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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 interd¢@on 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 theA state. We find that the screenirgriginating from the bond density
correlation effect ofr electron$, 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.
[S0163-18297)09240-0

I. INTRODUCTION ization and energy gap. In the extreme screening limit, even
ferromagnetic order in polymers could be $&However, to
Unlike the transition metatsand highT . superconducting our knowledge, there has been a lack of systematical discus-
cuprate oxide$ the 7-conjugated polymer has a much wider sion about the effects 3 and X on the excitons in conju-
bandwidti due to the delocalization af electrons. There is, gated polymers. The exciton in conjugated polymers is an
furthermore, not a real antiferromagnetic ground state obimportant excitation, which is closely related to the nonlinear
served in the polymer chaiffsTherefore, the Hubbard inter- optical properties and electroluminesceficend moreover,
actionU is not the sole effect determining the physical prop-at present there are sharp dispééSabout the magnitude of
erties of r-conjugated polymers. It is necessary to use theexciton binding energy in conjugated polymers.
long-range Coulomb interactiofPPP modeP or the ex- The purpose of this paper is to study the excitation spectra
tended Hubbard interactiovi (Ref. 6 to study the electron- and the binding energy of the exciton in conjugated polymers
hole excitation§ and nonlinear optical behavifrsof  with e-e interactions U, V, W, andX) under different
m-conjugated polymers, such as polyacetyléPa), polydi-  screening strengths. Standard exciton th&rgnd the
acetylene(PDA), poly(p-phenylenevinylene(PPV), etc. In approach® under the single excitation configuration are used
polymer materialsl) andV have been popularly considered, in the study.
but when the screening effect of the electrons in conju- This paper is organized as follows. In Sec. Il we calculate
gated polymers is strikingthe off-diagonal interactiow  the diagonal and off-diagonal matrix elementseeé inter-
between the bond charges aKdbetween the bond charge actions U, V, W, andX) in A, andB, states and the exci-
and the site charge should not be omitted in calculation. Actonic excitation spectra imr-conjugated polymers. In Sec. llI
tually W or X has been added into the Hamiltonian to inves-we present a detailed discussion about the excitation energies
tigate ferromagnetisti or superconductivitft in non =  of 2A4 and B, states for fixed and screened on-site interac-
electron systems and organic molecular materials. Thergon U, respectively. In Sec. IV we investigate the effective
have been many papéfs'’ discussing the roles of the off- energy gap affected bW and X in the Hartree-FockHF)
diagonal interactionsW, X). approximation, and calculate the exciton binding energies
According to theoretical calculati@f® with a screened under different screening strengths. It is found that even
electron-electrond-e) interaction potential, it is now gener- around normal screening3¢-1), the off-diagonal interac-
ally accepted that the influence of thee interactions in the tions (W, X) will bring about a meaningful effect on the
sr-electronic conjugated systems on the dimerization and erexciton binding energy only if the relative values of
ergy gap is dependent on the screening strength. When thé, V, W, and X obtained from the screened Coulomb po-
screening is weak or normal, treee interaction increases tential are proper. In Sec. V we present a comprehensive
the dimerization and energy gap; but, when the screeningiscussion of the relationship among off-diagonal interac-
becomes strong, the-e interaction can decrease the dimer- tions, bond density correlation of ther electrons, and
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screening factog. It is seen that the bond correlatigBC)
(due to off-diagonal interactiompswhich is important for

12 269

interaction induces an energy ga58=45t0 at the Fermi
surfacekg, that is, the system is in the bond order wave

m-conjugated systems with broad bandwidth, can shed lightBOW) phase. When the-e interaction is switched on, the
on some existing questions, such as the magnitude of thenergy gap will become

exciton binding enerdy'**?*in r-conjugated polymers. Fi-

nally, we summarize our results.

Il. MODEL HAMILTONIAN AND MATRIX ELEMENTS
We begin our study from the following Hamiltonian:
H=Ho+tHee, ()
whereH, is the Su-Schrieffer-HeegéBSH Hamiltonian?®

—Z [to—(—1)'8to](myy+m/) 2

andH_ is the e-e interaction Hamiltonian:

ee_UE n|1nu+V2 Mg 10+ WD, (Myg+m)

loa’ loo’

.
X(Mygr+m ) +X D (MmN 04 100),

loo’

3

whereC,T(r (Cy,) is the creation(annihilation operator of an
electron with spinc at sitel. n|,,=C|T(,C|(,, the electron

density. m|(,=C,t,C|+l,,, the bond-charge density of an

electron with spiro lying between the sitelsandl + 1. t, is
the hopping integral anét is the bond alternation. IH ¢,

the first term is the Hubbard interaction, the second term i
the nearest-neighbor Coulomb repulsive interaction, the thir
term describes the bond-charge Coulomb repulsive intera

tion between the adjacent siteandl + 1, and the final term

represents the interaction of the bond charge and the site

Eq=Eg+Eg°®, (4

whereEy® is a gap contributed by the-e interactionsEg®
can be approxmately written as a sum of two palB?F and
EC WhereEHF is the energy gap under the HF approxima-
t|on and EC |s the correlation gap induced by the residual
e-e mteractlons For a detailed discussion of the correlation
energy gap see Refs. 26 and 27; in this paper we do not
consider it(see Sec. V for the reaspn

