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Excitons and optical absorption in one-dimensional extended Hubbard models
with short- and long-range interactions

F. B. Gallagher and S. Mazumdar
Department of Physics, University of Arizona, Tucson, Arizona 85721

~Received 19 June 1997!

We show that charge excitations within one-dimensional extended Hubbard models in the limit of large
on-site Coulomb interaction can be mapped onto pairs of spin reversals from the ferromagnetic Ising-
Heisenberg spin Hamiltonian. The exciton in the extended Hubbard models is equivalent to the bound two-
magnon state of the spin Hamiltonian. From exact results for the spin Hamiltonian, for the intersite Coulomb
interactions limited between nearest neighbors, the lowest optical exciton is separated in energy from the
electron-hole continuum only for the intersite interaction larger than half the one-electron bandwidth. The
commutation relationship between spin operators allows us to numerically investigate exciton binding energies
and optical absorptions from the ground state in the limit of large on-site Coulomb interaction even for cases
where analytic results are not available. For intersite Coulomb interaction limited between nearest neighbors,
the binding energy of the lowest optical exciton changes very weakly for realistic Peierls bond dimerization,
although there is a profound change in the optical absorption. While in the undimerized chain a single optical
exciton can occur, two additional excitons that occur above the threshold of the electron-hole continuum
become optically visible in the dimerized case. For long-range intersite Coulomb interactions, multiple exci-
tons can occur even for the undimerized chain, and additional exciton states become optically visible upon
dimerization. With the 1/r form for the intersite Coulomb interaction, our numerical calculations suggest that
the formation of at least one optical exciton is unconditional, unlike the case of nearest-neighbor interaction.
The binding energy of the lowest optical exciton again depends weakly on the dimerization for long-range
interaction. Our theoretical results can explain the occurrence of two charge-transfer absorption bands in
half-filled band segregated stack charge transfer solids below the spin-Peierls dimerization temperature. Our
results also suggest that the lowest optical state ofp-conjugated polymers, in which Coulomb interactions are
long ranged, is necessarily an exciton.@S0163-1829~97!00448-7#
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I. INTRODUCTION

While early theories ofp-conjugated polymers stresse
the role of electron-phonon couplings in these quasi-o
dimensional materials,1 more recent work has focused on th
direct Coulomb interactions among thep electrons.2 One
possible consequence of moderate to large electron-elec
interactions, relative to the one-electron bandwidth is that
lowest optical absorption is to an exciton. A large body
experimental literature has indicated the exciton behavio
the optical state in the polydiacetylenes3 ~PDA’s! and poly-
paraphenylenevinylenes~PPV’s!.4 The exciton concept ha
received strong support from the recent demonstration of
ing action in several substituted PPV’s.5–7 Similarly, theoret-
ical interpretations of the nonlinear optical properties of
PDA’s make extensive use of the exciton concept.8–10 In-
deed, it has even been suggested11 that the resonant nonlinea
absorption in these materials11–13 in the high-energy region
is a transition from the optical exciton to a biexciton of a
propriate symmetry. Some theoretical evidence for sta
biexcitons have been presented.14–19

In contrast to thep-conjugated polymers, the role o
strong Coulomb interactions and the exciton concept
both well established in the half-filled band segregated
mixed-stack charge-transfer solids. The relative strength
the electron-electron interactions in these systems is con
erably stronger.20,21 Very recently, stable multiexcitons hav
been demonstrated in the mixed-stack charge-transfer s
anthracene-pyromellitic acid anhydride.22

The scopes of the theoretical works on the exciton ch
560163-1829/97/56~23!/15025~15!/$10.00
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acter of the lowest optically accessible state in these syst
are limited in nature, due to the true many-body nature of
electron-electron interactions. Broadly speaking, theoret
work has either included the electronic correlations only
tween molecular orbital configurations that are excited
lowest orders with respect to the noninteracting grou
state,9,23–26 or have investigated short finite chain
numerically.8,10,14,19 Within the first approach, the energ
gap to the electron-hole continuum is obtained from
Hartree-Fock solution to the correlation problem, and is th
independent of the strong on-site Coulomb corrrelation~the
Hubbard U! that characterizes these systems. This is clea
an incorrect solution.2 Furthermore, within this approach, th
lowest optical state is necessarily an exciton for nonz
bond dimerization, independent of the strength or the ra
of the intersite Coulomb interactions, which as we discu
here, is not entirely correct. Within the second approach
emphasizes including correlations to all orders and there
focuses on short chains, the exciton cannot be treated
quasiparticle with a momentum-dependent energy. The
ture and width of the electron-hole continuum within th
finite chain calculations8,10,14,19are also not clear, althoug
limited understanding of continuum states have be
obtained.8,25 A recent density matrix renormalization grou
~DMRG! approach27 has investigated exciton binding ene
gies from numerical calculations for very long chains, b
these results are also quite limited, and no information ab
the electron-hole contiuum is obtained from these calcu
tion. Furthermore, the DMRG approach has found an unu
ally strong dependence of the exciton binding energy on
15 025 © 1997 The American Physical Society
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15 026 56F. B. GALLAGHER AND S. MAZUMDAR
Peierls bond alternation that characterizes linear chain
result that is difficult to understand within the context of
existing theories.

In the present work, we focus on the limit of strong Hu
bard on-site interaction relative to the one-electron ba
width. However, intersite Coulomb interactions can be ar
trarily small. The model therefore introduces two scales
energy, and although optical excitation is necessarily du
electron correlations, exciton formation is not guaranteed
what follows, we shall distinguish between the strong
coupled simple Hubbard model~no intersite interaction!, and
extended Hubbard models with nonzero intersite inter
tions. We will further distinguish between short-range~spe-
cifically, nearest neighbor! intersite interaction, and the ex
tended Hubbard model with truly long-range inters
interactions. The model with long-range interactions
analogous to the chemists’ Pariser-Parr-Pople28 Hamiltonian
for p-conjugated systems. Our goal is to obtain fu
momentum-dependent energies of the exciton and elect
hole continuum states in long chains in the limit of lar
on-site Coulomb repulsion, and to calculate the optical
sorptions to these states. The excitons within our soluti
are then true elementary excitations. The large Hubbard
pulsion limit has been of interest since the inception of
Hubbard model, and has been widely studied in the con
of itinerant antiferromagnetism. We show later that resu
directly relevant for segregated-stack charge-transfer so
with half-filled band are obtained within our model. A
though the large on-site interaction approximation does
apply top-conjugated polymers, we believe that our detai
results provide valuable qualitative insights.

For the case of short-range intersite interactions,
model Hamiltonian has been studied before. Optical abs
tions within the dimerized Hubbard Hamiltonian and the u
dimerized short-range extended Hubbard Hamiltonian in
limit of large on-site interaction were studied by Lyo an
Gallinar29 and Lyo.30 These authors did not investigate th
interesting case of the dimerized extended Hubbard mode
much more thorough analysis of the undimerized as wel
the dimerized extended Hubbard model with short-range
tersite interaction has recently been presented by Geb
et al.31,32 The models investigated by Gebhardet al. were
studied more recently by Yuet al.,33 who, surprisingly, ob-
tained very different energies and bandwidths for the exc
and the electron-hole continuum. All of the abo
approaches29–33 involve formidable algebra, and essentia
involve diagonalization of the Hamiltonian within the bas
of the so-called lower and upper Hubbard subbands.34,35 For
nonzero intersite interactions, the diagonalization, and
calculation of the optical absorption in particular, becom
rather involved. Consequently, even though the methods
in principle be applied to the case of long-range inters
interactions, the actual procedures quickly begin to get co
plicated with each additional intersite interaction. Furth
more, the space of two particle–two hole states is also
interest for probing biexciton states,11–19 and now the avail-
able techniques should become even more complicated.

