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Abstract

The controversy over whether the optical gap of a

polymer is increased or decreased by the electron-electron

pe

nteraction can be ctarirled by studying the effect of the
screened Coulomb interaction on the correlation function of
the excited states. Since the competition between the
diagonal and off-diagonal parts of the electron interaction
depends on the screening, the screening becomes the decisive
factor in deternining the dependence of the optical gap of
the electron interaction. Our theory shows that the
electron interaction with weak or usual screening increases
the optical gap, but if the screening is very strong, the

optical gap can be reduced by the electron interaction.




I. Introduction

Experimentally, one of the most prominent featuretof the
conjugated polymer is the finite exciiation enerqgy from the
ground state to the lowest optically-allowed excited state,
fstrdx the optical gap. But, theoretically, how to understand
the physical origin of the optical gap is one of the most
controversial i1ssues today in this field.There existy a sharp
dispute about the effect of the electron-electron interac-
tion on the optical gap. One school shows that the electron

s doa

interaction increases the optical gap,some groups even think
that the main origin of the optical gap is the electron in-
teraction.However}the other school holds an opposite opinion
that the electron interaction should reduce the optical gap,
whiFh ;s produced by the electron-phonon interaction. Their
discregancy comes from the different descriptions for the
electron interaction. The former school takes the extendead
Hubbard model to describe the electron interaction. Starting
from that model, many different theories including the per-

turbation [1], Gutzwiller variational [2], renormalization
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group {31, Monte Carlo simulation {4], valence bond (5-8],
configuration interaction [9], exact diagonalization[10] and
others have been used to investigate the effect of electron
interaction on the dimerization and oﬁtical gap. Although
their methods and approximations are different, all these
approaches reacli the same result that the electron interac-
tion increases the dimerization and optical gap. However, the
latter school argues that the extended Hubbard model only
contains the site-charge repulsion U and V, ézgged the bond-
charge repulsion W. When W is added to the extended Hubbard
model, they find the dimerization and optical gap is reduced
[11]. Nevertheless, the former school is not éonvinced be-
cause the latter takes the extreme case with W = V and makes
only first-order éerturbaﬁion {12-14]. Thus,whether the ele-
ctrpn interaction increases or decreases the optical gap be-
comes an open question.

It is not a puzzle that the conclusions of these two
schools are completely opposite; the reason is their model
Hamiltonians are different. The matter is to what extent
these models are suitable. Apparently, the key to settle this

i
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dispute is to analy®e the limitations of these models and
find a%better description for electron interaction in poly-
mers. We know that the parameters U and V in the extended Hu-
bbard model are the diagonal matrix e&ements of the Coulomb
interaction; and the bond-charge repulsion W, which is the
exchange term, is one of the off-diagonal elements.There are
also many other oiff-diagonal elements such as the site-bond
repulsion X etc.. It has been pointed by D.Campbell and his
co-workers that the parameters U,V,W,X Zggii be dialed at
will [10]. The ratios between these parameters should be de-
termined from the Coulomb ;nteraction.’On the other hand, as
1s well known, #het the Hubbard model is a good approximation
for those systems.égiéh bandwidths are narrow; then the off-
diagonal elements are much smaller than the diagonal elemen-
ts .and they can be neglected. But, the bandwidth of the con-
jugated polymer is wide and even larger than the electron
interaction. In such a case the off-diagonal elements are
not always negligible compar%ig to the diagonal partner, es-
pecially when the screening is strong. Then, the results ba-

sed on selecting some part of the interaction elements with

- 8 -




artifiq@ﬂl values are questionable. Therefore, it will be
more reliable directly using screened Coulomb repulsion v(r)
o (1l/r)exp(-8 r) to describe the electron interaction. In
the second quantized representation Ehis interaction inclu-
des all diagonal.and off-diagonal elements. And in this des-
cription, the ratios between all interaction parameters U,V,

W,X etc. can be determined correctly, avoiding any artifici-

ality. :This description is general,hboth the former model (
extended Hubbard ) and the latter model ( KSSH [11] ) are
different approximations-of this interaction. So, it can be
expected that the results based on this interaction will
provide a satisfying answer to the above dispﬁte-

Such screened Coulomb repulsion has been successfully
used to clear up the Coqﬁusion about the effect of the elec-
tron interaction on the bond alternation of the polymer [15-
18]. The bond alternation is a property which is only asso-
ciated with the ground state of the polymer. But the optical
gap involves the excited states. In this paper we are going
to use the same interaction to study the effect of the elec-

tron interaction on the excited states and the optical gap

-6 -




of the polymer.