As usual, according to standard exciton theGrywe
choose one-electron stateskbf as the basis and constitute a
set of single electron-hole pair excitation statege only
consider single excitation configuratjofrom the ground
state|g):

ke, k (cT 1Ci, 1 £Ck Ci,))19), (5)

0= N

where “+" denotes the spin singlet and-“" the spin trip-

let. Then we calculate the diagonal matrix elements and the
off-diagonal matrix elements of the total Hamiltonidrela-

tive to the ground-state ener@y. We introduce the relation
k.=k+K andk,=k—K, wherek is the relative momentum

of the electron-hole pair and is the momentum of the cen-

ter of mass of the electron-hole pair. Thus the sfiatek, ) is
represented by the stalie,K). In the electron-hole pair ex-
itation stategk,K), the matrix elements of the excitation

i—(amiltonianH are written as

T’ K'[(H—Eg)|k,K)= 8 Sl €c(k+K) =€, (k—K)]
+ (K" K|Hy |k, K)+ (K", K|Hy|K,K)

charges. The final term, the bond-site interaction term,

breaks the charge-conjugate symmetCS of the system.
In the HF approximation of the-e interaction Hamiltonian

He.e, the X term is equivalent to a single-particle term and
just renormalizes the hopping term from the bare hopping

to t;—2X [see EQ.(23) in Sec. IV and Ref. 1P The off-
diagonal matrix element contributed by tKeterm is zero at
K=0. Here the Peierls distortion of the latticgithout e-e

(K" K[Hy[k,K)= (255 1)

(K", K[Hy[k,K) =2(285(k",K[Hy[k,K)x = (k' K[Hy[k,K)c),

V
<k’1K|Hv|k1K>c:M{§k'+Kf’|:+ka'7K§,k‘7KeXF[_Zi(k' —k)a]+f:r+K§k+K§:r7K§ka}1

(K" K[HylkK)x=~

2w
(k' K[Hulk,K)= -

+(K' ,K|Hy|k,K)

+(k’,K|Hx|k,K)}, (6)
whereEy=(H), representing the expectation valuetbfin
the ground statég)=11, C{ ,C{ |0), |0) is the vacuum

state without electrons. The off-diagonal matrix elements are
as follows:

(€ -k ok Ek-kékrk+C.C), )
®)
€)

%{éz/+K§:+K§k’fK§kaeXF{2i(ZK)a]+gk’+K§k+K§:r7K§:7K}v (10

([0 + kb ki ko d1+exd —2i(2K)alt+c.c]+ 284 &k v k& kb —k

X{1+exd 2i(k+k")al}+c.cl+(1-289)[& & o wh_kérikil+exd2i(k+k )alt+c.clh,

(11)
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(k' K|Hy|k,K)=0 (whenK=0), (12)

where&, = (—z¥12z,])Y? and|z| = 2 \t5cos(ka) + dt5sirf(ka); c.c. denotes complex conjugat@.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 center, the
exciton space can be divided into two subspaces: symmigjratatesk; —,K) [=(|k,K)—| —k,K))/\/E] and antisymmetric
B, states|k;+,K) [E(|k,K>+|—k,K>)/\/§]. By some steps, the matrix elements of the excitation Hamiltonian can be
transformed to the matrix elements in thg andB,, subspaces:
(K'; %, KI(H=Eo)|k; £,K)= 8l €c(k+K) =€, (k—K)J+(K'; £ ,K[He ol k; =, K), (13

where
1+1

2
+(1-489) VK ;£ K[Hylk; =,K), (14)

(k’;i,K|He_e|k;i,K)=(26S—1)( )(k’;t,K|Hu|k;i,K)+2[25S<k’;i,K|HV|k;i,K)X—(k’;i,K|HV|k;t,K)C]

where = +1 represents the spin singlet afig=0 the spin  ing strength, we need direct relationshipdafV, W, andX
triplet; the upper sign corresponds to tBg state and the with the screening factgs. In our calculation we sdf=2.0

lower sign to theA, state. eV, 6ty=0.2, for the SSH Hamiltoniari2). Our system is a
WhenK =0, we have the following relations with respect ring with N=400 sites as in Ref. 23. We assume in Sec.
to the off-diagonal matrix elements: [l A that the on-sitee-e interactionU stays unchanged in all
screening strengths. The value Wfis set to 6.0 eV. In Sec.
(k"; = ,K[Hylk; —,K)=0, (15 Il B we study the situations in whick) is changeable with
the screening strength. In order to make clear what roles the
(k’; = ,K|Hylk; = ,K)x=0, (16)  off-diagonale-e interactions W, X) play in the excitation
energies of the exciton when the screening changes, below
(k";*+ K|Hy|k; +,K)=0, 17) we study four casesW=X=0; X#0; W#0; both W#0
and X#0. We must realize that the correlation effects be-
and tween ther electrons always exist ifr-conjugated systems
since thee-e interactions always exist in it. Wheg+# 0, the
(k' + K[Hwlk; + K = (K KIHwlk; + Ky caseW=X=0 is similar to Ref. 28, in which the PPP Hamil-
u u (18) tonian was employed to investigate the effect of correlation