We introduce an approach to charge excitations in
strongly coupled one-dimensional extended Hubbard Ha
tonians here that is simple and pictorial, and that gives
sults directly within the total energy description. Essentia
a

-
i-
f
to
n

-

s

n-

-
s
e-
e
xt
s
ds

ot
d

e
p-
-
e

A
s
-
rd

n

e
e
an
e
-

-
of

e
il-
-

,

we are able to show that in the limit of large on-site intera
tion, charge excitations of extended Hubbard models w
nearest-neighbor electron hopping can be mapped exact
pairs of spin excitations within Ising-Heisenbergferromag-
netic spin Hamiltonians. While it has been known for a lo
time that the spin excitations from the ground state of Hu
bard models can be described within the isotropic antifer
magnetic Heisenberg spin Hamiltonian,36,37 we are unaware
of previous work that has pointed out the present mapp
The only requirement for the mapping is that electron ho
pings are between nearest neighbors. For the translation
invariant case with nearest-neighbor Coulomb interacti
exact solutions of the spin model then become availa
Since spin operators on different sites commute, and s
the subspaces containing a few spin reversals is small e
for very long chains, numerical approaches to the exci
problem become accessible for the cases where exact
tions are not available. We are thus able to deal with the c
of long-range interactions for the first time, albeit nume
cally. Elsewhere, we will discuss analytical and numeri
solutions to the biexciton problem.38

In Sec. II we present the transformation from the electr
Hamiltonian to the spin Hamiltonian. The case of t
nearest-neighbor intersite Coulomb interactions are
cussed in Sec. III. Our calculated energies and optical
sorption spectra are identical with those obtained by t
obtained by Gebhardet al.,31,32 and are to be taken a
complementary to the procedure adopted by these auth
The transformation to the spin Hamiltonian leads to phy
cally transparent configuration space solutions, that are
ticularly useful in understanding the details of the comp
cated optical absorption spectra of dimerized chains~see
below!. Our results are in disagreement with those of Y
et al.33 Furthermore, at least in the strong on-site Coulom
interaction limit, we do not find the qualitative difference
exciton binding energies between undimerized and Peie
dimerized chains found within the DMRG calculation.27 In
Sec. IV, we discuss the case of long-range Coulomb inte
tions, with a 1/r form for the potential. In contrast to the cas
of the short-range interaction, which can lead to a sin
optically allowed exciton in the absence of Peierls dimeri
tion, multiple excitons are obtained for the case of lon
range Coulomb interaction. The binding energy of the low
optical exciton again depends only weakly on dimerizatio
In Sec. V, we summarize our conclusions, and also disc
optical absorption below the spin-Peierls transition tempe
ture in half-filled band-segregated stack charge-transfer
ids.

II. FERMION TO SPIN HAMILTONIAN

We will consider the extended Hubbard Hamiltonians,

H5U(
i

ni ,↑ni ,↓1(
i , j

Vj~ni21!~ni 1 j21!

2(
i

t i~ci ,s
† ci 11,s1ci 11,s

† ci ,s!. ~1!

In the above,ci ,s
† creates an electron of spins on site i ,

ni ,s5ci ,s
† ci ,s is the number of electrons of spins on sitei ,
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56 15 027EXCITONS AND OPTICAL ABSORPTION IN ONE- . . .
andni5(sni ,s . U is the repulsive Coulomb interaction be
tween two electrons on the same site,Vj the interaction be-
tween sitesj sites apart, andt i is the one-electron hoppin
integral. The effect of the Peierls dimerization is included
t i , which is of the formt i5t1(21)id, whered is a rigid
dimerization parameter. We will consider both short-ran
intersite Coulomb interaction~Vj50 for j >2! as well as
long-range interaction.

We will focus our attention on the limit of large on
site interaction, U@utu. Charge-spin decoupling in on
dimension in this limit36,37 implies that subsets of eigenstat
can be classified according to the number of double occup
ciesN25( ini ,↑ni ,↓ . The ground state lies in theN250 sub-
space, the lowest excitations from which areN250 spin
excitations.36,37 Charge excitations occur across a mu
higher energy and lie in theN251 subspace. The doubl
occupancy and the vacancy inN251 configurations can
move freely in the limit of zeroVj , leading to the electron
hole continuum. For nonzeroVj a bound state with neigh
boring double occupancy and vacancy can occur, and th
the exciton within the model. Exciton formation depends
the energetics of theN251 subspace, while optical absorp
tion results from coupling between theN250 ground state
andN251 subspaces.

We show in this section that theN251 subspace of the
extended Hubbard Hamiltonian can be transformed to afer-
romagneticIsing-Heisenberg spin Hamiltonian in the sect
of two reversed spins. We rewrite Eq.~1!, separating out
electron hops that do and do not conserveN2 :

H`5N2U1(
i , j

Vj~ni21!~ni 1 j21!1H11H21H3 , ~2a!

H152(
i ,s

t i~12ni ,2s!~ci ,s
† ci 11,s1ci 11,s

† ci ,s!

3~12ni 11,2s!, ~2b!

H252(
i ,s

t ini ,2s~ci ,s
† ci 11,s1ci 11,s

† ci ,s!ni 11,2s , ~2c!

H352(
i ,s

t i@ni ,2sci ,s
† ci 11,s~12ni 11,2s!

1ni 11,2sci 11,s
† ci ,s~12ni ,2s!1H.c.#. ~2d!

In the above,H1 andH2 describe the independent hoppin
of vacancies and double occupancies, respectively. B
these terms conserveN2 . The two terms inH3 create addi-
tional double occupancies and vacancies.

Only H3 in Eqs. ~2! couple theN251 subspace to the
N250 andN252 subspaces. In theU@utu limit, this cou-
pling between theN251 andN250 and 2 is of the same
strength as that between spins in the ground state sector,
t i
2/(U2V1). Compared to the charge gap, the effect ofH3 is

therefore negligible in theU@utu limit, and we ignoreH3 in
what follows, as in previous work.29–33 Any errors due to
neglectingH3 are clearlyO„t i

2/(U2V1)….
We point out an important consequence of this decoup

of the N251 from all other subspaces. In the following w
e

n-

is
n

th

iz.,

g

refer to the double occupancy as the particle, and the
cancy as the hole. Consider an arbitrary many-electron c
figuration in theN251 subspace of a longopenchain, with
the particle to the left of the hole, and arbitrary particle-ho
separation. Repeated applications ofH1 andH2 to this con-
figuration generate all other configurations in which the p
ticle remains to the left of the hole, but configurations
which the particle is to the right of the hole cannot be ge
erated by applications ofH1 andH2 . The only way to gen-
erate the set of configurations with the particle to the rig
beginning from a configuration in which the particle is to t
left of the hole, is to let the particle and the hole approa
each other, generate a virtual intermediateN250 configura-
tion, and then recreate the particle to the right. The interm
diate N250 configuration is forbidden in theH350 limit.
The set of configurations with the particle to the left of t
hole are then completely decoupled from the set with
particle to the right. Thus theH350 approximation~which is
equivalent to theU@utu approximation! introduces a degen
eracy between the even and odd parity exciton, where
parity is with respect to the center of inversion of the op
chain. The two excitons should have an energy splitting
O(2t2/U2V1), but this is of little consequence here, as li
ear optical absorption involves only the odd parity exciton
should be kept in mind, however, thatnonlinearabsorption
involves also the even parity exciton. The even parity ex
ton has been referred to as themAg state in the context of
optical nonlinearity.8

Charge-conjugation symmetry in the half-filled extend
Hubbard Hamiltonian implies that the Hamiltonian is inva
ant to the transformationci ,s

† →(21)ici ,s , ci ,s→(21)ici ,s
† .

