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Off-diagonal interactions, bond density correlation, and their effects
on the excitons in conjugated polymers
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The effects of electron-electron interactions with both diagonal and off-diagonal parts on the excitons in
conjugated polymers are studied, and it is found that the bond-charge interactionW and the bond-site inter-
action X affect the excitons oppositely: the former suppresses the excitation energy of excitons whereas the
latter increases it except for the 2Ag state. We find that the screening~originating from the bond density
correlation effect ofp electrons!, which controls the bond correlation, is a reason that the binding energy of the
exciton is reduced. Our calculation shows that the off-diagonal interactions affect the singlet exciton with small
binding energy even at normal screening, but for large exciton energy, such effects are negligible.
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I. INTRODUCTION

Unlike the transition metals1 and high-Tc superconducting
cuprate oxides,2 thep-conjugated polymer has a much wid
bandwidth3 due to the delocalization ofp electrons. There is
furthermore, not a real antiferromagnetic ground state
served in the polymer chains.4 Therefore, the Hubbard inter
actionU is not the sole effect determining the physical pro
erties ofp-conjugated polymers. It is necessary to use
long-range Coulomb interaction~PPP model!5 or the ex-
tended Hubbard interactionV ~Ref. 6! to study the electron-
hole excitations7 and nonlinear optical behaviors8 of
p-conjugated polymers, such as polyacetylene~PA!, polydi-
acetylene~PDA!, poly(p-phenylenevinylene! ~PPV!, etc. In
polymer materials,U andV have been popularly considere
but when the screening effect of thep electrons in conju-
gated polymers is striking,9 the off-diagonal interactionW
between the bond charges andX between the bond charg
and the site charge should not be omitted in calculation.
tually W or X has been added into the Hamiltonian to inve
tigate ferromagnetism10 or superconductivity11 in non p-
electron systems and organic molecular materials. Th
have been many papers12–17 discussing the roles of the off
diagonal interactions (W, X).

According to theoretical calculation9,18 with a screened
electron-electron (e-e) interaction potential, it is now gener
ally accepted that the influence of thee-e interactions in the
p-electronic conjugated systems on the dimerization and
ergy gap is dependent on the screening strength. When
screening is weak or normal, thee-e interaction increases
the dimerization and energy gap; but, when the screen
becomes strong, thee-e interaction can decrease the dime
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ization and energy gap. In the extreme screening limit, e
ferromagnetic order in polymers could be set.19 However, to
our knowledge, there has been a lack of systematical dis
sion about the effects ofW andX on the excitons in conju-
gated polymers. The exciton in conjugated polymers is
important excitation, which is closely related to the nonline
optical properties and electroluminescence,8 and moreover,
at present there are sharp disputes20,21about the magnitude o
exciton binding energy in conjugated polymers.

The purpose of this paper is to study the excitation spe
and the binding energy of the exciton in conjugated polym
with e-e interactions (U, V, W, andX) under different
screening strengths. Standard exciton theory22 and the
approach23 under the single excitation configuration are us
in the study.

This paper is organized as follows. In Sec. II we calcul
the diagonal and off-diagonal matrix elements ofe-e inter-
actions (U, V, W, andX) in Ag andBu states and the exci
tonic excitation spectra inp-conjugated polymers. In Sec. II
we present a detailed discussion about the excitation ene
of 2Ag and 1Bu states for fixed and screened on-site inter
tion U, respectively. In Sec. IV we investigate the effecti
energy gap affected byW and X in the Hartree-Fock~HF!
approximation, and calculate the exciton binding energ
under different screening strengths. It is found that ev
around normal screening (b;1!, the off-diagonal interac-
tions (W, X) will bring about a meaningful effect on th
exciton binding energy only if the relative values
U, V, W, and X obtained from the screened Coulomb p
tential are proper. In Sec. V we present a comprehen
discussion of the relationship among off-diagonal inter
tions, bond density correlation of thep electrons, and
12 268 © 1997 The American Physical Society
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56 12 269OFF-DIAGONAL INTERACTIONS, BOND DENSITY . . .
screening factorb. It is seen that the bond correlation~BC!
~due to off-diagonal interactions!, which is important for
p-conjugated systems with broad bandwidth, can shed l
on some existing questions, such as the magnitude of
exciton binding energy20,21,24in p-conjugated polymers. Fi
nally, we summarize our results.

II. MODEL HAMILTONIAN AND MATRIX ELEMENTS

We begin our study from the following Hamiltonian:

H5H01He-e , ~1!

whereH0 is the Su-Schrieffer-Heeger~SSH! Hamiltonian,25

H052(
ls

@ t02~21! ldt0#~mls1mls
† ! ~2!

andHe-e is thee-e interaction Hamiltonian:

He-e5U(
l

nl↑nl↓1V (
lss8

nlsnl 11s81W(
lss8

~mls1mls
† !