on the 7r-electron spectrum of polyenes by using an expo-
r.e_ . —(_ ro_ . nentially decaying repulsive potentidl;;=U exp(—r;; /Do),
(k'3 = KIHwlk; 'K>1Ag (=3)(K"; = K[Hulk; = K) o whereD, was the decay constant. Holwevb’r,and UJ were
(19 not connected through the integrals over thelectron wave
functions. This is a salient difference from our study. Thus
(k’; £, K|Hylk; =, K)x=2(k",K|Hy|k,K)x, (20) the caseW=X=0 (when 8+0) reflects the effect of the
) . bond density correlation of electrons, and is used to make
whereHy, Hy, Hw, andl_—|x are t_he first, second, third, and comparisons with the cadt/+ 0, X+ 0, and botiW+#0 and
fourth terms, respectively, in Eq.(3). Note that .o Inour study, the facto is mainly used to represent
(k"; = ,K[Hy|k; = ,K)#0 whenK#0. The diagonal matrix {he screening effect induced by a complicated bond density
elementy ec(k) —¢,(k)] in Eq. (13) are equal to correlation from the delocalizedr electrons on a single
chain and the surrounding chains. Then, it is seen that,
ec(k)—e€,(kK)+Ae(k)—A¢g,(k), (2D through such comparisons,gthe c&¥¥e X=0 can be used as
whereAe.(k) andAe, (k) are related to/, W, andX, but & reference to judge whe@he_r the oﬁ-diqgonal in_telractions
not to U. Equation(17) tells us that atk =0, X does not (W, X) are important or indispensable in describing the
contribute to the off-diagonal matrix elements, and E8) physmal propgrtles of ther—co'njuga.ted polymers. For de-
and (19) mean thatW gives the same contributions for the tailed explgnatlons of_the relationships amon_gﬁhelec_tron
off-diagonal matrix elements of singléB, and triplet®B,, bor)d density correlation effecg and the off-diagonal inter-
states but different contributions for the off-diagonal matrix2Ctions W, X), see Sec. V. _ _
elements of singlefA, and triplet °A, states. We can see " the analyses below, the unit of all numberggs
below that despite relatiofi9), the degeneration of thell’Ag

. . . . A. Excitation energies in the fixed on-site interaction
and 23Ag states is still not lifted for all screening strengths. g

According to Ref. 18, we can find the quantitative rela-
IIl. EXCITATION SPECTRA OF EXCITON tions of V, W, and X, relative toU, corresponding to the
different screening strengths. Through the numerical diago-
In order to study the influences of tleee interactions nalization of the matrix of Eq(13) we obtain the excitation
(U, V, W, andX) upon the excitons under different screen- energies ofA, and B, states under different screening and
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FIG. 1. The variation of the excitation energies dBJ, with 8 FIG. 3. The variation of the excitation energies 0B, with 8
under fixed U. Thex is an estimate of excitation energy @t 1/3 under fixedU. The X is an estimate of excitation energy @t 1/3
for the caseN=X=0. for the caseN=X=0.

find the following results. To see the changes of excitatio®M 1/3, 1 10 7, the nearest-neighbor Coulomb interacvon
energies of A, and B, states atB<1, we estimate the decreases correspondingly from 3.07, to 234 to 0.30 eV.
excitation energies of these states @t=1/3, where U 1WhenW:O andX#0, X causes the excitation energy of
<2V. The energies of &;, 1!B,, and 1°B, excitons are 1B, to increase by an increment 0.03983t 1. The exci-

approximately 1.5925, 0.9209, and 0.9444, respectivelylation energies of 1B, at =357 are almost the same as
WhenU =2V andW=X=0, the excitation energies ofB, those whenWw=X=0. See Fig. 1. The excitation energies of

and 1°B, are degenerate, as in Ref. 29. Whar 3, the 2Ag at all B values are the same as tho_se _WM#FXz_O,
excitation energy spectra %, and B, states are clearly which meansX does not affect the excitation energies of

composed of two parts: discrete and continuous branche%@g- Sfe Fig. 2. The changes of excitation energies of the 1
that is, four discrete excitonic states!/&y, 2°A;, 1'B,, u (1°B,) exciton relative to the case al=X=0 are
and 13B,, plus the electron-hole pair continuum of higher —0.0398-0.0853, —0.0002-0.0712, _0'0003_0'10_54
excitation energies starting from,(m/2a) — €, (7/2a) and—0.0004-0.1239 when=1, 3, 5, and 7, respectively.
C v . - . . .
When W=X=0, the model is the extended Hubbard The minus sign in front of the numbers shows tXaen