TransformingH2 this way, we find that the transformedH2
is identical to the untransformedH1 in Eq. ~2b!, indicating
that there is no difference between the independent mot
of the particle and the hole in theN251 subspace. For
H350, and in the absence ofVj , H` therefore simply de-
scribes two noninteracting spinless fermions.39 This charac-
ter of the Hamiltonian is independent of whether a partic
hole pair or a hole-hole pair is being considered. T
particle-hole character of the two spinless fermions in E
~2a! then becomes relevant in a single term, viz., the inter
interaction containingVj , which as it stands would corre
spond to a repulsion between two holes, as opposed to
attraction between a particle and a hole. If this repulsion
formally replaced with a hole-hole attraction, one obtain
Hamiltonian with two holes whose energy spectrum is ide
tical to that of the original particle-hole Hamiltonian. Th
new system corresponds to a chain withN sites,N22 of
which are singly occupied. As was shown by Klein a
Seitz,39 charge excitations of such a system with uneq
numbers of electrons and sites are described within a spin
fermion Hamiltonian,

H red5U2(
i , j

Vj~ni21!~ni 1 j21!

2(
i

t i~ai
†ai 111ai 11

† ai !, ~3!

where the operatorai
† now creates spinless fermions, an

ni50 or 1 only. We have introduced attractive interactio
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15 028 56F. B. GALLAGHER AND S. MAZUMDAR
between the holes based on the reasoning given above.
The HamiltonianH red in Eq. ~3! can now be transformed

via the Jordan-Wigner transformation,

Si
†5expS ip(

j , i
aj

†aj Dai
† , ~4a!

Si
z5~12ni !21/2 ~4b!

to theferromagneticIsing-Heisenberg spin Hamiltonian wit
N22 spins pointing down, and two reversed spins:

Hs5U2(
i , j

Vj~Si
z11/2!~Si 1 j

z 11/2!

2(
i

t i~Si
†Si 11

2 1Si 11
† Si

2!. ~5!

We therefore find that the exciton problem within the e
tended Hubbard Hamiltonian reduces to that of the bo
state of two ferromagnetic magnons. Since spin operator
different sites commute, direct numerical calculations of
ergy spectra and optical absorption now become feasible
the cases where exact analytic solutions are not availab

We now discuss optical absorption to theN251 subspace
from the N250 ground state. For nearest-neighbor cha
transfer, the current operatorĵ within the full extended Hub-
bard Hamiltonian of Eq.~1! is given by40

ĵ 52 i(
i

t idi~ci ,s
† ci 11,s2ci 11,s

† ci ,s!, ~6!

where we have taken the electronic chargee as 1. In Eq.~6!,
di is the distance between atomsi andi 11. Exact numerical
calculations of optical absorptions of correlated short cha
in the past have shown that the explicit inclusion of bo
dimerization in Eq.~6! makes little difference in calculate
transition dipole moments:41 the dominant effect of dimer
ization on the optical absorption comes from the change
the excited-state wave functions induced by the dimerizat
We therefore take alldi51 for convenience. From the natur
of the current operator, optical absorption conserves the
tational symmetryK.40 The optical conductivitys~v! is ob-
tained from40

Re@s~v!#5~p/v!(
n

u^gu ĵ un&u2

3@d~v2En2Eg!1d~v2Eg2En!#,
~7!

where Re implies the real part,Eg is the energy of the
ground stateg, and En are energies of excited statesn to
which g is coupled through the current operatorĵ , and
v56(En2Eg). The optical sum rule, as well as the rel
tionship between the dipole and the current operators h
been discussed by many authors over the years40 and will not
be repeated further. In the following, we will be interested
the reduced dimensionless optical conductiv
v Re@s(v)#/utu, which from Eq.~7! is simply proportional to
u^gu ĵ un&u2, and which hereafter we denote asu j gnu2. In all
-
d
on
-
or

e

s

in
n.

o-

ve

our figures below, we plot onlyu j gnu2 in units of utu, and
avoid introducing arbitrary broadening parameters.

We assume that the ground state of the extended Hub
Hamiltonian in theU@utu limit corresponds to the perfectly
antiferromagnetic~AF! state. Operating on theN250 AF
state of the electron Hamiltonian, the current operator gen
ates a particle-hole pair with equal probability from a
neighboring pairs of sites. This is exactly equivalent to t
generation of two nearest-neighbor holes within the Ham
tonianH red of Eq. ~3!, and therefore to the generation of tw
reversed spins from the ferromagnetic ground state of the
spin HamiltonianHs . Within Hs , j gn therefore reduces to
( i t i^guSi

†Si 11
† un&. In the following sections we consider th

two extreme cases, viz., intersite interactions limited to ne
est neighbors~Vj50 for j >2!, and long range Coulomb
interactions, separately.

Gebhardet al. have discussed the consequence of cho
ing a ground state different from the AF ground state on
optical absorption.32 Specifically, the ground-state wav
function in one dimension is not AF for any finiteU,2 and
even in the absence of electron-phonon couplings that co
lead to a spin-Peierls transition, the wave function consist
nearest-neighbor spin singlets as opposed to the AF lo
range order.2 We discuss this issue further in the Append
where we show that at least in theU@utu limit, there is no
difference in the optical absorptions from the exact grou
state and from the perfect AF configuration. In particular,
exciton binding energy and the width of the electron-ho
continuum are independent of the choice of the ground st

III. SHORT-RANGE INTERSITE INTERACTION

In this section we consider the case where the inter
Coulomb repulsion is limited to nonzero nearest-neigh
interaction. This is the case that has been investiga
previously.27,29–33,42We considerd50 anddÞ0 separately.