In the next section we fiﬁjt establish the integral equa-
tions for the correlation function of the excited states in
an interacting electron system and fi%d the relation between
the optical gap and the correlation function of the excited
state. Then, in the third section, the dependence of the
optical gap on the electron interaction will be obtained by
solving the integral equations numerically.In the discussion
of the results it tells how the controversy about the opti-

cal gap can be settled.




11. Theoretical framework

By using the screened Coulomb repulsion to describe the

electron interaction, the Hamiltonian of our system reads

Ho - He + .. + (K/2)% . ( X0y - X, a ). (2.1)

H, describes the interaction between the electron and
<

the lattice of the polymer,

He = v, ( -( fif/2m) v ,® +% ., V(x.-X,) }, (2.2)

where V(x, -X,) is the potential produced by the atom at X,

Q("\ . ~
and exerti#ng on the electron at x, . The cigenevalues and

-

cigen}—:functions of H, are ¢ (k) and ¢ . . H,.,. 1s ihe

——

electron interaction

Hine = 2 o5y v, ;). (2.3)

1

v(r) (Us/r) exp(-p r), (2.4)




where U, and g are the strength and the screening factorn
ot the electron interaction in the polymer. The last term n

(2.1) 15 the elastic (:m:Lgy) and K 15 the clastic constant.

The optical gap 1s the threshold of an interband optircal
absoption. In the system with electron interaction some ox-

cited state such as 2'A, can exist vihitjn the gap, but 1t o

’

A
dipole-torbidden from the ground state, wirtch symmetry 15

1V A, The lowest many-body excited state in thhis paper has
the symmetry B, ,which 1s dipole-allowed, and the transition
trom the ground state to this lowest excited state produces

the optical gap (19].

The calcutlation ot t;vhe optical gap tor a system with an
intermediate electron interaction is an important but diffi-
cult problem. The polymer has a wide bandwidth ot about 10
eV, and the electron interaction in the polymer is about 5
eV. It means that the electron interaction is nei1ther weak
enough to use the perturbation nor able to be treated by the

strong-limit approximation. It is an intermediate case. The



oef=
various methods mentioned in the Introduction have et some

pProgress #i;} this subjuct, but they are not able to deal with
\
t ne Coulomb interaction. Meanwhile, the exact calcalationas
methods for the optical gap suffered ?11'0m the finite-size
cffect.In this paper we use the Feenberg-Jdastrow variational
wethod {20], which can work for the Coulomb repulsion and
tor any length of the polymer chain. We are qgoing to detes
mine the depoendences of the optical gap on both the strength
and the screening of the electron interaction in the inter-
mediate region ot s;trengt.h and for any screening. Then i1t
can be quantitatively shown how the eléctron' interaction in-

creases or decreases the optical gap.

Following the Feenberg-Jastrow Ansatz (20], the wave

function of an interacting electron system is

LN

Wwo(1,2, - N) = D(1,2, - N) exp( 5 .; v, ;) . (2.

where D(1,2, - N) is the Slater determinant consisting of
. ey . .
occupied states ¢ . ., f\u“ is the correlation factor deter-
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mined by the variational principle. As 1s known, the first
part of the wave function (2.95) represents the individual

particle mode and the second part the collective mode {21,
22]. Actually, in momentum space the %econd part can be

written as
2o Wi, = »u Cup "up « Y

where C, 1s the Fourier transtorm of u(r) and p , the densi-
ty fluctuation, which debicts the plasma in the case of
Coulomb repulsion or the zero sound in the case of rchort-

range repulsion. This many-body wave function (2.5) is a

’
-

=
electron's occupation configuration. In the

f

functional of
I A

half-filled case, the mosﬁ interested states in our study
are. the ground state V¥ (1,2, - N) with full valence band
and empty conduction band and the lowest single-partical ex-
cited state ¥ ,(1,2,--- N) with one electron excited from the
valence band to the conduction band. Since the ccllective
mode is not excited in this excitation, ¥ , and ¥ . have #h

same u, ; but different D, and D, which possess réversed

- 11 -




symmetries [23]. The optical transition is allowed betwecn

them and the optical gap E. is
E. = E({v.)) - E({v.) (2.6)

The energy E({Y¥ }) of the wave function ¥ (2.5) is

E({ ¥ }) = <YW ['H] Y>>/ <y |y > =

= Zs(.’:)+ %/dl/d?[?(l) ~ no)x:(l,?)[P(Z) — ng)

1 -
- dlfdz[Pu,z) — PPR)]e(1,2) + ——/dl/dzP 1L2)(Viun)’
nx
2
7}1, lfmfdp Vi) - (Vians) (2.7)

where P(1,2, - n) is the n-particle distribution function,

which satisf;; the following integral equations [15]:

4
ralg) = P(~110)cxp[f0 de'A(11€") (2.8)

