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Quantum-confinement effects on the ordering of the lowest-lying excited states
in conjugated chains
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The symmetrized density-matrix renormalization-group approach is applied within the extended Hubbard-
Peierls model~with parametersU/t, V/t, and bond alternationd! to study the ordering of the lowest one-
photon (11Bu

2) and two-photon (21Ag
1) states in one-dimensional conjugated systems with chain lengthsN

up to N580 sites. Three different types of crossovers are studied, as a function ofU/t, d, andN. The ‘‘U
crossover’’ emphasizes the larger ionic character of the 2Ag state compared to the lowest triplet excitation. The
‘‘ d crossover’’ shows strong dependence on bothN andU/t. the ‘‘N crossover’’ illustrates the more localized
nature of the 2Ag excitation relative to the 1Bu excitation at intermediate correlation strengths.
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Recently, much attention has focused on the luminesce
properties of conjugated organic materials because of t
potential for application in display devices.1 These studies
have underscored the importance of the structure of l
lying electronic excited states. Specifically, a major para
eter is the relative ordering of the lowest dipole allowed s
glet (11Bu

2) state and the lowest dipole forbidden sing
(2 1Ag

1) state, in the light of Kasha’s rule, which relative
molecular fluorescence to the lowest excited singlet state

It is well established that correlated electron systems
have differently from independent electron systems, es
cially in the case of excitations. Earlier work has shown t
the lowest optically forbidden excited state 2Ag lies below
the optically allowed excited state 1Bu in polyene
molecules2 ~thus preventing any significant luminescence
such compounds!, while an independent electron mod
gives the opposite picture; similar results have been found
Periasamyet al. in the case of polycrystalline sexithienyl3 or
Lawrenceet al. in single-crystal polydiacetylene.4 These ex-
amples serve as an evident manifestation of electron cor
tion in conjugated molecules. The influence of electron c
relation has also been considered as the main origin of la
dimerization leading to the view that conjugated polym
are Mott insulators rather than Peierls insulators.5 In the con-
text of third-order nonlinear optical response and photo
duced absorption, the role of higher-lying excited states
rived from correlated electron models has also be
emphasized.6 When going from oligomer to polymer chain
some of the latter start forming continuum bands while
1Bu and 2Ag states keep an excitonic character.

It is also important to stress that the electronic and opt
properties of conjugated oligomers and polymers differ,
pending on whether the compounds are in the gas phas
solution, or in the solid state.7 The chemical environmen
affects the geometric structure as well as the electron co
lation strength, the latter via dielectric screening.8 Further-
more, the characteristics of the conjugation defects prese
560163-1829/97/56~15!/9298~4!/$10.00
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oligomers depend on chain length, which emphasizes the
fluence of quantum size effects.9

In view of these features, we believe that the three fact
~i! geometric structure,~ii ! strength of electron correlation
and~iii ! quantum confinement are most relevant for the stu
of the photoluminescence and electroluminescence resp
in organic conjugated chains.

Previous studies of the 1B/2A crossover behavior hav
been carried out for short chain systems, so that in the in
pendent electron limit, the 2A energy is significantly higher
than that of 1B due to the discreteness of the molecu
orbital energy spectrum. In this zeroU limit, the 2A state
corresponds to single HOMO~highest occupied molecula
orbital! to LUMO-1 ~lowest unoccupied molecular orbita!
~or HOMO11 to LUMO! excitation while 1B is a HOMO to
LUMO excitation. According to previous results,10 as elec-
tron correlationU is turned on, the gap between the grou
state and the 2A state narrows while the gap to the 1B state
increases; the states thus cross at a given Hubbard correl
strengthUc . This we refer to as the ‘‘U crossover.’’ How-
ever, for an infinite chain, the 2A and 1B states both occur a
the same energy in the Hu¨ckel limit (U50). If the 2A and
1B states were evolving in a manner identical to that in
short chains, these states would never cross with increa
U. Thus, for a givenU, there must occur a crossover fro
the short chain behavior to the long chain behavior; this
refer to as the ‘‘N crossover.’’