Case A.d50. Since we are interested in the long cha
limit, we considerHs within periodic boundary conditions in
what follows. The basis functions ofHs for the translation-
ally invariantd50 case are

C~K;n!5N21/2(
m

exp~ iKm!F~m,m1n!, ~8!

where F(m,m1n) denotes two reversed spins occupyi
sites m and (m1n), respectively, andK is the center-of-
mass momentum. Using the above basis, an exact solutio
the energy spectrum ofHs has been obtained by Wortis.43

The energy spectrum of the two-magnon continuu
states, corresponding to the electron-hole continuum in
fermion model, is given by

Ec~K !5U22utucosK122utucosK2 , ~9!

whereK1 andK2 are the wave numbers of the two indepe
dent spins, andK5K11K2 . Within Hs , the individual
Ki56p l /N, wherel is an odd integer. The Paulion natu
of the spin operators dictates thatK1ÞK2 . The last condi-
tion does not arise naturally when considering electron-h
excitations between lower and upper Hubbard subbands,
has to be incorporated extraneously.31 In the long chain limit
the edge of the electron-hole continuum is therefore
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56 15 029EXCITONS AND OPTICAL ABSORPTION IN ONE- . . .
U24utu. Our expression for the electron-hole continuum
identical to that obtained by Gebhardet al.,32 and is also in
agreement with the exact Bethe ansatz optical gapU24t
within the simple Hubbard model (V50) for largeU.44 Yu
et al. have determined the energy of the lower threshold
the continuum to beU24d2J, J52t2/U. This latter result is
clearly in disagreement with the exact solution for the Hu
bard Hamiltonian.

In addition to the continuum states, a single bound stat
two magnons, corresponding to the exciton within the el
tron Hamiltonian, occurs for nonzeroV1 . The exciton en-
ergy Eex(K) is given by43

Eex~K !5U2V2~4t2/V1!cos2~K/2!. ~10!

From Eqs.~9! and ~10!, there is always a bound state
K5p, but at K50 the bound state appears only forV1
larger than a critical interactionV1c52utu. We believe that
the present approach involving a transformation to the s
Hamiltonian gives an appealing intuitive understanding
the exciton problem. Once again, our result for the exci
energy dispersion is in agreement with that obtained by
bhardet al.31 but is in disagreement with that of Yuet al.,33

who find V1c52J(11d2). Both the exciton energy disper
sion as well as the continuum energy obtained by Yuet al.
are incorrect.

In Fig. 1 we have shown the energy spectrum of
N251 subspace forV152utu. Since the exact wave func
tions are known,43 in principle u j gnu2 can be evaluated ana
lytically. However, not only would this approach requi
evaluations of elliptic integrals at every energy, the pro
dure does not lead to any new physical insight. Furtherm
for the dimerized extended Hubbard models, evaluation
optical absorptions are necessarily numerical, as in prev
work,31,32 and especially for this case we show that the s
model leads to clear physical interpretations of the differ
kinds of excitons that are formed. We have therefore ca
lated u j gnu2 numerically for periodic rings of 100 sites.

Our results for several different cases are plotted in Fig
In Fig. 2~a!, u j gnu2 is perfectly symmetric aboutU, extending
from U24t to U14t. This result agrees with that obtaine

FIG. 1. The energy spectrum of theN251 subspace of the
undimerized extended Hubbard Hamiltonian with short-range in
site interactionV152utu. Shaded region, electron-hole continuum
The K50 exciton appears only forV1.2utu.
f

-

of
-

in
f
n
e-

e

-
e,
of
us
n
t
-
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by Lyo and Gallinar29 and Gebhardet al.32 for the AF
ground state. Very similar absorption was also obtained in
exact numerical calculation for the 12-site periodic ring
Loh and Campbell42 for the full extended Hubbard Hamil
tonian of Eq.~1! for U/utu512, thereby indicating that the
U@utu approximation and the transformations above beco
valid for U as small as 12utu. As discussed in the Appendix
the exact optical absorption spectrum for an open chain o
atoms withU550utu andV150 is also similar. Interestingly
the lower edge of the electron-hole continuum continues
be atU24utu for even largeV1 (V1515utu).14

The evolution of the absorption curves in Fig. 2 can
anticipated from the energy dispersion relations@Eqs.~8! and
~9!# and Fig. 1. AsV1 increases from zero, the eigenstate th
finally evolves as theK50 exciton splits off from the cente
of the electron-hole continuum atU, and theu j gnu2 curves
get progressively skewed towards lower energies as the
shifts towards the bottom of the electron-hole continuu
Note that the edge of the electron-hole continuum contin
to be sharply visible in all cases, a result that we will use
Sec. IV for determining the exciton binding energies for t
case of long-rangeVj . At exactlyV152utu the absorption is
most sharply skewed, but theK50 exciton has still not
formed. Only forV1.2utu a distinct optical transition to the
K50 exciton becomes visible. Sum rules40 dictate that tran-
sition to the exciton acquires oscillator strength from t
transition to the electron-hole continuum, and with incre
ing V1 the oscillator strength of the transition to the co
tinuum band progressively gets weaker.

Case B:dÞ0. The absence of translational invariance im
plies that theC(K;n) in Eq. ~8! are no longer proper basi
functions, and the approach of Wortis43 is not applicable.
Although approximate closed-form expressions for the en
gies are still possible, calculations of optical absorption
necessarily numerical even after formidable algebra.31,32 We
choose a different path instead. The commutation proper
of the spin operators allow us to simply diagonalizeHs nu-
merically to calculate the exciton binding energies and
optical absorption spectra.

In the absence ofV1 , the exact continuum energiesEc(K)
can still be obtained:

Ec~K !5U22utu~cos2 K11d2 sin2 K1!1/2

22utu~cos2 K21d2 sin2 K2!1/2, ~11!

where the relationshipK5K11K2 still applies. As in the
case ford50,43 we expect the effect of the exciton state o
the continuum states to be stillO(1/N). Because of the
larger unit cell the Brillouin zone ‘‘folds’’ atK5p/2.
Within Eq. ~11!, the overall width 8utu of the electron-hole
continuum remains unchanged upon dimerization, but th
is now a gap in the energy spectrum of width 8dutu at K50.
Furthermore, there is a singleN/2-fold degenerate exciton
state at the center of the gap at energyU, corresponding to
all K25K11p. Hereafter, we refer to this exciton stat
which is formed even in the absence ofV1 as the ‘‘band
center’’ exciton, to distinguish it from two other exciton
that are formed as a consequence of nonzeroV1 ~see below!.

For V1Þ0 we obtained the exact energy dispersion cur
from the full K-dependent numerical solutions toHs for a

r-
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FIG. 2. The reduced optical conductivities for the undimerized extended Hubbard model with short-range intersite interaction~a!
V150, ~b! V15utu, ~c! V152utu, ~d! V152.1utu. Each vertical bar corresponds tou j gnu2 for a single excited staten. Only for V1.2utu is the
K50 exciton split from the electron-hole continuum.
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ring of N5100. The energy spectrum for the case
V152utu and d50.2 is shown in Fig. 3. As in Fig. 1, the
shaded regions correspond to total energy states with d
calized electron-hole pairs, while the individual lines are
exciton states. The dashed line within the energy gap reg
is the band center exciton that shifts down in energy fromU
for nonzeroV1 . This is due to its interaction with the lowes
exciton~see below!, whose location is nearly the same as
Fig. 1 for the undimerized extended Hubbard Hamiltoni
with one difference: exactly as the continuum states ‘‘fol
aboutK5p/2, the exciton band of Fig. 1 also ‘‘folds’’ abou
K5p/2, and the exciton state that was previously atK5p
and at energyU2V1 is now atK50. Three differentK50
exciton states therefore are expected to contribute to op
absorption fordÞ0.