(2.9)

{
P(L,2€) = P(1,200)expl [ d€'K(1,21¢)]
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where

A€’y :/ d2u P(1, 2|6}/ P(1]€")

I : :
*‘5/‘”_/ d3uss(P(1,2,3]¢)/P(1]€') — P(2,3]€)] (2.10)

K{1.2|&) = u,, 4.—/(13(:;,; +ug) (1,23} /P(1,2[€")

1
1'5/(13 / dduy [P(1,2,3,41€") — P(1,2[€)P(3,4]€"))/P(1,2(€¢) . (2-11)

Since the density is not high, and there is no electron con-

densation under the screened repulsive interaction, the

RN .

muizd—body correlation is much less effective than the two-

body correlation. Then,. the three- and four-particle distri-

bution functions can be expanded by the convolution approxi-
] ) 2

mation in terms ofAtwo—body correlation function [22], and

+he Egs.(2.8) and (2.9) are closed. For the ground state

W, . its density P, (1) and two-body distribution function

P,(1,2) can be get directly by solving the combined integral

equations (2.8) and (2.9), which has been done in the pre-

vious work (15].

In order to get the optical gap from the Eq.(2.6), we

- 13 -




must first know the density P,(1) and two-particle distribu-
tion function P,(1,2) for the excited state. They can be ob-

\r\J'J Ju%ﬂ»

tained i1n the following way. Befining
P(1)=P.(1)-P (1) and P(1,2)=P,(1,2)-P,(1,2). (2.12)

which are the differences of the densities and correlation
functions between. the excited state and ground state. Since
the system contains N electrons and W is an extented
single-particle excited state, both E(l) and 511,2) are the
. aon . . . .
quantities with the order of 1/N . Keeping this in mind and
applying the Egs.(2.8) and (2.9) to the excited state W .,

the equations for 511) and ?kl,Z) can be derived:

e = e L oo
1
+/d2/d3P(2,3§5)g%?%%5}, (2.13)
P(1,2/¢) _ F P(1,2)0) ) &I\(l 2|¢")
P(1,2¢) — P(L, 20 " df /d G31¢) TSP(3l¢Y
W SR (1,2[€)
+[d3fdzu>(3,4\5)m}_ )

- 14 -




From the Eq.(2.6), the optical gap can be expressed in

—~ —~
terms of P(1) and P(1,2)y >

E, = 2A + dl/d?[l’ /2—1101’ )“]v(l,'Z)
11CA - -
h’ )
+ dl[ iQP Viugs)
nO(
. éI)U 2,3)
/Hl/d?/du lun - 11[13)[/ (1yP 6P(y)_
301L2,9) )
d= p E . (2.15)
v [ y/ D gpi M

where ( 1s the volume of the cell and n, the average den-
sity, Ffom this expression it can be seen thet, although
P(1) and P(1,2) are infinitesimal, their contribution to the

O
optical gap is finite. 31 the right side of Eq.(2.15), the

first term 2A is the dimerization gap., the rest are the

effect of the electron interaction on the excitation.

Thus, the core of our theory is to calculate 5}1) and
511,2) by solving the integral equations (2.13) and (2.14),
from which the density and the correiation function of the
excited state can be obtained. Substituting the obtained

- 15 -




—~ ~
(1) and P(1,2) into the Eq.(2.15), we can get the optical

gap.

III. Results and conclusion

Following the formulism established in the last section,

the optical gap with the electron interaction can be calcu-

lated step by step.
v '

First,pdeal with the band without the electron interac-
tion. For the sake of simplicity, a periodical square well
potenga}l is taken as the electron-lattice interaction,which
gives the band width 4t, = 12eV and the non-interacting di-

merization gap E,° = l.4eV. With this band, the non-intera-
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cting density P(1]|0} and ﬁkl|0) as well as the two-body dis-
~S N %‘6"”\)4’
tribution function P(1,2]0) and P(1,2]0) can be got strai-

ghtforwardly.

Next, using the obtained P(1]0) and P(1,2(0) as the ini-
tial condition to solve the integral equations {(2.8) and
(2.9), we can get the density P(1li¢ ) and the two-body dis-—
tribution function P(1,2| ¢ ) under the electron interac-
tion.Substituting P(1]¢ ) and P(1,2|¢ ) into the Egs.(2.13,
and (2.14),and using P(1{0) and P(1,2|0) as the initial con-
dition, ?}l) and ﬁil,Z)-can be obtained by numerically sol-
ving the Egs.(2.13) and (2.14).

Finally, substituting all the obtained P(1), P(1,2) and

P(1l), ?11,2) into the Eq.(2.15), we get the optical gap.