hances the excitation energies ofBl, and 1°B, excitons.
model. Howeverl) andV here have been connected by theThe effect ofX on the B gexcito%is larger LEhan on the
screening factop, that is to say, the bond density correlation 11B  exciton. See Figs. 1 ;nd 3
effect has been considered here thro@giThis point is dif- V\L;hen W%O and >g<:'0 all tHe excitation eneraies of
ferent from Ref. 29. In Figs. 1, 2, and 3 we can see that th‘ilB 138, and A statés are lowered with incre%sim
excitation energies of the'B,, exciton decrease from 1.1346 andut,heseur7eductior$s become greater withas shown in
atp=1to 0'86§6 ap=17 (very strong_screenir)gand those Figs. 1, 2, and 3. In comparision with the cAd'e= X=0, the
of the 2A; (1°B,) states monotonically decrease from changés ,of excitation energies offl, (1°B,, 2A ),are
1.59250.9444, 1.41000.8169 at pB=1/3, 1 to ur =9

0.87820.4446 at B=7. But the excitation energy of the 82%38%23 0 126%733@ 0%&2&)532%?3380 201%'3\/?]:2?1
1B, exciton is about 0.9209 g=1/3. Wheng increases ' "o | ' T

B=1, 3, 5, and 7, respectively.

WhenW=+#0 andX#0, the excitation energy of ‘B, at
B=1 is increased by 0.0374 as compared with the &&lse
. W=X=0 #0 butX=0. Those of B, at 3=3, 5, and 7 are almost

1 the same as the ca®é+0 butX=0. This is becaus¥ only

affects the energy of the'B, exciton at3=1. See Fig. 1.
As for the 1°B, exciton, sinceX enhances its energy bW
decreases its energy whehis from 1 to 7, the joint influ-
ence ofW and X induces the energy of°B, to increase
from =1 to 3 and to decrease fro@=5 to 7. See Fig. 3.
The excitation energies ofA at all 8 values are almost the
same as those &a+#0 andX=0. See Fig. 2.

When =3, the excitation energies of thé\g and 1B,
06764 . 2 3 . e p 2 states have become close to each other in the above four
cases. See Fig. 4 for this situation whéve: 0 andX#0.

It is seen above that the effects of the bond-charge inter-

FIG. 2. The variation of the excitation energies @& 2with g actionW and the bond-site interactiof are opposite for the
under fixedU. The X is an estimate of excitation energyat1/3 1B, exciton nea=1 and opposite for the®B,, exciton at
for the caseN=X=0. all B values. See Figs. 1 and X. mainly affects the 1B,

1.5925

1.4093 |

1.2261

E(2Ag)/t0

1.0429 |

0.8597
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0.6647 0.7648 X
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FIG. 4. The excitation energies ofg and 1'B, come close to

one another wheg=3 with W andX under fixedU. FIG. 5. The variation of the excitation energies dB], with 8

under changeablel. The X is an estimate gB=1/3 for the case

exciton near8=1 and almost produces no effect ohBl, W=X=0.

when 8= 3. This effect ofX brings energy changes of 0.08,
0.17, and 0 eV to the 'B,, 1%B,, and 2, states, respec- ~ WhenW=X=0, the energies of theA and 1'B, states
tively, at 3=1, but these changes become 0, 0.14, and 0 e\hecome smallefexceptd=1) as compared with those of the
respectively, ap3=3; whereasV (whenX=0) generates a 2A4 and 1'B, states in fixedJ, because wheb is small,V
change of 0.1, 0.09, and 0.15 eV, respectively, on the excis small also and whelV becomes smaller the excitation
tation energies of the'B,, 1°B,, and 2 states ag=1  energies of the &; and 1'B, excitons will dwindle. The
and these changes on théBl,, 1°B,, and A, states be- energy of 1B, at B=1/3 is 0.7708, which is lower than that
come about 0.2, 0.12, and 0.2 eV, respectivelydat3. At  of 1'B, at the sameg value in Sec. lllA. As for the
B=1, the joint effect oW andX leads to excitation energy 1°B, exciton, it is more sensitive to than 2\ and 1'B,.
changes of about 0.028 and 0.076 eV fdB}, and 1°B, at  Therefore, whenU and V become smaller, the excitation
B=1 since the effect ofV is opposite to that oK at 3=1.  energies of $B, become higher with increasing. See Fig.
We observe that in the cas=X=0 the excitation en- 6.
ergies of the A states, the singlet 1B,, and the triplet WhenW=0 andX#0, only the energy of 1B, at 8=1
13B, excitons at3=1, whereU>2V, are 1.4100, 1.1346, is greatly changed b), and the energies of'B, at3=3, 5,
and 0.8160, respectively, in the present screened potenticind 7, respectively, are almost unaltered. See Fi. oes
their corresponding values in the long-range Coulomb internot change the energies oA, as in Sec. Ill A(see Fig. 2
action (without W and X) are about 1.37, 1.12, and 0.93, The effect ofX enhances the energies ofR, and this in-
respectively, in Ref. 23 wheld=4 eV,V=2 eV,t,=2 eV, crease becomes less with increasjig—0.085, —0.0341,
Sty,=0.2Z,, and the dielectric constast. is setto 5, whichis —0.0159, and-0.0023 wherg=1, 3, 5, and 7, respectively.
for electrons on a single chain surrounded by the othefhis differs from that in Sec. Ill A. See Figs. 3 and 5.
chains. In Ref. 20 their values are about 1.425, 1.2, and 0.7, When W#0 and X=0, the effect ofW is to lower the
respectively, wher&) =3to, V=t,, anddty=0.2%, for a 16  excitation energies of®,, 1'B,, and 1°B, with 8 from 1
site linear chain. to 7. However, a¥) becomes smaller, the effect W at the
strong screening@=7) is reduced, so that the changes of