3~mls81mls8
†

!1X (
lss8

~mls1mls
† !~nls81nl 11s8!,

~3!

whereCls
† (Cls) is the creation~annihilation! operator of an

electron with spins at site l . nls5Cls
† Cls , the electron

density. mls5Cls
† Cl 11s , the bond-charge density of a

electron with spins lying between the sitesl and l 11. t0 is
the hopping integral anddt0 is the bond alternation. InHe-e ,
the first term is the Hubbard interaction, the second term
the nearest-neighbor Coulomb repulsive interaction, the t
term describes the bond-charge Coulomb repulsive inte
tion between the adjacent sitesl and l 11, and the final term
represents the interaction of the bond charge and the
charges. The final term, the bond-site interaction te
breaks the charge-conjugate symmetry~CCS! of the system.
In the HF approximation of thee-e interaction Hamiltonian
He-e , the X term is equivalent to a single-particle term a
just renormalizes the hopping term from the bare hoppingt0
to t0–2X @see Eq.~23! in Sec. IV and Ref. 19#. The off-
diagonal matrix element contributed by theX term is zero at
K50. Here the Peierls distortion of the lattice~without e-e
ht
he

is
rd
c-

ite
,

interaction! induces an energy gapEg
054dt0 at the Fermi

surfacekF , that is, the system is in the bond order wa
~BOW! phase. When thee-e interaction is switched on, the
energy gap will become

Eg5Eg
01Eg

e-e , ~4!

whereEg
e-e is a gap contributed by thee-e interactions.Eg

e-e

can be approximately written as a sum of two parts:Eg
HF and

Eg
C , whereEg

HF is the energy gap under the HF approxim
tion andEg

C is the correlation gap induced by the residu
e-e interactions. For a detailed discussion of the correlat
energy gap see Refs. 26 and 27; in this paper we do
consider it~see Sec. V for the reason!.

As usual, according to standard exciton theory,22 we
choose one-electron states ofH0 as the basis and constitute
set of single electron-hole pair excitation states~we only
consider single excitation configuration! from the ground
stateug&:

ukc ,kv&5
1

A2
~Ckc↑

† Ckv↑6Ckc↓
† Ckv↓!ug&, ~5!

where ‘‘1’’ denotes the spin singlet and ‘‘2’’ the spin trip-
let. Then we calculate the diagonal matrix elements and
off-diagonal matrix elements of the total HamiltonianH rela-
tive to the ground-state energyE0. We introduce the relation
kc5k1K andkv5k2K, wherek is the relative momentum
of the electron-hole pair andK is the momentum of the cen
ter of mass of the electron-hole pair. Thus the stateukc ,kv& is
represented by the stateuk,K&. In the electron-hole pair ex
citation statesuk,K&, the matrix elements of the excitatio
HamiltonianH are written as

^k8,K8u~H2E0!uk,K&5dK8K$dk8k@ ẽ c~k1K !2 ẽ v~k2K !#

1^k8,KuHUuk,K&1^k8,KuHVuk,K&

1^k8,KuHWuk,K&

1^k8,KuHXuk,K&%, ~6!

whereE05^H&, representing the expectation value ofH in
the ground stateug&5)kv

Ckv↑
† Ckv↓

† u0&, u0& is the vacuum

state without electrons. The off-diagonal matrix elements
as follows:
^k8,KuHUuk,K&5~2dS21!
U

M
~jk82Kjk81K

* jk2K* jk1K1c.c.!, ~7!

^k8,KuHVuk,K&52~2dS^k8,KuHVuk,K&X2^k8,KuHVuk,K&C!, ~8!

^k8,KuHVuk,K&C5
V

M
$jk81Kjk1K* jk82Kjk2K* exp@22i ~k82k!a#1jk81K

* jk1Kjk82K
* jk2K%, ~9!

^k8,KuHVuk,K&X52
V

M
$jk81K

* jk1K* jk82Kjk2Kexp@2i ~2K !a#1jk81Kjk1Kjk82K
* jk2K* %, ~10!

^k8,KuHWuk,K&5
2W

M
ˆ†jk81Kjk1Kjk2K* jk82K

* $11exp@22i ~2K !a#%1c.c.‡12dS†jk81Kjk1K* jk2K* jk82K

3$11exp@2i ~k1k8!a#%1c.c.‡1~122dS!†jk82K
* jk81K

* jk2K* jk1K* $11exp@2i ~k1k8!a#%1c.c.‡‰,

~11!
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^k8,KuHXuk,K&50 ~whenK50!, ~12!

wherejk5(2zk* /2uzku)1/2 and uzku52At0
2cos2(ka)1dt0

2sin2(ka); c.c. denotes complex conjugate.C andX in Eq. ~8! mean the
Coulomb part and the exchange part, respectively, as in Ref. 23. Due to the spatial inversion symmetries at a bond c
exciton space can be divided into two subspaces: symmetricAg statesuk;2,K& @[(uk,K&2u2k,K&)/A2] and antisymmetric
Bu statesuk;1,K& @[(uk,K&1u2k,K&)/A2]. By some steps, the matrix elements of the excitation Hamiltonian can
transformed to the matrix elements in theAg andBu subspaces:

^k8;6,Ku~H2E0!uk;6,K&5dk8k@ ẽ c~k1K !2 ẽ v~k2K !#1^k8;6,KuHe-euk;6,K&, ~13!

where

^k8;6,KuHe-euk;6,K&5~2dS21!S 161

2 D ^k8;6,KuHuuk;6,K&12@2ds^k8;6,KuHVuk;6,K&X2^k8;6,KuHVuk;6,K&C#

1~124dS!~171!/2^k8;6,KuHWuk;6,K&, ~14!
ct
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wheredS511 represents the spin singlet anddS50 the spin
triplet; the upper sign corresponds to theBu state and the
lower sign to theAg state.