In our theory, the essential quantity is ?}1,2), which

reflects the electron correlation in the excited state. The

feature of P(1,2) is shown in ~+he Fig.13'§ﬁ8®g__appaxentl¥

nAag .
-appeaxs the 2k, oscillation, which is the characteristic of

the correlation function. Notice that 3}1,2) itself is not

- 17 -




the two-body correlation function of the excited state, as
is defined in the Eq.(z.lZ)j it is the difference of the two
-particle distribution functions between the excited state

- U
and ground state. So, besides the behavior of/\2kF oscilla-
tion, the shape of #he Fig.l looks quite different from the

two-body correlation function of the ground state, which was

shown In the Fig.2 of Ref.l5.

The dependences of the optical gap E, ( in the unit of
E°, = 1.4 eV ) on both the interaction strength U, ( in the

unit of t, = 3eV) and the screening factor g are shown in

1 e

+he Fig, 2. Each curve in the-F#d.2 has a fixed screening
factor @ . From these curves, it can be seen that the weak
screening and the.strong gcreening have qualitatively diffe-
renF effects of the electron interaction on the optical gap.
In the case of the weak and usual screening, the electron
interaction increases the optical gag} the weaker is the
screening, the larger is the increase. But, i1f the screening

is very strong (g > 3 ), the optical gap will be reduced by

the electron interaction.
|

|
I




Based on these results, the dispute about the effect of
the eléctron interaction on the optical gap can be clari-
fied. As &t has been mentioned in the introduction, ehat the
ratios between the interaction paraméters U, V, W, X can not
be assigned arbitrarily. The merit of using the screened
Coulomb repulsion to describe the electron interaction is
tnat 1t can correctly bring about the ratios. With our band
and the Wannier function)it is straightforward to calculate
the ratios of the off-diagonal elements to the diagonal

(%&

ones. These ratios depend on the screening, their values are
4 20 .
u«w ) os‘vcﬁ\
given in the fUTTUwiﬂg-tableﬁ where—it shows X is negative,

Painelli and Girlando predicted it and tolked its meaning

f{24]. Combining this table and +he Fig.2, the controversy 1s

]
Yornky,
eaéy to—be settled. From'the table it 1s seen that, if the

screening is small, the off-diagonal elements W and X are
nmuch smaller than the diagonal ones, and they can be negle-
cted. So in this case, thevelectron interaction can be des-
cribed by the extended Hubbard model. At the same time}tht
Fig.2 shows that the optical gap is increased by the elec-
tron interaction i{if the screening is weak. It is just the

- 19 -
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result get by the former school. The table also shows when
the screening increases, the ratios of W/V and {X|/V rapidly
increase. If the screening becomes very strong, the off-dia-
gonal terms can be big enough to coméete with the diagonal

ones, then the bond-charge repulsion W and the other off-

s
diagonal elements should be considered. Meanwhile, -the Fig.2
indicates that the electron interaction will suppress the
prJ\ L g \:Jp\:j\
optical gap if the screening is strong)Ithfs—that the latter
school claimed. Thus, our theory discloses the origin of the
conflicting conclusions between these two schools. Now it
becomes clear that cachh side of the dispute has their own
limitation: the former is valid in the weak or usual screen-

o
ing, whereas the latterfyalid in strong screening.
“ \

14 1 ‘é 3 Q 5 N 7
W/V 0,02 , 0.10 4 0.26 4 0.43
X/V -0.06 & ~0.18 -0.45 , ~0.77




Hexre, we see the behavior of the optical gap 1s quite
similar to that of the dimerization of the polymer, although
the optical gap is determined by the excitation of the poly-
mer, whereas the dimerization is onlf related to the qround

i ‘\,(‘/QA/B{/} N
state. For the dimerization, it has been figuced-eut that
the electron interaction initially enhances the dimerization
if the screening 1s weak; but if the screening is strong
enoughi (5 > 1.5 ), the electron interaction will suppress
the dimerization [15]. For the optical gap, the difference
is that it requires even Stronger screening, $ > 3,fyonly
5 |
Wt

then\the optical gap widd be suppressed by the electron in-

f

teraction.

l',\ grare- v

Summafily)our conclusion is that the effect of the elec-
tron interaction on the optical gap depends on the screen-
ing: for weak and usual screening, the electron interaction
increases the optical gap, and the increase can be so large
that the electron interaction becomes the main origin of the

0\10& (,;Il\c-f\"a)

optical gaps contrarily, for very strong screening, the ele-

ctron interaction decreases the optical gap, and the optical

- 21 -




gap 1s mainly produced by the electron-phonon interaction.
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Fig.l The curve of N;F(I,Z) with X, = 0

Fig.2 The dependence of the optical gap E, on the

interaction strength U, with different screening g .
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