We focus first on the binding energy of the lowest ex
ton, Ec(K50)2Eex(K50) as a function of the bond alter
nation parameterd. For the case of nearest-neighbor intera
tion, the binding energy is simply the energy differen
between the lowest two eigenstates ofHs , which we evalu-
ated numerically for a periodic ring of 100 sites. In Fig. 4 w
have plotted the calculated binding energy of the lowest
tical exciton,Eb , as a function ofV1 for several differentd.
It is seen that the critical strength of the nearest-neigh
interaction at which the exciton forms,V1c , changes very
f

lo-
e
n

,

al

-

-

-

r

weakly for moderated (d<0.3). Eb for moderated are also
very close, and as might be anticipated, the relative con
bution of dimerization toEb decreases with increasingV1 .
Only for unrealistically large dimerizationd>0.5 is there a
noticeable effect onV1c andEb . With further increase ind,
V1c decreases rapidly and reaches the value zero ford51.

The exact results fordÞ0 in Fig. 4 are in strong disagree
ment with the DMRG calculation of Shuaiet al.27 These
authors define the charge gapEc(K50), the energy differ-
ence between the lower edge of the electron-hole continu
and the ground state, of theN-electron N-site chain as
E(N11)1E(N21)22E(N), where the quantities corre
spond to the ground-state energies of theN11, N21, and
N-electron systems~with N sites in all cases!, respectively,
which are then calculated for long open chains within t
DMRG procedure. The exciton binding energy
Ec(K50)2E(1Bu), where E(1Bu) is the energy of the
lowest optical exciton of odd parityBu symmetry of the
N-electron system, and is evaluated using a symme
adapted version of the DMRG.45 Shuai et al. evaluate the
exciton binding energy for a singleU (U55utu) for several
differrent V1 (V1<2.3utu) for both d50 and 0.2, and find
that while the binding energy ford50 remains practically
zero ~a result that is in agreement with our conclusion th
V1c52utu!, this quantity increases rapidly and abruptly fro
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V1.utu onwards ford50.2. This increase in the bindin
energy is large enough that atV152.3utu the binding energy
for d50.2 is ;0.8utu within the DMRG calculation. Such a
qualitativedifference in the exciton binding energy behavi
betweend50 andd50.2 clearly disagrees with the resul
shown in Fig. 4, whereV1c;1.97utu for d50.2 and
V1c;1.6utu even ford50.5, andEb<0.1utu for V152.5utu.

In principle, such a difference could arise from the fin
U (U55utu) in the DMRG calculation and theU@utu limit
discussed here. Since, however, the largeU approximation to
the optical gap44 already begins to become appropriate
U.4utu,2 and since the DMRG results ford50 ~Ref. 27!
reproduce our results so well, we suspect that the origin
the discrepancy fordÞ0 lies elsewhere. Note that from
physical considerations one would anticipate that the exc
binding energy is larger forU@utu than for intermediateU.
It is possible that the DMRG procedure loses accuracy
nonzerod ~Shuaiet al. are able to check against the exa
Lieb-Wu 1Bu energies for the Hubbard model only fo
d50!. It is also possible that Shuaiet al.’s definition of the
charge gap becomes invalid for nonzerod, given the com-
plex structure of the energy bands for the dimerized lattice
Fig. 3. In any event, the difference between our results
the DMRG calculations is intriguing at the very least, and
origin of the discrepancy can be found out if the DMR
calculations are extended toU>10utu, in a region where the
results of previous finite-size calculations of optic
absorption42 agree completely with our largeU calculations
for both d50 anddÞ0 ~see below!. A U>10utu will also
allow the DMRG procedure to be extended toV1 consider-
ably larger thanV1c52utu ~Shuaiet al.’s current limitation to
V152.3utu for U55utu arises from the conditionU>2V1 ,
which defines the boundary between the bond order w
and the site-diagonal charge density wave46!. DMRG results
in the largeU range will clearly show whether the discre

FIG. 3. The energy spectrum of theN251 subspace of the
dimerized (d50.2) extended Hubbard Hamiltonian with shor
range intersite interactionV152utu. The shaded region is th
electron-hole continuum. The solid line corresponds to the exc
in Fig. 1. A second branch of this occurs inside the electron-h
continuum. The dashed line correponds to the band center ex
that occurs at exactlyU for V150, and moves down in energy wit
increasingV1 ~see text!.
r
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ancy is due to a fundamental difference between intermed
and largeU, or whether there exists an error in the existi
DMRG calculations.

As can be anticipated from Fig. 3, profound changes
the optical absorption are expected upon dimerization.
particular, three distinct exciton states are expected to
come optically visible forV1.V1c now. In Fig. 5 we have
plottedu j gnu2 for variousV1 andd50.2. The results for othe
d are qualitatively similar. ForV150, a strong absorption
appears to the band center exciton atU, and the electron-
hole continuum is split into two subbands, symmetrica
displaced about the central peak. ForV1,2utu the lowest
exciton is still not visible, as in Fig. 2, but the exciton sta
that occurred atK5p for d50 and the band center excito
are both visible. The band center exciton has moved dow
energy fromU, and has also lost oscillator strength due
interaction with the state that finally evolves as the low
exciton. The latter effect is more clearly visible in Fig. 5~c!,
where the lowest exciton has already formed~our numerical
estimate forV1c51.97utu for d50.2!. As for d50, with in-
creasingV1 , the oscillator strength concentrates in the lo
est exciton, which now steals oscillator strength largely fro
the band center exciton that continues to move down in
ergy. In contrast, the exciton state that was previously
K5p continues to occur atU2V1 for all V1 , and has nearly
the same oscillator strength.

Since our calculations are within configuration space,
are able to obtain distinct physical interpretations for all t
exciton states that become optically accessible for nonzerd.
In Table I, we have described the wave functions for t
three exciton states, which are labeled asK50, p, andU, in
increasing order of energy. With nearest-neighbor Coulo
interaction, the exciton states have the particle-hole pair~the
reversed spins withinHs! localized on neighboring atomic
sites. For nonzerod there occur two kinds of neighborin
bonds, and these are labeled as ‘‘short’’ and ‘‘long’’ in Tab
I. The numbers against these are the normalized coeffici
of the basis functions with the particle-hole pair localized
the two kinds of bonds. The difference between theK50
and K5p excitons arise from the relative signs of the
coefficients. Surprisingly, the lowest exciton is located p

n
le
on

FIG. 4. The binding energyEb of the lowestK50 exciton, in
units of utu, as a function ofV1 /utu, for differentd. The two curves
bounded by thed50 and d50.5 correspond tod50.2 and 0.3,
respectively.
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FIG. 5. The reduced optical conductivity for the dimerized extended Hubbard model with short-range intersite interaction, for~a! V150,
~b! V15utu, ~c! V152utu, ~d! V152.1utu. The bond alternation parameter isd in all cases. Note the excitons atU2V1 and at<U, absent
in Fig. 2. The lowest exciton now gains oscillator strength with increasingV1 at the expense of the band center exciton at<U.
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dominantly on the long bond for large dimerization, a res
that we have confirmed from exact short chain calculati
to be true also for intermediateU.19 While the intermediate
energy exciton is predominantly located on the short bo
the band center exciton is predominantly located on the l
bond again. Furthermore, the relative signs of the coe
cients of the basis functions containing the neighbor
particle-hole pair are the same for theK50 exciton and the
band center exciton, thereby indicating that these two e
tons occur in the same symmetry subspace even when thCN
rotational symmetry is reduced toCN/2 by dimerization, and
explaining the strong interaction between them, as obse
from the exchange of oscillator strength between them w
V1 is varied in our optical absorption calculations~see Fig.
5!. The large increase in the coefficients for the band ce
exciton with increasingd explains the large intensity of th
optical absorption to this state for nonzero bond dimeri
tion.