WhenK50, we have the following relations with respe
to the off-diagonal matrix elements:

^k8;2,KuHUuk;2,K&50, ~15!

^k8;2,KuHVuk;2,K&X50, ~16!

^k8;6,KuHXuk;6,K&50 , ~17!

and

^k8;1,KuHWuk;1,K&
1Bu

5^k8;1,KuHWuk;1,K&
3Bu

,

~18!

^k8;2,KuHWuk;2,K&
1Ag

5~23!^k8;2,KuHWuk;2,K&
3Ag

,

~19!

^k8;6,KuHVuk;6,K&X52^k8,KuHVuk,K&X , ~20!

whereHU , HV , HW, andHX are the first, second, third, an
fourth terms, respectively, in Eq.~3!. Note that
^k8;6,KuHXuk;6,K&Þ0 whenKÞ0. The diagonal matrix
elements@ ẽc(k)2 ẽv(k)# in Eq. ~13! are equal to

ec~k!2ev~k!1Dec~k!2Dev~k!, ~21!

whereDec(k) andDev(k) are related toV, W, andX, but
not to U. Equation~17! tells us that atK50, X does not
contribute to the off-diagonal matrix elements, and Eqs.~18!
and ~19! mean thatW gives the same contributions for th
off-diagonal matrix elements of singlet1Bu and triplet 3Bu
states but different contributions for the off-diagonal mat
elements of singlet1Ag and triplet 3Ag states. We can se
below that despite relation~19!, the degeneration of the 21Ag
and 23Ag states is still not lifted for all screening strength

III. EXCITATION SPECTRA OF EXCITON

In order to study the influences of thee-e interactions
(U, V, W, andX) upon the excitons under different scree
ing strength, we need direct relationships ofU, V, W, andX
with the screening factorb. In our calculation we sett052.0
eV, dt050.2t0 for the SSH Hamiltonian~2!. Our system is a
ring with N5400 sites as in Ref. 23. We assume in S
III A that the on-sitee-e interactionU stays unchanged in al
screening strengths. The value ofU is set to 6.0 eV. In Sec
III B we study the situations in whichU is changeable with
the screening strength. In order to make clear what roles
off-diagonale-e interactions (W, X) play in the excitation
energies of the exciton when the screening changes, be
we study four cases:W5X50; XÞ0; WÞ0; both WÞ0
and XÞ0. We must realize that the correlation effects b
tween thep electrons always exist inp-conjugated systems
since thee-e interactions always exist in it. WhenbÞ 0, the
caseW5X50 is similar to Ref. 28, in which the PPP Hami
tonian was employed to investigate the effect of correlat
on thep-electron spectrum of polyenes by using an exp
nentially decaying repulsive potential:Vi j 5U exp(2rij /D0),
whereD0 was the decay constant. However,V andU were
not connected through the integrals over thep-electron wave
functions. This is a salient difference from our study. Th
the caseW5X50 ~when bÞ0! reflects the effect of the
bond density correlation ofp electrons, and is used to mak
comparisons with the caseWÞ0, XÞ0, and bothWÞ0 and
XÞ0. In our study, the factorb is mainly used to represen
the screening effect induced by a complicated bond den
correlation from the delocalizedp electrons on a single
chain and the surrounding chains. Then, it is seen t
through such comparisons, the caseW5X50 can be used as
a reference to judge whether the off-diagonal interactio
(W, X) are important or indispensable in describing t
physical properties of thep-conjugated polymers. For de
tailed explanations of the relationships among thep-electron
bond density correlation effect,b and the off-diagonal inter-
actions (W, X), see Sec. V.

In the analyses below, the unit of all numbers ist0.

A. Excitation energies in the fixed on-site interaction

According to Ref. 18, we can find the quantitative re
tions of V, W, and X, relative toU, corresponding to the
different screening strengths. Through the numerical dia
nalization of the matrix of Eq.~13! we obtain the excitation
energies ofAg and Bu states under different screening an
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find the following results. To see the changes of excitat
energies of 2Ag and 1Bu states atb,1, we estimate the
excitation energies of these states atb51/3, where U
,2V. The energies of 2Ag , 11Bu , and 13Bu excitons are
approximately 1.5925, 0.9209, and 0.9444, respectiv
WhenU52V andW5X50, the excitation energies of 11Bu
and 13Bu are degenerate, as in Ref. 29. Whenb,3, the
excitation energy spectra ofAg and Bu states are clearly
composed of two parts: discrete and continuous branc
that is, four discrete excitonic states, 21Ag , 23Ag , 11Bu ,
and 13Bu , plus the electron-hole pair continuum of high
excitation energies starting fromẽ c(p/2a)2 ẽ v(p/2a).

When W5X50, the model is the extended Hubba
model. However,U andV here have been connected by t
screening factorb, that is to say, the bond density correlatio
effect has been considered here throughb. This point is dif-
ferent from Ref. 29. In Figs. 1, 2, and 3 we can see that
excitation energies of the 11Bu exciton decrease from 1.134
at b51 to 0.8686 atb57 ~very strong screening! and those
of the 2Ag ~13Bu) states monotonically decrease fro
1.5925~0.9444!, 1.4100~0.8168! at b51/3, 1 to
0.8782~0.4446! at b57. But the excitation energy of th
11Bu exciton is about 0.9209 atb51/3. Whenb increases

FIG. 1. The variation of the excitation energies of 11Bu with b
under fixed U. The3 is an estimate of excitation energy atb51/3
for the caseW5X50.