It was noted by Soos, Ramasesha, and Galva˜o11 from ex-
act diagonalization studies of short chains that a sim
crossover occurred with variation of the bond-alternation
rameterd, which we refer to as the ‘‘d crossover.’’ Thed
crossover was studied by monitoring the optical gap and
lowest singlet-triplet~spin! gap; the criticaldc for a given
correlation strength was determined by the value ofd at
which the optical gap equals twice the spin gap. These
thors further described the system as behaving bandlike fd
9298 © 1997 The American Physical Society
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56 9299QUANTUM-CONFINEMENT EFFECTS ON THE ORDERING . . .
values abovedc and correlatedlike ford values belowdc .
However, as pointed out in Ref. 12, increasing bond alter
tion does not lead to the band picture, because the bin
energy of the 1B exciton increases with increasingd, an
obvious indication that electron correlation increases at
same time.

In this work, we present a thorough study that enco
passes the three kinds of crossovers, namely, theU, N, and
d crossovers in conjugated chains, by employing the sym
trized density-matrix renormalization-group~SDMRG!
theory. The SDMRG approach13 is currently the most reli-
able many-body method for calculating the low-lying excit
states with high accuracy for relatively large systems and
a wide range of model parameters. The model Hamilton
in this study is the extended Hubbard-Peierls Hamiltoni
which reads

H52t(
i ,s

@11~21! id#~ci ,s
† ci 11,s1H.c.!1U(

i
ni↑ni↓

1V(
i

~ni21!~ni 1121!, ~1!

whered is the dimensionless dimerization parameter,U is
the on-site Hubbard repulsion~in units of t, the nearest-
neighbor hopping integral!, and V is the nearest-neighbo
charge density–charge density interaction. Thed term serves
as a structural parameter in the simplest way, if we assu
linear electron-lattice coupling in the static limit; as has be
pointed out before, theV term is crucial to the understandin
of the optical excitation spectrum, namely, the excito
effect.14 The present model can be regarded as the mini
correlated model for conjugated systems. Note that
meaningful phase corresponds to the BOW~bond-order
wave! regime, namely,V,U/2.15 By comparing experimen
tal data for a series of polyene molecules, we find that
parameter set (t,U,V,d)5(2.4 eV,7.2 eV53t,0.4U, 0.07!
gives the best fit for the 1B, 2A, and even higher energyA
~mAg! states.16 We thus setV/U50.4 without losing gener-
ality.

The density-matrix renormalization-group method is t
most accurate numerical method for determining the gro
and low-lying excited states of quasi-one-dimensional co
lated electron systems with short-range interactions.17 In the
usual DMRG procedure, it is difficult to target the 1Bu state
as there are many states that appear between it and
ground state, with the number of these states increasing
U and chain lengthN. However, in a symmetrized DMRG
technique that exploits spin parity,C2 symmetry, and
electron-hole symmetry, the 1Bu state is the lowest state i
the subspaceeBu

2. Incorporating these three symmetri
thus allows us to determine the 1Bu

2 and the 2Ag
1 state

energies with unprecedented accuracy for chains of up to
sites.12,13 We choose to truncate the space of density-ma
eigenstates to 100 (m5100) in most cases. For smallerU
andd, however, we choose a larger value ofm (5150) in
order to achieve consistent accuracy.

We contrast the ‘‘U crossover’’ for short (N58) and
long (N580) chains for fixed alternationd50.07 in Fig. 1. It
is well known that in the strong correlation limit, the 2A
state becomes a spin excitation, which is gapless in the l
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d50, and this state can be described as being compose
two triplets. Thus, increase in correlation strength sho
lead to a decrease in the 2A energy.18 However, we note that
in the N58 chain, the two-photon state energy rema
nearly constant before decreasing for values ofU/t larger
than 2.0. In longer chains, the 2Ag energy increases eve
more rapidly with increasing correlation strength than t
1Bu energy. This implies a substantial ionic contribution
the 2Ag state in long chains besides the covalent tripl
triplet contribution. This result constitutes a clear illustrati
of the importance of quantum size effects. We find, howev
that the critical correlation strengthUc at which the cross-
over occurs is nearly independent of the chain lengthN; in
both N58 andN580 cases,Uc is around 2.5t.