B. Excitation energies in the screened on-site interaction

The on-site Coulomb repulsiod in fact decreases with 09020

increasing screening strength mfelectrons in the screening
potential® since the ratidJ/U, decreases with the screening 08457 |
factor B8, whereUy is the on-site Coulomb repulsion with no
screening. There is a determined valleat a given screen-
ing strength. In addition, the atomic polarization will also
causel, to be screenetkee Sec. Y. For simplicity, here we
set the values of) at 3=1/3, 1, 3, 5, and 7 are 8, 6, 4.5, 3,
and 1.5 eV, respectively, in order to calculate the excitation
energies of excitons und®y andX. As in Sec. lll A, in all
four cases the excitation energies ok,2and 1'B, states
become closed still g8=3 (whenU=<4.5 eV) (the figure is 06208
omitted. The 13B, exciton is particularly sensitive t&J.

WhenU is 3—-6 eV, the energies of thé'B, and 1°B,, states

are more separated; wheh<3 eV, they have come close to FIG. 6. The variation of the excitation energies dB], with 8
each other, which is different from the situation in whidh  under changeabld. The estimate< at 8=1/3 is smaller than that
is unchanged. See Figs. 4, 5, and 6. in Fig. 3.

0.7895

E(13Bu)/to

0.7333 |

0.6770 |
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the excitation energies of'B, (2Ay) are 0.05140.0732,
0.07840.0774, 0.08640.0854, and 0.051(0.0505 wheng
is from 1 to 7, which differs from that in Sec. Ill A. As for

the 1B, exciton, the changes of its excitation energies aré

0.0450, 0.0519, 0.0655, and 0.0448 wheis 1-7 as com-
pared with the casé/=X=0. Thus, the effect ofV can well
show up only wherJ has a certain strength.

WhenW=+0 andX+#0, the situation is like that ofvV+0

andX=0, becaus& does not have an effect on the energies

of 1'B, (2Ay) from g=3(1) to B=7. The energy changes of
1°B, caused by the joint effect dV and X are —0.0383,
0.0199, 0.0521, and 0.0430 wh@r1, 3, 5, and 7, respec-
tively, which is different from that in Sec. IIl A.

It is seen again from the above that the effectgodndX
on the excitation energies oB], excitons are opposite. See
Figs. 5 and 6X seems an “active agent,” which makes the

excitation energies of excitons higher; that is, it causes the
number of higher excited states to increase relative to the
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TABLE I. The effective energy gap and the binding energy of
the 1B, state in the fixed on-site interactigim units oft,). Egﬁ(zo)
and Egﬁ(z) represent the values fromy and z, respectively.

1/3 1 3 5 7

B
(W=X=0) 15925 1.4100 0.9721 0.9095 0.8782

ES”( 2o)

(W, X) 1.3368 0.8688 0.7387 0.6764
(W) 1.3368 0.8688 0.7387 0.6764
(X) 1.4100 0.9721 0.9095 0.8782
ES(z)  (W=X=0) 17876 1.5306 0.9825 0.9138 0.8804
(W, X) 1.3904 0.8663 0.7456 0.6951
(W) 1.4317 0.8705 0.7401 0.6820
(X) 1.4837 0.9716 0.9033 0.8715

Ey(11B,) (W=X=0) 0.6717 0.2755 0.0053 0.0078 0.0096

(W,X) 0.2163 0.0054 0.0097 0.0118
W) 0.2537 0.0056 0.0100 0.0122
(X) 0.2357 0.0052 0.0075 0.0092

. . . 3 VY —
case withoutX. However,W suppresses the excitation ener- Eo(1°By) (W=X=0) 0.6481 0.5832 0.4617 0.4430 0.4336

gies of excitons; that is, it causes the number of lower ex-

cited states to increase relative to the case withgutas in
Sec. lll A. The most striking distinction between Secs. Il A
and Ill B lies in the changes of the triplef®, exciton with
increasingB and decreasingy value. See Figs. 3 and 6. At
B=3, W produces an energy change of 0.16 eV for bot
1'B, and A\, states, which is lower than their energy
changeq0.2 eV) in Sec. lll A, because herd is small(4.5
eV), which leads to smalv.