FIG. 2. The variation of the excitation energies of 2Ag with b
under fixedU. The3 is an estimate of excitation energy atb51/3
for the caseW5X50.
n

y.

s,

e

from 1/3, 1 to 7, the nearest-neighbor Coulomb interactionV
decreases correspondingly from 3.07, to 2.34, to 0.30 eV

WhenW50 andXÞ0, X causes the excitation energy o
11Bu to increase by an increment 0.0398 atb51. The exci-
tation energies of 11Bu at b53,5,7 are almost the same a
those whenW5X50. See Fig. 1. The excitation energies
2Ag at all b values are the same as those whenW5X50,
which meansX does not affect the excitation energies
2Ag . See Fig. 2. The changes of excitation energies of th
1Bu ~13Bu) exciton relative to the case ofW5X50 are
20.0398~20.0852!, 20.0002~20.0712!, 20.0003~20.1054!
and20.0004~20.1234! whenb51, 3, 5, and 7, respectively
The minus sign in front of the numbers shows thatX en-
hances the excitation energies of 11Bu and 13Bu excitons.
The effect ofX on the 13Bu exciton is larger than on the
11Bu exciton. See Figs. 1 and 3.

When WÞ0 and X50, all the excitation energies o
11Bu , 13Bu , and 2Ag states are lowered with increasingb
and these reductions become greater withb, as shown in
Figs. 1, 2, and 3. In comparision with the caseW5X50, the
changes of excitation energies of 11Bu ~13Bu , 2Ag) are
0.0514~0.0450, 0.0732!, 0.1045~0.0638, 0.1033!,
0.1730~0.1059, 0.1708!, and 0.2043~0.1253, 0.2018! when
b51, 3, 5, and 7, respectively.

WhenWÞ0 andXÞ0, the excitation energy of 11Bu at
b51 is increased by 0.0374 as compared with the caseW
Þ0 but X50. Those of 11Bu at b53, 5, and 7 are almos
the same as the caseWÞ0 butX50. This is becauseX only
affects the energy of the 11Bu exciton atb51. See Fig. 1.
As for the 13Bu exciton, sinceX enhances its energy butW
decreases its energy whenb is from 1 to 7, the joint influ-
ence ofW and X induces the energy of 13Bu to increase
from b51 to 3 and to decrease fromb55 to 7. See Fig. 3.
The excitation energies of 2Ag at all b values are almost the
same as those ofWÞ0 andX50. See Fig. 2.

Whenb>3, the excitation energies of the 2Ag and 11Bu
states have become close to each other in the above
cases. See Fig. 4 for this situation whereWÞ0 andXÞ0.

It is seen above that the effects of the bond-charge in
actionW and the bond-site interactionX are opposite for the
11Bu exciton nearb51 and opposite for the 13Bu exciton at
all b values. See Figs. 1 and 3.X mainly affects the 11Bu

FIG. 3. The variation of the excitation energies of 13Bu with b
under fixedU. The3 is an estimate of excitation energy atb51/3
for the caseW5X50.
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exciton nearb51 and almost produces no effect on 11Bu
whenb>3. This effect ofX brings energy changes of 0.0
0.17, and 0 eV to the 11Bu , 13Bu , and 2Ag states, respec
tively, at b51, but these changes become 0, 0.14, and 0
respectively, atb53; whereasW ~whenX50) generates a
change of 0.1, 0.09, and 0.15 eV, respectively, on the e
tation energies of the 11Bu , 13Bu , and 2Ag states atb51
and these changes on the 11Bu , 13Bu , and 2Ag states be-
come about 0.2, 0.12, and 0.2 eV, respectively, atb53. At
b51, the joint effect ofW andX leads to excitation energ
changes of about 0.028 and 0.076 eV for 11Bu and 13Bu at
b51 since the effect ofW is opposite to that ofX at b51.

We observe that in the caseW5X50 the excitation en-
ergies of the 2Ag states, the singlet 11Bu , and the triplet
13Bu excitons atb51, whereU.2V, are 1.4100, 1.1346
and 0.8160, respectively, in the present screened poten
their corresponding values in the long-range Coulomb in
action ~without W and X) are about 1.37, 1.12, and 0.9
respectively, in Ref. 23 whereU54 eV,V52 eV, t052 eV,
dt050.2t0 , and the dielectric constantes is set to 5, which is
for electrons on a single chain surrounded by the ot
chains. In Ref. 20 their values are about 1.425, 1.2, and
respectively, whereU53t0, V5t0 , anddt050.2t0 for a 16
site linear chain.