For fixed correlation strength (U/t53 and 4!, we present
the ‘‘d crossover’’ results forN58 and 80 in Fig. 2. We find
that the critical d value, dc , strongly depends on chai
length. ForU/t53, thedc values are found to be 0.15 an
0.09 forN58 and 80, respectively; forU/t54, they are 0.32
and 0.22. Thus,dc has both strongN and strongU depen-
dence. We also show in Fig. 2 the crossover behavior
tween the 1Bu energy and twice the lowest triplet energ
ET . This crossover occurs at systematically smallerd values,
again emphasizing the larger ionic character present in
2Ag state compared to the lowest triplet state.

More interestingly, we find one more crossover behav
which is the ‘‘N crossover,’’ in the case of intermediateU/t
and medium to larged values. We observe that the 1Bu and
2Ag states cross over for fixedU/t andd as a function ofN,
the chain length. The critical lengths are actually fairly i
sensitive toU andd. In Figs. 3~a! (U/t53, d50.12! and 3~b!
(U/t54.0, d50.27!, we find this crossover forN514 and
N512, respectively. This is a direct theoretical observat
of quantum-confinement-induced crossover. It is related
the fact that the 2Ag excitation is more local in characte
with a shorter characteristic length than the 1Bu state. Thus,
the 1Bu excitation is stabilized over longer length scales th
the 2Ag excitation. This is seen as a more rapid saturation
the 2Ag energy compared to the 1Bu energy, as a function o

FIG. 1. Crossover onU for d50.07.



e
g
-
oe

an
be
th
n

lle

te

.
the
ort
ly

be

ich

e
d is
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chain length. We note that this crossover can also be s
from Fig. 2 where thedc values show a decrease in goin
from N58 to N580. This behavior can only exist for inter
mediate correlation strength: for weak correlation, there d
not exist any crossover and 2Ag lies above the 1Bu state for
all chain lengths as seen from Fig. 1; at large values ofU/t,
we are in the atomic limit, a crossover is not expected,
the quantum size effects are largely suppressed. It has
widely accepted that the conjugated molecules fall in
intermediate correlation regime; thus, the confineme
induced crossover is realistic.

It is most relevant in this context to stress that, for sma
d values, even though no crossover occurs, the 1B/2A gap
decreases in long chains. When considering parame
adapted to polyene chains (U/t53, V50.4U, d50.07!, both

FIG. 2. Crossover ond for ~a! U/t53 and~b! U/t54.
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1Bu and 2Ag state energies decrease withN, but the 2Ag

state energy saturates much faster than that of 1Bu , because
the former~mostly covalent! is more localized than the latter
Consequently, it would be inappropriate to extrapolate
1B/2A gap in polyacetylene from data obtained on sh
chains;19 our results imply that the actual gap is significant
smaller than the result of such an extrapolation.

One might also argue that the crossover behavior could
predicted when going from a dimer limit (N52 or effec-
tively d51! to the Hubbard model~d50!. However, we
stress that the dimer limit constitutes a special case, wh
cannot be extrapolated to longer chains, as for the 2Ag state
is concerned. In the dimer limit, the exact solution for th
energies of the four relevant states is easily obtained an
given below:

FIG. 3. Crossover onN for ~a! U/t53 and d50.12, and~b!
U/t54 andd 50.27.
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E~1Ag!52«

$«5@A~U2V!2116t2~11d!22~U2V!#/2%,

E~ triplet!50,

E~1Bu!5U2V,

E~2Ag!5«1U2V.

In the strong correlated limit@4t/(U2V)→0, «→0#,
we note thatE(1Bu) becomes degenerate withE(2Ag).
From Fig. 1, the ‘‘covalent’’E(2Ag) should come down to
zero. Thus, the calculated 2Ag state in the dimer limit has a
totally different character from that in casesN.2. In fact, in
a two-site system, there is no space to construct two cou
triplet states; as a result, the 2Ag state then corresponds to
higher-lying ionic excitonicmAg state of long chains, as dis
cussed in Ref. 14, a feature that deserve further study.
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To conclude, we have employed the accurate numer
density-matrix renormalization-group technique with sy
metry adaptation to study the ordering of the lowest o
photon and two-photon states in conjugated oligomers
polymers within an extended Hubbard-Peierls model. Th
kinds of crossovers, namely, a ‘‘U crossover,’’ a ‘‘d cross-
over,’’ and an ‘‘N crossover,’’ have been demonstrated. T
‘‘ N crossover’’ is related to quantum finite-size effects a
crucially depends on the characteristic length of the exc
tions.
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