IV. LONG-RANGE INTERACTIONS

Although models with short-range Coulomb interactio
are applicable to segregated stack charge-transfer soli47

strictly speaking they are inapplicable top-conjugated poly-
mers, which have traditionally been described within Paris
Parr-Pople ~PPP! models with long-range Coulom
lt
s

d,
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TABLE I. Configuration space description of the eigenstates
the three exciton states obtained within the dimerized exten
Hubbard model with short-range intersite interactionV1 /utu52.5,
for three different bond dimerization parameters. In increasing
der of energy, the excitons are labeled asK50, p, andU, respec-
tively. The ‘‘short’’ and ‘‘long’’ refer to short and long bonds. Th
numbers against these are the normalized coefficients of basis
tions with the particle and the hole localized on these bonds. Th
signs are the same for theK50 exciton and the band center excito
labeled U, but opposite for theK5p exciton. For larged, the
former are localized on the long bond, while theK5p exciton is
localized on the short bond. The energies are in units ofutu, and
relative toU.

V52.50 d>0(0.01) d50.20 d>1(0.95)

K50 Short 10.42 10.34 10.02
Long 10.43 10.51 10.71

Energy 24.10 24.13 24.84

K5p Short 10.71 10.83 10.99
Long 20.70 20.55 20.02

Energy 22.50 22.50 22.50

U Short 10.093 10.19 10.02
Long 10.094 10.28 10.61

Energy 20.455 20.515 21.13
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interactions.28 It is here that the advantage of the transform
tion to the spin Hamiltonian becomes obvious. In the pres
section we discuss the results of our calculations for the c
of long-range intersite interaction. Both similarities and d
ferences with the nearest-neighbor intersite interaction c
are found.

Exact solutions are not available for the spin Hamilton
with long-rangez-z interaction even ford50. On the other
hand, numerical calculations of the states with two rever
spins as well as the coupling between these excited states
the ferromagnetic ground state still remain simple. Seve
different complications arise now, however, of which t
most important are the following. First, as we show belo
for long-range interactions there occur multipleK50 exci-
tons even ford50, and the exciton binding energy is n
longer the energy difference between the lowest two eig
states even for this simple case. The very identification
eigenstates as excitonic or bandlike is therefore more d
cult than before. Secondly, for weak long-range interactio
the lowest exciton is weakly bound and of Wannier nat
~see below!, and determination of its exciton character r
quires that the numerical calculations be performed for v
long ring sizes.

In our numerical approach, we identify excitons and co
tinuum states from the calculated optical absorption spe
and a spin-spin correlation function that is equivalent to
particle-hole correlation function within the electron mod
As seen from the optical absorption spectra in Figs. 2 an
absorption to the exciton states is always larger than to
neighboring band states. Thus the relative strengths of
absorptions to neighboring states give one means of ide
fying exciton versus band states. Additional confirmation
exciton versus continuum character of a given eigenstate
be obtained from the numerically evaluated correlation fu
tion

di j 5^~Si
z11/2!~Sj

z11/2!& ~12!

as a function of the separationu i 2 j u within Hs . In the
above,di j gives the radius of the bound two-magnon, or t
exciton radius for the fermion case. As shown below, th
two complementary procedures yield identical results in
cases.

Case A:d50. We have assumed a 1/r form for the long-
range Coulomb interaction, viz.,Vj5V1 / j . The numerical
calculations were performed for many differentV1 /utu, as
one of our goals is to determine whether or not there exis
critical value ofV1 for theK50 exciton to appear when th
potential is of the 1/r form. As mentioned above, identifica
tion of the exciton states from numerical calculations requ
larger and larger ring sizes asV1 is reduced. For the smalles
V1 , the calculations were done for rings containing 500
oms.

In Figs. 6~a!–6~c! we show plots ofu j gnu2 for d50 and
V150.5, 1.0, and 2.0, respectively. The insets show the
gion immediately about the absorption edge, magnifi
From the inset of Fig. 6~a!, the absorption to the lowest sta
is stronger than that to the second state, identifying
former as an exciton. Similarly, there occur two and th
excitons, respectively, forV1 /utu51.0 and 2.0. An interest
ing observation is that in all cases the electron-hole c
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tinuum edge continues to be atU24utu, and its width re-
mains 8utu. Further increase inV1 creates additiona
excitons, and transfers more of the oscillator strength to
exciton states from the continuum states. The relative os
lator strengths of the transitions to the exciton states decr
with their energies.

FIG. 6. The reduced optical conductivity for the undimeriz
extended Hubbard model with long rangeVj5V1 / j , for ~a!
V150.5utu, ~b! V15utu, ~c! V152.0utu. The vertical bars again cor
respond to individualu j gnu2, centered at the energy of the excite
staten. The insets show the absorptions at the lower-energy thre
old, magnified. From the insets, one, two and three distinct excit
occur in ~a!, ~b!, and~c!, respectively~see text!.
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FIG. 7. The particle-hole correlationsdi j in the lowest three eigenstates in the undimerized extended Hubbard model withVj5V1 / j , for
~a! V150, ~b! V150.5utu, ~c! V15utu, ~d! V152.0utu. The solid, dashed, and dashed-dotted curves correspond to the lowest, the seco
the third eigenstate, respectively. No bound state occurs in~a!, while one, two, and three bound states occur in~b!, ~c!, and~d!, respectively,
in agreement with the results of Fig. 6. The exciton radius in the lowest exciton decreases progressively with increasingV1 .
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The correlation functionsdi j corresponding to these pa
rameters are shown in Fig. 7, where in Fig. 7~a! we have also
included thedi j behavior for the case ofV150. Although
there occur nodes indi j for the higher-energy states fo
V150, the continuum character of all eigenstates is obvi
for this case from the delocalized nature ofdi j . In contrast,
in Fig. 7~b!, the lowest state has acquired localized charac
with considerably smaller particle-hole separation. T
particle-hole correlations for the second and third eigenst
are larger at larger separations, indicating these eigenstat
be delocalized again. These conclusions are in agreem
with our conclusions obtained from the examination of t
optical absorption spectrum in Fig. 6~a!. Similarly in Figs.
7~c! and 7~d! we see that now the lowest two and three sta
are bound. As is expected, the particle-hole separation in
lowest exciton decreases progressively asV1 is increased.

We have calculated both the optical absorption and
correlation functiondi j for chains of up to 500 atoms t
determine whether or not there exists a critical strength ofV1
for exciton formation atK50. In Fig. 8~a! we have shown
the optical absorption near the absorption edge
V150.065utu. The corresponding particle-hole correlatio
function behavior for the lowest eigenstate is shown in F
8~b!. Both results indicate the bound character of the low
s
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e
es

to
nt

s
he

e

r

.
st

N251 eigenstate, although the exciton radius is now v
large. We conclude that the critical strength ofV1 vanishes
asymptotically forN→`.