B. Excitation energies in the screened on-site interaction

The on-site Coulomb repulsionU in fact decreases with
increasing screening strength ofp electrons in the screenin
potential18 since the ratioU/U0 decreases with the screenin
factorb, whereU0 is the on-site Coulomb repulsion with n
screening. There is a determined valueU at a given screen
ing strength. In addition, the atomic polarization will als
causeU0 to be screened~see Sec. V!. For simplicity, here we
set the values ofU at b51/3, 1, 3, 5, and 7 are 8, 6, 4.5, 3
and 1.5 eV, respectively, in order to calculate the excitat
energies of excitons underW andX. As in Sec. III A, in all
four cases the excitation energies of 2Ag and 11Bu states
become closed still atb>3 ~whenU<4.5 eV! ~the figure is
omitted!. The 13Bu exciton is particularly sensitive toU.
WhenU is 3–6 eV, the energies of the 11Bu and 13Bu states
are more separated; whenU,3 eV, they have come close t
each other, which is different from the situation in whichU
is unchanged. See Figs. 4, 5, and 6.

FIG. 4. The excitation energies of 2Ag and 11Bu come close to
one another whenb>3 with W andX under fixedU.
V,

i-

al;
r-

r
.7,

n

WhenW5X50, the energies of the 2Ag and 11Bu states
become smaller~exceptb51) as compared with those of th
2Ag and 11Bu states in fixedU, because whenU is small,V
is small also and whenV becomes smaller the excitatio
energies of the 2Ag and 11Bu excitons will dwindle. The
energy of 11Bu at b51/3 is 0.7708, which is lower than tha
of 11Bu at the sameb value in Sec. III A. As for the
13Bu exciton, it is more sensitive toU than 2Ag and 11Bu .
Therefore, whenU and V become smaller, the excitatio
energies of 13Bu become higher with increasingb. See Fig.
6.

WhenW50 andXÞ0, only the energy of 11Bu at b51
is greatly changed byX, and the energies of 11Bu atb53, 5,
and 7, respectively, are almost unaltered. See Fig. 5.X does
not change the energies of 2Ag , as in Sec. III A~see Fig. 2!.
The effect ofX enhances the energies of 13Bu and this in-
crease becomes less with increasingb: 20.085, 20.0341,
20.0159, and20.0023 whenb51, 3, 5, and 7, respectively
This differs from that in Sec. III A. See Figs. 3 and 5.

When WÞ0 and X50, the effect ofW is to lower the
excitation energies of 2Ag , 11Bu , and 13Bu with b from 1
to 7. However, asU becomes smaller, the effect ofW at the
strong screening (b57) is reduced, so that the changes

FIG. 5. The variation of the excitation energies of 11Bu with b
under changeableU. The 3 is an estimate atb51/3 for the case
W5X50.

FIG. 6. The variation of the excitation energies of 13Bu with b
under changeableU. The estimate3 at b51/3 is smaller than that
in Fig. 3.
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the excitation energies of 11Bu ~2Ag) are 0.0514~0.0732!,
0.0784~0.0774!, 0.0864~0.0854!, and 0.0511~0.0505! whenb
is from 1 to 7, which differs from that in Sec. III A. As fo
the 13Bu exciton, the changes of its excitation energies
0.0450, 0.0519, 0.0655, and 0.0448 whenb is 1–7 as com-
pared with the caseW5X50. Thus, the effect ofW can well
show up only whenU has a certain strength.

WhenWÞ0 andXÞ0, the situation is like that ofWÞ0
andX50, becauseX does not have an effect on the energ
of 11Bu ~2Ag) from b53~1! to b57. The energy changes o
13Bu caused by the joint effect ofW and X are 20.0383,
0.0199, 0.0521, and 0.0430 whenb51, 3, 5, and 7, respec
tively, which is different from that in Sec. III A.

It is seen again from the above that the effects ofW andX
on the excitation energies of 1Bu excitons are opposite. Se
Figs. 5 and 6.X seems an ‘‘active agent,’’ which makes th
excitation energies of excitons higher; that is, it causes
number of higher excited states to increase relative to
case withoutX. However,W suppresses the excitation ene
gies of excitons; that is, it causes the number of lower
cited states to increase relative to the case withoutW, as in
Sec. III A. The most striking distinction between Secs. III
and III B lies in the changes of the triplet 13Bu exciton with
increasingb and decreasingU value. See Figs. 3 and 6. A
b53, W produces an energy change of 0.16 eV for bo
11Bu and 2Ag states, which is lower than their energ
changes~0.2 eV! in Sec. III A, because hereU is small~4.5
eV!, which leads to smallW.

IV. THE EFFECTIVE ENERGY GAP
UNDER THE OFF-DIAGONAL INTERACTIONS

A. The effective energy gap

To obtain the binding energy of an exciton we need
values of the energy gapEg

e-e underW andX. With regard to
the calculation of the electronic energy gap of conjuga
polymers, this problem is not completely solved because
the complexity of the correlation property induced by t
residuale-e interactions~which are not considered in the H
approximation! and also by the broad band character of co
jugated polymers. In the present work we do not intend
consider the energy gap contributed by the correlations.
this is a preliminary investigation, the HF approximation
used in our consideration. Then the effective one-part
Hamiltonian reads

Heff52(
ls

@ t2~21! ldt#~mls1mls
† !, ~22!

wheret is the effective hopping corrected by thee-e inter-
actions:

t5t022X1~V26W!m̄ ~23!

and dt is the effective modulation of lattice by thee-e in-
teractions:

dt5dt01~V26W!dm, ~24!
e

s

e
e

-

h

e

d
of

-
o
s

le

wherem̄ represents the average bond charge density anddm
is the fluctuation around this average bond charge den
and they are defined bŷmls&5m̄s6dms .29 Our study is
only in the phase BOW, so them̄s anddms are independen
of spin s. The effective energy gap under the HF appro
mation atp/2a is then

Eg
eff54@dt01~V26W!dm#. ~25!