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

(W, X) 0.4818 0.3538 0.2804 0.2453
(W) 0.5651 0.4223 0.3781 0.3571
(X) 0.5180 0.3915 0.3386 0.3102

hwhereﬁrepresents the average bond charge densitysamd

is the fluctuation around this average bond charge density
and they are defined bym,,)=m,+ ém,.?° Our study is
only in the phase BOW, so tha, and dm,, are independent

of spin o. The effective energy gap under the HF approxi-
mation atsr/2a is then

Eg'=4[ dto+(V—6W)sm]. (25)

A. The effective energy gap

To obtain the binding energy of an exciton we need the  1hem and sm is determined by the first and second el-
values of the energy geff; © underW andX. With regard to liptic integrals as follows:

the calculation of the electronic energy gap of conjugated
polymers, this problem is not completely solved because of
the complexity of the correlation property induced by the

residuale-e interactiongwhich are not considered in the HF sm= ;[K(‘/l_zz)_ E(V1-29)], (26
approximation and also by the broad band character of con- m(1-2°)

jugated polymers. In the present work we do not intend to

consider the energy gap contributed by the correlations. As _ 1

this is a preliminary investigation, the HF approximation is =——[E(N1-2)-2K(J1-27)], (27

used in our consideration. Then the effective one-particle m(1-2)
Hamiltonian reads wherez= ét/t. Here one should pay attention to two cases
where we determine the effectiveee energy gapES“: in
one, the amplitudém of the bond charge density around its
average is changeable with the values ofg¢heinteractions,
and in the other it is not changeable with teee interac-
tions. In the first case, by using the initial parametgrand
Zo(= btylty), through solving Eqs(23)—(27) simultaneously
we get the effective parameterand then get the values of
8m andm from Egs.(26) and(27). In the second case, the
Sm andm are directly determined by Eq&6) and (27) by
using the initial parameters, andz,, as has been done in
Ref. 23. Our calculations in this paper belong to the latter.
See the values dE¢'(zo) in Table .

Table | shows us that the values of the energy gap ob-
tained from the effective parameterare bigger than those
calculated directly from the initial parameter, when

Heﬁ=—|2[t—(—l)'&](mwmrg). (22)

wheret is the effective hopping corrected by tkee inter-
actions:

t=ty— 2X+(V—6W)m (23

and 6t is the effective modulation of lattice by thee in-
teractions:

St=dto+(V—6W)Sm, (24)
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W=X=0. With increasingB, the effect ofW remarkably no changes on the binding energy of th&B}, exciton, be-
diminishes the effective energy gdfhat is, the effective cause the bond correlation or the off-diagonal interaction
dimerizationst of 7-conjugated systemsThe influence of ~causes the excitation energy of théB], exciton to almost
W alone or of bothW andX reduces the effective energy gap approach the bottom of the conduction baisée Secs. IlI
to values beIowE8=45to=0.8t0 when 8=5. The single and V), despite the fact that the effect ¥ increases with

effect of X does not change or slightly changes the effectivdCréasing screening factor. However, for a large exciton
energy gap with increasing. binding energy such as 1.1 gRef. 20 for PPV, the effect

Notice that although there is no bond-site interactioim ~ °f W or)r(] may be Iomitted_because t?]e effiCtS they generate
Egﬁz 4] Sto+ (V—6W)dm], X can exert its effects ongf around the normal screening strength on the exciton binding

— _ . energy are very weak.
throughém andm in the first case. See the valuesE@‘ (2)
in Table I. V. DISCUSSION AND CONCLUSION

First, the screening fronr electrons is different from that
from the polarization ofr electrons since the electrons are

The binding energyE, of an exciton is, by definition, delocalized throughout the whole system but ¢helectrons
given by the differencel,— E) between the energy gdfy,  are localized in the backbone af-conjugated systems. The
and the exciton energl. In the HF approximation, we cal- Screening byr electrons is a “dynamical” many-body cor-
culate the binding energies of the singléB}, and the triplet  relation effect, but the screening from electrons is an
1%B,, excitons under the influence of bond density correla-€lectrostatic” effect in-conjugated systems.
tion effect and off-diagonal interactions X) in fixed U. The effect of ther electron polarization leads to the usual
The results are listed in Table . static dielectric constant,, which depresses the on-site

It is seen in Table | that the binding energy of th&B], Coulumb repulsioid and the long-range Cpulomp repulsion
exciton decreases from finite values @1 to negligible V). of the 7 electron. Thus the Coulomb interactions or the