In the above, we have focused only on theK50 sector of
the energy spectrum. In Fig. 9 we have shown the num
cally calculated complete energy spectrum for the 1/r poten-
tial for the case ofV152utu. Three distinct exciton states ar
found with such a largeV1 . The effective masses of th
excitons increase with their energies.

Case B:dÞ. As in Fig. 3, dimerization reduces the siz
of the Brillouin zone. The optical absorption spectrum f
V152utu and d50.2 is shown in Fig. 10, where exciton
again occur in pairs, one member of the pair occurring at l
energy near the absorption edge, with the other member
curring deep inside. In addition, the band center exciton c
tinues to be visible. The binding energies of the lowestK50
exciton, for differentd, are plotted againstV1 in Fig. 11.
Here all calculations for the smallestV1 were performed for
periodic rings of 500 sites. As in the case of nearest-neigh
interaction, the dependence ond of the binding energy is
quantitative only, and weak. Note, however, that the abso
binding energies of the exciton in the present case of lo
range intersite interaction are considerably larger than th
in Fig. 4 for the sameV1 .
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56 15 035EXCITONS AND OPTICAL ABSORPTION IN ONE- . . .
FIG. 8. The reduced optical conductivity for the undimeriz
extended Hubbard model withVj5V1 / j , for V150.065utu. Note
the expanded scale on the energy axis.~b! The particle-hole corre-
lation di j in the lowest eigenstate for the same parameter. The l
est eigenstate is an exciton from both~a! and ~b!.

FIG. 9. The energy spectrum of theN251 subspace of the
undimerized extended Hubbard Hamiltonian withVj5V1 / j , for
V152utu. Three distinct exciton states~solid lines! are seen@see
also Figs. 6~c! and 7~d!#.
V. DISCUSSIONS AND CONCLUSIONS

In summary, we have shown that theN251 subspace of
U@utu extended Hubbard models can be mapped exa
into the sector of two reversed spins for the Ising-Heisenb
ferromagnetic chain. For the case of intersite Coulomb in
actions zero beyondV1 , exact solution for the spin chain
shows that atK50, the exciton appears only forV1.2utu.
The critical strength ofV1 and the exciton binding energ
change weakly for realistic nonzero dimerizationd, and only
for d>0.5 are the two quantities substantially different. O
tical absorption spectra are dramatically different for ze
and nonzerod, and the difference can be understood with
the context of simple folding of the exciton and the electro
hole continuum bands. For the 1/r potential, the lowest
N251 state is always an exciton irrespective of the value
V1 , while for V1>utu onwards multiple excitons begin t
appear. Optical absorption is strongest to the lowest exci
The effective masses of the excitons increase with increa
energy. The qualitative change in the absorption spe

-

FIG. 10. The reduced optical conductivity for the dimeriz
extended Hubbard model withVj5V1 / j , for V152.0utu. Two ex-
citon states corresponding to each exciton in Fig. 6 are optic
visible. In addition, the band center exciton is also visible, as in F
5.

FIG. 11. The binding energy of the lowestK50 exciton, in
units of utu, as a function ofV1 /utu for long range Coulomb inter-
actionVj / j . The central curve corresponds tod50.2. Note that the
scale of energy is much larger than that in Fig. 4.
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15 036 56F. B. GALLAGHER AND S. MAZUMDAR
upon dimerization are similar to that in the short-range int
action case.

The most direct application of the present theory is to
half-filled band charge-transfer solids potassium tetracya
quinodimethane~K-TCNQ! and rubidium tetracyanoquino
dimethane~Rb-TCNQ!. In these systems each alkali met
donates an electron to a TCNQ molecule, and the hoppin
electrons between the weakly overlappingp-molecular orbit-
als of the TCNQ2 anions lead to charge-transfer bands in
infrared. It is generally accepted that the repulsive inter
tions between two electrons in a TCNQ22 dianion is large
compared to the one-electron bandwidth and that the co
tion U@utu is applicable. Furthermore, because of the la
intermolecular separations, interactions beyondV1 are
negligible.47 Half-filled band systems are known to under
the spin-Peierls dimerization at low temperature, and in b
K-TCNQ and Rb-TCNQ the spin-Peierls transition has be
observed48,49 ~below 395 and 381 K, respectively!. From po-
larized reflectance spectra of the crystals, it was shown
Yakushiet al.50,51 that in both cases at low temperatures tw
distinct absorption bands are observed, a low-energy str
band with a peak at 1.1 eV and a high-energy shoulde
1.4–1.5 eV. Yakushiet al.50,51 and Mazumdar and Soos52

had attributed the low-energy band to absorption to a cha
transfer exciton~consisting of nearest neighbor TCNQ22 and
TCNQ0! at energyU2V1 and the high-energy band to ab
sorption to the electron-hole continuum, which, howev
was assumed to be atU instead of theU24utu found here.
Later experimental work by Okamotoet al.53 demonstrated
quite definitively that the high-energy absorption occurs o
in the dimerized state. A similar conclusion was also reac
by Meneghetti,54 based upon direct numerical calculation
the optical absorption spectrum of a dimerized periodic r
of four sites. Our results in Fig. 5, however, indicate th
dimerization makes two different high-energy excitons op
cally visible ~because of strong finite-size effects, the fou
site dimerized periodic ring has only one of these exci
states optically visible!. We note that if the high-energy ab
sorption at 1.5 eV in theCT solids50,51,53is assigned to the
nominally K5p exciton atU2V1 , Fig. 5 would predict an
even higher-energy absorption at<U. No such absorption is
seen in the real materials, even though in K-TCNQ in p
ticular the reflection spectra go up to 2.0 eV. Based on
above experimental observations and the relative oscill
strengths of theK5p exciton and the band center exciton
Fig. 5, we therefore assign the high-energyCT absorption to
the band center exciton at<U. This would require
U2V124utu2/V151.1 eV, U;1.5 eV, yielding a modes
V1;0.2 eV for utu;0.1 eV, in agreement with most othe
estimates of these parameters, based on diffe
experiments.47

Direct applications top-conjugated polymers is more dif
ficult. Within the standard PPP models28 U;4utu, and the
large-U approximation is not strictly appropriate. On th
other hand, the very large value ofV1 within the standard
models (;2 – 3utu), when taken together with the prese
result that the critical strength ofV1 for the formation of the
K50 exciton approaches zero for long-rangeVj , indicates
that the lowest optical absorption is to an exciton inp-
conjugated polymers. The very large values of the bind
energies of the lowest exciton in Fig. 11, when compared
-
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those in Fig. 4, further indicate that while the qualitati
features of PPP models can be obtained within the exten
Hubbard model with short-range intersite interaction, t
quantitative behavior are very different.