The m̄ anddm is determined by the first and second e
liptic integrals as follows:

dm5
z

p~12z2!
@K~A12z2!2E~A12z2!#, ~26!

m̄5
1

p~12z2!
@E~A12z2!2z2K~A12z2!#, ~27!

wherez[dt/t. Here one should pay attention to two cas
where we determine the effectivee-e energy gapEg

eff : in
one, the amplitudedm of the bond charge density around i
average is changeable with the values of thee-e interactions,
and in the other it is not changeable with thee-e interac-
tions. In the first case, by using the initial parameterst0 and
z0([dt0/t0), through solving Eqs.~23!–~27! simultaneously
we get the effective parameterz and then get the values o
dm and m̄ from Eqs.~26! and ~27!. In the second case, th
dm andm̄ are directly determined by Eqs.~26! and ~27! by
using the initial parameterst0 and z0, as has been done i
Ref. 23. Our calculations in this paper belong to the latt
See the values ofEg

eff(z0) in Table I.
Table I shows us that the values of the energy gap

tained from the effective parameterz are bigger than those
calculated directly from the initial parameterz0 when

TABLE I. The effective energy gap and the binding energy
the 1Bu state in the fixed on-site interaction~in units of t0). Eg

eff(z0)
andEg

eff~z! represent the values fromz0 and z, respectively.

b 1/3 1 3 5 7

Eg
eff(z0) (W5X50) 1.5925 1.4100 0.9721 0.9095 0.878

(W,X) 1.3368 0.8688 0.7387 0.676
(W) 1.3368 0.8688 0.7387 0.676
(X) 1.4100 0.9721 0.9095 0.878

Eg
eff~z! (W5X50) 1.7876 1.5306 0.9825 0.9138 0.880

(W,X) 1.3904 0.8663 0.7456 0.695
(W) 1.4317 0.8705 0.7401 0.682
(X) 1.4837 0.9716 0.9033 0.871

Eb(11Bu) (W5X50) 0.6717 0.2755 0.0053 0.0078 0.009
(W,X) 0.2163 0.0054 0.0097 0.011
(W) 0.2537 0.0056 0.0100 0.012
(X) 0.2357 0.0052 0.0075 0.009

Eb(13Bu) (W5X50) 0.6481 0.5832 0.4617 0.4430 0.433
(W,X) 0.4818 0.3538 0.2804 0.245
(W) 0.5651 0.4223 0.3781 0.357
(X) 0.5180 0.3915 0.3386 0.310
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W5X50. With increasingb, the effect ofW remarkably
diminishes the effective energy gap~that is, the effective
dimerizationdt of p-conjugated systems!. The influence of
W alone or of bothW andX reduces the effective energy ga
to values belowEg

054dt050.8t0 when b>5. The single
effect ofX does not change or slightly changes the effect
energy gap with increasingb.

Notice that although there is no bond-site interactionX in
Eg

eff54@dt01(V26W)dm#, X can exert its effects onEg
eff

throughdm andm̄ in the first case. See the values ofEg
e f f(z)

in Table I.

B. The exciton binding energy

The binding energyEb of an exciton is, by definition,
given by the difference (Eg2E) between the energy gapEg
and the exciton energyE. In the HF approximation, we cal
culate the binding energies of the singlet 11Bu and the triplet
13Bu excitons under the influence of bond density corre
tion effect and off-diagonal interactions (W, X) in fixed U.
The results are listed in Table I.

It is seen in Table I that the binding energy of the 11Bu
exciton decreases from finite values atb51 to negligible
ones atb55. At very strong screening (b57!, the binding
energies of 11Bu have in reverse a little increase relative
those atb55. This is because this strong screening eff
causes the excitation energies of 11Bu to decrease to thei
lowest values. The binding energy of the 13Bu exciton al-
ways keeps a finite value at all screening strengths. Th
because the energy level of 13Bu always lies in the effective
energy gap at all screening strengths.

Only if U also decreases due to the screening~maybe
including the screening due to the polarization ofs elec-
trons!, the binding energy of the 13Bu exciton will be re-
duced from finite values at the weak or normal screening
negligible ones at the strong screening.

Compared to the caseW5X50, the effect ofW de-
creases the binding energy of the 11Bu exciton atb51 and
increases the binding energy of the 11Bu exciton fromb53
to b57. The effect ofX decreases the binding energy of t
11Bu exciton at all screening strengths. As a result, the jo
effect of W andX decreases the binding energy of the 11Bu
exciton atb51 and then increases them fromb53 to 7.

We notice that only whenb<1 are the values of the
exciton binding energy~for 11Bu) of practical meaning. At
b51, for the singlet 11Bu exciton, the joint effect ofW and
X creates about a 0.12-eV change relative to the c
W5X50; the single effect ofW causes only approximatel
a 0.044-eV change and that ofX brings about approximately
a 0.08-eV change.