H 3
ones atB=5. At very strong screeningd=7), the binding Ohno potentia® among 7 electrons are represented3by

energies of 1B, have in reverse a little increase relative to Ve, . However, the screening fdd is unlike the screen-
ing thatV,;, feels sinceU is short ranged and works only

those att,ﬁ=5. T?'? IS becau_se tgfl;jsgrogg screen;ngtheffecwthin an atomic size. The atomic polarization will cause the
causes the excitation energies 0 decrease 10 elr y1omic value Uy to be screened, for instance, ford 3

lowest values. The binding energy of t.héB]U exciton al- 4 ansition-metal Culy~16 eV is screened tb)~ 5 eV
ways keeps a finite value at all screen_mg_strengths. ThIS Ifh 7r-conjugated polymers, the atomic polarizaffomill

because the energy level ofB,, always lies in the effective  anderU screened from its bare atomic valuk to an ef-
energy gap at all screening strengths. fective value. For instance, for polyacteletg=11.13 eV
~ Only if U also decreases due to the screenimgybe s screened to about 4.4 eV, where=9 (quite strong and
including the screening due to the polarization ofelec-  the nearest-neighbor interactiod=0.8 eV?’ For Cgp,

trons, the binding energy of the ®B, exciton will be re-  U,=3.5 eV(Ref. 34 is screened ttJ~ 1.5 eV Therefore,
duced from finite values at the weak or normal screening t®esides the screening fact@r the polarizations otr elec-

B. The exciton binding energy

negligible ones at the strong screening. trons and the charges on the neighboring $tesll cause
Compared to the cas®/=X=0, the effect of W de- bothU andV, s to be screened.
creases the binding energy of théBl, exciton at3=1 and Due to the complexity of the dynamical correlation prob-