The strongest effect of finiteU on the exciton states
would be to create an energy splitting 2utu2/(U2V1) among
the degenerate odd and even parity excitons, due to non
H3 . While this reduces the energy of the odd parity excit
~which occurs below the even parity exciton14!, we speculate
that the energy of the lower threshold of the electron-h
continuum is reduced more due to greater delocalization
finite U. The latter behavior would be expected, for instan
from the behavior of the optical gap of the undimerized Hu
bard model as a function ofU, where it is known that the
gap increases very slowly withU for U,4utu, and only for
still largerU is there a rapid increase. Thus for the sameVj ,
we anticipate smaller exciton binding energies for realis
U. On the other hand, since the exciton behavior is de
mined primarily by intersite Coulomb interactions, we b
lieve that the weak dependence of the exciton binding ene
on the dimerization parameterd found here remains valid
even for moderateU. Physically, a strongd dependence in
linear chains~for d<0.3! is unexpected. We speculate th
the observed differences in exciton binding energies betw
different p-conjugated polymers are either due to a lar
difference in V1 ~for example, compared to the polyace
ylenes, the triple bond in the polyacetylenes has a very s
length of only 1.2 Å, which would lead to largerV1! or due
to different connectivities ~for example, in the poly-
paraphenylenes and poly-paraphenylenevinylenes, each
carbon atom of a phenyl ring interacts with three neighbo
in contrast to only two in the linear chain systems!. Unfor-
tunately, the present calculations cannot be extended to
tems containing aromatic ring systems, as the Jordan-Wig
transformation is invalid with such a boundary condition.
is, however, interesting to note that recent DMRG calcu
tions for poly-paraphenylenevinylene,55 which takes into ac-
count the actual structure of the material instead of replac
it with a linear chain,27 finds an exciton binding energy o
1.2 eV. A similar value has also been reached by Barford
Bursill within a somewhat modified DMRG scheme that al
retains the connectivity of poly-paraphenylenevinylene.56

The present calculations can be easily extended to s
biexcitons and two-exciton continuaa in the largeU limit.
These eigenstates are in theN252 sector of extended Hub
bard models, Jordan-Wigner transformation of which lea
to the four reversed spin sector of the Ising-Heisenberg s
chain.38 Benchmark applications to nonlinear exciton-t
biexciton absorptions are anticipated. It has been claim
that such exciton to biexciton photoinduced absorptions
relevant in ultrafast photophysics ofp-conjugated
polymers.11 With some modifications, it should be also po
sible to discuss the biexciton states in mixed-stack cha
transfer solids22 within the same technique. These resu
will be discussed elsewhere.38
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APPENDIX

As mentioned in Sec. III, Gebhardet al. have presented a
partial discussion of the consequences on the optical abs
tion of choosing a ground state that is different from t
strictly AF state.32 Specifically, long-range antiferromagnet
order does not occur in one dimension for any value ofU,
and even in the absence of true spin-Peierls dimeriza
nearest-neighbor spins are singlet coupled. Gebhardet al.
therefore chose the perfect spin singlet dimer state

c l5P i2
21/2~c2i 21,↑

† c2i ,↓
† 2c2i 21,↓

† c2i ,↑
† !u0& ~A1!

and calculated the absorption from this particular state to
N251 subspace to determine the effects of singlet spin c
relation@hereu0& is the vacuum#. Within the authors’ formal-
ism, the calculation of the absorption from this state ag
requires formidable algebra, specifically because of the s
correlations. Within our approach the calculation of the o
tical absorption from the above dimer state is still simp
We note that even in the dimer state there is no effec
excited-state spin correlation on the optical absorption, si
the matrix elements of charge exchange between a do
occupancy and a singly occupied site, or that between a
cancy and a singly occupied site, is independent of s
within the N251 subspace. The optical absorption from t
dimer state is affected only by the spin correlations in
dimer ground statec l , in which the probability that neares
neighbor electron pairs have opposite spins is exactly 1
the spin-bonded sites 2i 21 and 2i but only 1/2 for the non-
bonded sites 2i and 2i 11. Within the Hamiltonian of Eq.~2!
for H350, this difference between bonded and nonbond
pairs of sites would be reflected in the matrix elements oĵ
@Eq. 6#, since the matrix element ofc2i ,s

† c2i 11,s is exactly
one-half of the matrix element ofc2i 21,s

† c2i ,s . Within the
spin Hamiltonian Hs , j gn is therefore given by
( i@ t2i 21^guS2i 21

† S2i
† un&1(1/2)t2i^guS2i

† S2i 11
† un&#. Our cal-

FIG. 12. The reduced optical conductivity for the undimeriz
simple Hubbard Hamiltonian, where the initial state is the dim
ground state@Eq. ~A1!, see text#.
rp-
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culated optical absorption withinHs with the above expres
sion for j gn is shown in Fig. 12 forVj50 andd50. The
calculated absorption spectrum shows a peak atU, as in the
case of the dimerized AF ground state@see Fig. 5~a!#, but
does not have a gap in the density of states~sinced50 here!.
The spectrum in Fig. 12 is identical to that obtained by G
bhardet al. ~see Fig. 1 in Ref. 32!.

From the absorption spectrum for the dimer state Gebh
et al.conclude that the peak at energyU should be generic to
the absorption within extended Hubbard models and the
sorption from the AF ground state is a special case@Fig.
2~a!#. This, however, is not true in the absence of act
spin-Peierls dimerization, in spite of singlet spin correlatio
in one dimension. This is because in the absence of s
Peierls dimerization, the ground state has equal contribut
from c l above and fromc r , defined as

c r5P i2
21/2~c2i ,↑

† c2i 11,↓
† 2c2i ,↓

† c2i 11,↑
† !u0&, ~A2!

where now singlet spin couplings are between a differ
pair of neighbors. For equal contributions byc l andc r to the
ground-state wave function, the same relative weights for
matrix elements ofS2i 21

† S2i
† and S2i

† S2i 11
† are implied for

optical absorption withinHs , so that the peak atU is lost.
Whether or not the true ground state is closer toc l alone

~or c r alone!, as opposed to an equal admixture of the tw
can then be determined by exact calculation of the opt
absorption within the Hamiltonian of Eq.~2!. Since the latter
can be done only for finite systems, understanding the eff
of boundary conditions and chain lengths become import
In small periodic rings with an equal number of odd a
even bonds, the ground state necessarily has equal cont
tions from c l and c r .2 This is precisely why the optica
absorption, as calculated by Loh and Campbell42 for a peri-
odic ring of 12 atoms within the simple Hubbard model r
sembles the absorption spectrum of Fig. 2~a!. In open chains,
the contributions byc l andc r are unequal, asc r possesses
one nearest-neighbor singlet bond less thanc l . Since the
difference in the number of singlet bonds betweenc l andc r
is 1 independent of chain length, the shorter the open ch
the stronger is the difference between the contributions byc l
and c r to the true ground state. The difference therefo
decreases as 1/N, where N is the chain length. Thus an

r

FIG. 13. The exact reduced optical conductivity for an undim
ized open chain of 8 atoms, withU/550utu, Vj50, d50.
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tendency for the peak atU would be the strongest in th
shortest open chains. In Fig. 13 we show the exact opt
absorption for an open chain of 8 atoms forU550utu and
d50. As in the calculation of Loh and Campbell, no sign
ture of a peak atU is seen, and the calculated absorption
very similar to that in Fig. 2~a!, confirming that the true
ground state is a nearly equal admixture ofc l andc r even in
ev

.
E

d

N

.

Y.

ev

F

.

v

s

e
, i

s

e
T

al

-
s

this small system. We therefore conclude that the opt
absorption from the AF ground state, and not from the dim
ground state of Eq.~A1!, is representative of the absorptio
from the true ground state.

Of course, for nonzerod, the absorption from the true
ground state and from the dimerized AF state are similar,
the above distinction becomes meaningless. This may
seen in Fig. 2 of Ref. 32.
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