As for the 13Bu exciton, the effects ofW andX make its
binding energy decrease fromb51 to 7. Thus the joint effect
of W andX decreases the 13Bu exciton binding energy at al
screening strengths.

Thus it seems apparent from the above results that for
conjugated polymer with a small exciton binding energ
such as 0.2 eV for the derivative of PPV, poly@2-methoxy,
5-~28-ethylhexoxy!-1, 4-phenylenevinylene# ~MEH-PPV!,24

the off-diagonal interactionW or X will develop its effect,
even at the normal screening strength. When the scree
strength becomes much stronger (b.1), W or X produces
e

-

t

is

o

t

se

e
,

ng

no changes on the binding energy of the 11Bu exciton, be-
cause the bond correlation or the off-diagonal interact
causes the excitation energy of the 11Bu exciton to almost
approach the bottom of the conduction band~see Secs. III
and V!, despite the fact that the effect ofW increases with
increasing screening factor. However, for a large exci
binding energy such as 1.1 eV~Ref. 20! for PPV, the effect
of W or X may be omitted because the effects they gene
around the normal screening strength on the exciton bind
energy are very weak.

V. DISCUSSION AND CONCLUSION

First, the screening fromp electrons is different from tha
from the polarization ofs electrons since thep electrons are
delocalized throughout the whole system but thes electrons
are localized in the backbone ofp-conjugated systems. Th
screening byp electrons is a ‘‘dynamical’’ many-body cor
relation effect, but the screening froms electrons is an
‘‘electrostatic’’ effect inp-conjugated systems.

The effect of thes electron polarization leads to the usu
static dielectric constantes , which depresses the on-sit
Coulumb repulsionU and the long-range Coulomb repulsio
Vll 8 of the p electron. Thus the Coulomb interactions or t
Ohno potential30 among p electrons are represented by31

Vll 8/es . However, the screening forU is unlike the screen-
ing that Vll 8 feels sinceU is short ranged and works onl
within an atomic size. The atomic polarization will cause t
atomic value U0 to be screened, for instance, for 3d
transition-metal Cu,U0'16 eV is screened toU' 5 eV.32

In p-conjugated polymers, the atomic polarization33 will
renderU screened from its bare atomic valueU0 to an ef-
fective value. For instance, for polyactelene,U0511.13 eV
is screened to about 4.4 eV, wherees59 ~quite strong! and
the nearest-neighbor interactionV50.8 eV.27 For C60,
U053.5 eV~Ref. 34! is screened toU'1.5 eV.35 Therefore,
besides the screening factorb, the polarizations ofs elec-
trons and the charges on the neighboring sites34 will cause
both U andVll 8 to be screened.

Due to the complexity of the dynamical correlation pro
lem, the zero-frequency effect of this problem can be d
cussed. In this way, the screening effect by the correla
among thep electrons can phenomenologically be rep
sented by a screening factorb, so that the long-range Cou
lomb interaction is corrected as an exponentially decay
potential:e2br /r .9,18,19,28Here we call the many-body effec
which makes thee-e interactions amongp electrons effec-
tive, the bond density correlation effect and call the man
body correlation due to the off-diagonal interactions (W,X)
the bond correlation or the off-diagonal correlation. The c
relation effect inp-conjugated systems has been stud
carefully in Refs. 28 and 31. However, in Ref. 28 the o
diagonal interactions and the bond correlation effect w
not introduced, although the exponentially decaying scree
Coulomb potential was applied, so it is somewhat differe
from ours~see the first paragraph in Sec. III!; in Ref. 31, the
correlation effect ofp electrons was considered mainly fro
a Hubbard-type interaction. This is also different from ou

Whetherb is considered or not,W andX always exist in
p-conjugated or other electron systems.1 When b50, the
many-center integrals in the barep-electron Coulomb inter-
action lead to the diagonal parts (U, V) and off-diagonal
parts (W,X) for an isolated benzene:36 U516.93 eV,
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V59.027 eV,X53.313 eV, andW50.462 eV. As a com-
parison, for 3d ~narrow! band of transition metals,1 we have
U.20 eV,V.6 eV,X.1/2 eV, andW.1/80 eV. However,
when bÞ0, all the values ofU, V, W, and X will be
changed and are related to one another. Hereb is, in fact, a
cutoff parameter of the Coulomb interaction. The larger
b, the weaker the Coulomb interaction. Thus the factorb
reflects a kind of screening effect on thep electrons in con-
jugated polymers. But the larger theb, the larger the change
of the relative values amongV, W, andX also. This mani-
fests the significance of the screening factorb: the largerb,
the stronger the bond density correlations. And only wheb
reaches a certain strength will the effect ofW or X become
striking, as seen in Refs. 18,19. Here we emphasize thatb is
a reflection of the bond density correlation among thep
elections with a large overlap integral inp-conjugated poly-
mers. In this sense, the caseW5X50 represents the bon
density correlation effect throughb, and the case in which
WÞ0 orXÞ0 ~or bothWÞ0 andXÞ0) represents the bon
density correlation plus the off-diagonal interactions throu
b. Moreover, the adoption of the screened Coulomb pot
tial could be regarded as compensating for the shortcom
of the tight-binding approximation.