increases the binding energy of théBl, exciton fromB=3  lem, the zero-frequency effect of this problem can be dis-
to B=7. The effect ofX decreases the binding energy of the cussed. In this way, the screening effect by the correlation
11B, exciton at all screening strengths. As a result, the joinamong then electrons can phenomenologically be repre-
effect of W and X decreases the binding energy of thtB]  sented by a screening fact@; so that the long-range Cou-
exciton atB=1 and then increases them frg8+3 to 7. lomb interaction is corrected as an exponentially decaying
We notice that only wherB<1 are the values of the potential:e™#"/r.%181%28ere we call the many-body effect,
exciton binding energyfor 1'B,) of practical meaning. At which makes thes-e interactions amongr electrons effec-
B=1, for the singlet 1B, exciton, the joint effect ofW and tive, the bond density correlation effect and call the many-
X creates about a 0.12-eV change relative to the caskody correlation due to the off-diagonal interactions, k)
W= X=0; the single effect ofV causes only approximately the bond correlation or the off-diagonal correlation. The cor-
a 0.044-eV change and that Xfbrings about approximately relation effect inw-conjugated systems has been studied
a 0.08-eV change. carefully in Refs. 28 and 31. However, in Ref. 28 the off-
As for the B, exciton, the effects oV andX make its  diagonal interactions and the bond correlation effect were
binding energy decrease frof=1 to 7. Thus the joint effect not introduced, although the exponentially decaying screened
of W andX decreases the®B,, exciton binding energy at all Coulomb potential was applied, so it is somewhat different
screening strengths. from ours(see the first paragraph in Sec)ilin Ref. 31, the
Thus it seems apparent from the above results that for theorrelation effect ofr electrons was considered mainly from
conjugated polymer with a small exciton binding energy,a Hubbard-type interaction. This is also different from ours.
such as 0.2 eV for the derivative of PPV, pdB-methoxy, Whetherp is considered or noWV and X always exist in
5-(2'-ethylhexoxy-1, 4-phenylenevinyledqe(MEH-PPV),?*  m-conjugated or other electron systemg/hen =0, the
the off-diagonal interactioWV or X will develop its effect, many-center integrals in the bateelectron Coulomb inter-
even at the normal screening strength. When the screeniragtion lead to the diagonal partdJ (V) and off-diagonal
strength becomes much strongg>1), W or X produces parts (V,X) for an isolated benzer: U=16.93 eV,
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V=9.027 eV,X=3.313 eV, andW=0.462 eV. As a com- tion energies of the singlet excitort®, have no big differ-
parison, for 3 (narrow) band of transition metalsye have  ences(see the comparison in Sec. I\) AHowever, it is dif-
U=20eV,V=6eV,X=1/2 eV, andW=1/80 eV. However, ficult to accurately determine theoretically the single-particle
when B+#0, all the values ofU, V, W, and X will be energy gap and the exciton energy simultaneously if there is
changed and are related to one another. Heis, in fact, a  no consideration of the contribution of the above-mentioned
cutoff parameter of the Coulomb interaction. The larger thecorrelation in the exciton method used here.
B, the weaker the Coulomb interaction. Thus the fagfor In addition, in real conjugated polymer materials there
reflects a kind of screening effect on theelectrons in con- always exists the dielectric constagt. We observe that if
jugated polymers. But the larger tie the larger the changes €, is set to 2 angB to 1 (assuming thag is purely due to the
of the relative values among, W, andX also. This mani- m-electron correlationswe get that the excitation energy of
fests the significance of the screening fagBothe largerg,  the 1'B, exciton is 1.0645 and the HF energy gap value is
the stronger the bond density correlations. And only when 1.0683. Thus, the exciton binding energy is found to be
reaches a certain strength will the effectwfor X become  0.0076 eV, which is very small and can be negligible, but if
striking, as seen in Refs. 18,19. Here we emphasizegtiat A is taken to be 1/3, the excitation energy of theB} exci-
a reflection of the bond density correlation among the ton is estimated as 1.1583 and the HF energy gap value is
elections with a large overlap integral in-conjugated poly- about 1.1998, so the exciton binding energy is approximately
mers. In this sense, the cagé=X=0 represents the bond 0.08 (~0.1) eV. This means that at the given dielectric con-
density correlation effect througi, and the case in which stante, (say,e,=2), only the smaller screening fact¢say,
W=0 orX#0 (or bothw=0 andX#0) represents the bond 8= 1/3) will bring forth a positive effect on the exciton bind-
density correlation plus the off-diagonal interactions throughing energy and the large screening facteay, 5=1) will
B. Moreover, the adoption of the screened Coulomb potenyield a negligible effect on the exciton binding energy. This
tial could be regarded as compensating for the shortcoming§plies that the intensity of the bond density correlation de-
of the tight-binding approximation. termines the magnitude of the exciton binding energy in
Second, in the present exciton theSrysed here, the di- 7-conjugated polymers. If the intensity is big, the exciton
agonal matrix elements in the momentum representation ar@inding energy may be small; if the intensity is small, the
in fact, derived under the HF approximation in which the €xciton binding energy may be a non-negligible quantity. On
correlations, except for the correlation between the electron#e other hand, if the screening facigris assumed to con-
with parallel spins, are not considered, and the correlationtin the effect ofo electrons on the same chain and of
caused by the different interactionsl (V, W, andX) are  m-electron motion on neighboring chaittsthen W and X
also not considered in the exciton theory. In addition, wetogether generate about a 0.12-eV change in the binding en-
observe that the excitation energy spectra Bf, and 2,  ergy of the B, exciton at3=1, and, wherg=3, the bond
excitons is mainly controlled by the diagonal matrix ele-density correlationyv andX also produce a negligible effect
ments from our calculations. Therefore we should at thedn the exciton binding energigee Table)l Thus if the in-
same time add the corresponding corrections to both the efensity of the bond density correlation is strong, the exciton
ergy gap equation and the diagonal matrix elements of thbinding energy is small; if the intensity is small or moderate,
exciton excitation instead of only considering the correctionthe exciton binding energy may be a non-negligible quantity.
of correlation energy in the energy gap equation. In this wayln the very recent experiméfitfor the derivative of PPV,
it would be, we think, more reasonable to study theoreticalyMEH—-PPV, the single-electron gap is determined to be 2.45
the exciton binding energy when the residual correlations aréV and the exciton absorption peak is measured at 2.25 eV,
to be considered. For example, according to our calculationso the exciton binding energy is determined to be 0.2 eV.
here we also can see this point. If we utilize the excitationOur results of the singlet exciton binding energy above, un-
energy value of the 1B, exciton withoutW but use the der the bond density correlation effet¥ and X, are com-
energy gap value withV at the same screening factor, say, parable with this experimental result.
B=1, we would get a difference valuexciton binding en- Therefore these results imply that tireelectronic screen-
ergy) of (1.3368,—1.13468,) 0.4 eV. However, if we con- ing effect(originating from the bond density correlation ef-
sider simultaneously the effect @ on the excitation energy fect of the 7 electrony may be a reason that the exciton
calculations and the energy gap equation, we will obtain &inding energy is small inr-conjugated polymers, and/
difference of 0.5 eV. Thus it can be seen that the results arand X will generate their effects on the exciton binding en-
distinctly different. Notice that this example is just used toergy even when the screening factor is normahk1). In
indicate that inconsistent treatment would bring about inconaddition, it is important to make clear how much of the con-
sistent results. In fact, whether S@lingle configuration in-  tribution to the exciton is from ther electron screening ef-
teraction or DCI (double configuration interactipris used, fect in 7-conjugated polymers with a given dielectric con-
as long as the HF approximation is utilized, there exists suclstante, . This question needs further study.
a problem. Experimentally, the determination of the binding In summary, our calculation shows that the effects of the
energy of the singlet exciton!B,, is closely dependent on bond-charge interactioW and the bond-site interaction
the measurement of the single-particle energy?fap the  X(<0) on the excitation energies of the'B, and 1°B,
electron-hole continuum edd€B threshold®). If this mea-  states are oppositdV decreases and increases their exci-
sured value is large, then the singlet exciton binding energyation energiesW decreases the excitation energies of the
may be large; if this value is small, then the singlet exciton2A, states butX does not change them at all screening
binding energy may be small, since according tostrengths, whether the on-site Coulomb repulsidnis
calculation$® or experimental measuremeft® the excita-  screened or unscreened. With increasthghe effect ofw
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on 1'B, and 2\, goes from weak to strong, and the effect of at the normal screening scope. For a large exciton binding
X on them goes from strong to weak. Under fixdd the  energy case, the effects @f and X are negligible.

exciton binding energy decreases with increagighat is,

the stronger the bond density correlationmglectrons, the
smaller the exciton binding energy becomes, and, more im-
portantly, we find that the off-diagonal interactidd or X This work was supported by the National Natural Science
will exert its effect on the small exciton binding energy evenFoundations of China and the 863 Project.
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