1, 16 479(1995.
Chem. Rev94, 243(1994. 183, E. Hirsch, R. L. Sugar, D. J. Scalapino, and R. Blankenbecler,
3K. Schulten, I. Ohmine, and M. Karplus, J. Chem. Pt84.4422 Phys. Rev. B26, 5033(1982.
(1976. 195, Mukamel, A. Takahashi, H. X. Wang, and G. Chen, Science
4]. Ohmine and M. Karplus, J. Chem. Ph@8, 2298(1978. 266, 250(1994.
5A. J. Heeger, S. Kivelson, J. R. Schrieffer, and W.-P. Su, Rev?°S. R. Marder, J. W. Perry, G. Bourhill, C. B. Gorman, B. G.
Mod. Phys.60, 781 (1988, and references therein. Tiemann, and K. Mansour, Scien26é1, 186 (1993.
5T. W. Hagler and A. J. Heeger, Chem. Phys. Ldi89 333  2!S.R. Marder, C. B. Gorman, F. Meyers, J. W. Perry, G. Bourhill,
(1992; Phys. Rev. B49, 7313(1994. J.-L. Bradas, and P. M. Pierce, Scien265, 632(1994).
7S, N. Dixit, D. Guo, and S. Mazumdar, Phys. Rev4B 6781 22G, chen and S. Mukamel, J. Chem. Phi83 9355(1995.
(1991). 23Y. Matsuzaki, K. Tanaka, and T. Yamabe, Chem. Phys. 286,
8S. Mazumdar, D. Guo, and S. N. Dixit, Synth. Mé&7, 3881 443 (1994.
(1993. 241, D. L. Albert, D. Pugh, and J. O. Morley, J. Chem. Soc. Faraday
9H. X. Wang and S. Mukamel, J. Chem. Ph93, 8019(1992. Trans.90, 2617(1994.
105, Abe, M. Schreiber, and W.-P. Su, Chem. Phys. 1P 425 25N. Matsuzawa and D. A. Dixon, J. Phys. Che®8, 2545(1994).
(1992. 26H. Fukutome, J. Mol. Structl88 337 (1989, and references
115, Abe, M. Schreiber, W.-P. Su, and J. Yu, Phys. Re#5B9432 therein.
(1992. 2. Takahashi, Phys. Rev. B4, 7965(1996.
12D, Yaron and R. Silbey, Phys. Rev. 45, 11 655(1992. 28A. Takahashi and H. Fukutome, Solid State Commé®. 279

133, R. Heflin, K. Y. Wong, O. Zamani-Khamiri, and A. F. Garito, (1987.
Phys. Rev. B38, 1573(1988; Mol. Cryst. Lig. Cryst.160, 37 294, Fukutome and M. Sasai, Prog. Theor. PH§%.373(1983.
(1988. 30H. Fukutome and M. Sasai, Prog. Theor. Pt§8. 1 (1983.