Second, in the present exciton theory22 used here, the di-
agonal matrix elements in the momentum representation
in fact, derived under the HF approximation in which t
correlations, except for the correlation between the electr
with parallel spins, are not considered, and the correlati
caused by the different interactions (U, V, W, and X) are
also not considered in the exciton theory. In addition,
observe that the excitation energy spectra of 1Bu and 2Ag
excitons is mainly controlled by the diagonal matrix e
ments from our calculations. Therefore we should at
same time add the corresponding corrections to both the
ergy gap equation and the diagonal matrix elements of
exciton excitation instead of only considering the correct
of correlation energy in the energy gap equation. In this w
it would be, we think, more reasonable to study theoretica
the exciton binding energy when the residual correlations
to be considered. For example, according to our calculat
here we also can see this point. If we utilize the excitat
energy value of the 11Bu exciton without W but use the
energy gap value withW at the same screening factor, sa
b51, we would get a difference value~exciton binding en-
ergy! of ~1.3368t0–1.1346t0) 0.4 eV. However, if we con-
sider simultaneously the effect ofW on the excitation energy
calculations and the energy gap equation, we will obtai
difference of 0.5 eV. Thus it can be seen that the results
distinctly different. Notice that this example is just used
indicate that inconsistent treatment would bring about inc
sistent results. In fact, whether SCI~single configuration in-
teraction! or DCI ~double configuration interaction! is used,
as long as the HF approximation is utilized, there exists s
a problem. Experimentally, the determination of the bind
energy of the singlet exciton 11Bu is closely dependent on
the measurement of the single-particle energy gap24 or the
electron-hole continuum edge~CB threshold20!. If this mea-
sured value is large, then the singlet exciton binding ene
may be large; if this value is small, then the singlet excit
binding energy may be small, since according
calculations23 or experimental measurement,20,24 the excita-
e
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tion energies of the singlet exciton 11Bu have no big differ-
ences~see the comparison in Sec. IV A!. However, it is dif-
ficult to accurately determine theoretically the single-parti
energy gap and the exciton energy simultaneously if ther
no consideration of the contribution of the above-mention
correlation in the exciton method used here.

In addition, in real conjugated polymer materials the
always exists the dielectric constantes . We observe that if
es is set to 2 andb to 1 ~assuming thatb is purely due to the
p-electron correlations!, we get that the excitation energy o
the 11Bu exciton is 1.0645 and the HF energy gap value
1.0683. Thus, the exciton binding energy is found to
0.0076 eV, which is very small and can be negligible, bu
b is taken to be 1/3, the excitation energy of the 11Bu exci-
ton is estimated as 1.1583 and the HF energy gap valu
about 1.1998, so the exciton binding energy is approxima
0.08 (;0.1! eV. This means that at the given dielectric co
stantes ~say,es52!, only the smaller screening factor~say,
b51/3! will bring forth a positive effect on the exciton bind
ing energy and the large screening factor~say, b51! will
yield a negligible effect on the exciton binding energy. Th
implies that the intensity of the bond density correlation d
termines the magnitude of the exciton binding energy
p-conjugated polymers. If the intensity is big, the excit
binding energy may be small; if the intensity is small, t
exciton binding energy may be a non-negligible quantity.
the other hand, if the screening factorb is assumed to con
tain the effect ofs electrons on the same chain and
p-electron motion on neighboring chains,19 then W and X
together generate about a 0.12-eV change in the binding
ergy of the 11Bu exciton atb51, and, whenb>3, the bond
density correlation,W andX also produce a negligible effec
on the exciton binding energy~see Table I!. Thus if the in-
tensity of the bond density correlation is strong, the exci
binding energy is small; if the intensity is small or modera
the exciton binding energy may be a non-negligible quant
In the very recent experiment24 for the derivative of PPV,
MEH–PPV, the single-electron gap is determined to be 2
eV and the exciton absorption peak is measured at 2.25
so the exciton binding energy is determined to be 0.2
Our results of the singlet exciton binding energy above,
der the bond density correlation effect,W and X, are com-
parable with this experimental result.

Therefore these results imply that thep-electronic screen-
ing effect ~originating from the bond density correlation e
fect of the p electrons! may be a reason that the excito
binding energy is small inp-conjugated polymers, andW
andX will generate their effects on the exciton binding e
ergy even when the screening factor is normal (b;1!. In
addition, it is important to make clear how much of the co
tribution to the exciton is from thep electron screening ef
fect in p-conjugated polymers with a given dielectric co
stantes . This question needs further study.

In summary, our calculation shows that the effects of
bond-charge interactionW and the bond-site interactio
X(,0! on the excitation energies of the 11Bu and 13Bu
states are opposite:W decreases andX increases their exci-
tation energies.W decreases the excitation energies of t
2Ag states butX does not change them at all screeni
strengths, whether the on-site Coulomb repulsionU is
screened or unscreened. With increasingb, the effect ofW
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on 11Bu and 2Ag goes from weak to strong, and the effect
X on them goes from strong to weak. Under fixedU, the
exciton binding energy decreases with increasingb, that is,
the stronger the bond density correlation ofp electrons, the
smaller the exciton binding energy becomes, and, more
portantly, we find that the off-diagonal interactionW or X
will exert its effect on the small exciton binding energy ev
-

at the normal screening scope. For a large exciton bind
energy case, the effects ofW andX are negligible.
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