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%'e apply the Hubbard-Peierls Hamiltonian to study the low-lying excited states of several model

conjugated polymers. The calculations employ a numerical renormalization-group method for
chains of intermediate length, and a more approximate truncated configuration-interaction scheme

to extrapolate the results to longer systems. In the range of on-site Coulomb repulsion strengths of
physical interest, we find that a correlated even-parity singlet excited state competes with the odd-

parity singlet excitation expected in the U=O limit of the model, in agreement with previous studies

on the Pariser-Parr-Pople model. The lowest electronic excitations in the model are identified as

triplet excitations. Self-consistently-relaxed lattice configurations surrounding these electronic exci-

tations are studied. In addition to the stable photoexcitations predicted in the U=O limit of the

theory, we find that the interelectronic repulsive potential leads to a rich spectrum of competing
neutral structures, which are studied and characterized. Coulomb correlations provide a mechanism

for production of long-lived spin-2 neutral excitations for degenerate ground-state systems„and

spin-1 neutral excitations for nondegenerate ground-state systems.

I. INTRODUCTION

Over the past several years there has been considerable
progress in understanding the ground- and excited-state
properties of simple conjugated polymers within an
independent-particle theory for the valence electrons. In
the most widely adopted models, the lattice Hamiltonian
for (CH)„proposed by Su, Schrieffer, and Heeger (SSH}
(Ref. 1) and its continuum counterpart proposed by
Takayama, Lin-Liu, and Maki, coupling between the m

electrons and the lattice degrees of freedom is explicitly
included in an appropriately parametrized form, while
direct electron-electron interactions are not considered.
These models predict a "dimerized" bond alternating
ground state, producing a gap in the electronic excitation
spectrum and interesting low-lying excitations of the sys-
tem, including self-localized states in the form of solitons
and polarons. An important question which is raised by
this activity and which has been addressed by a number of
workers is the extent to which the predictions of these
"single-particle" theories may be affected by direct
electron-electron interactions. ' There are two aspects
to this question: (a) the strength of the effective
(screened) repulsive interelectron potentials in long
polyenes and (b) to what extent do these affect the qualita-
tive predictions of the noninteracting model.

In a mean-field study of the Hubbard-Peierls (HP)
Hamiltonian in which a repulsive on-site interelectronic
potential is added to the noninteracting Hamiltonian, the
presence of a dimerized ground state has been used as a
gauge of the strength of the effective repulsive terms for
(CH}„. In the mean-field theory the on-site repulsion
competes with the 2kF bond order instability so that di-
merization is lost above a critical repulsion strength. For
parameters appropriate to (CH}„ this yields U &2to
which places this polyene squarely in the "weak-" interac-
tion limit. However, more detailed recent work has

shown that the bond order instability, and hence dimeriza-
tion amplitude, in the ground state need not be incon-
sistent with the presence of even a moderately large
( U/4t —1) repulsive potential. Using Monte Carlo,
valence bond, variational methods, and renor-
malization-group methods a number of recent calcula-
tions have demonstrated that beyond the mean-field
theory the on-site repulsion tends to enhance dimerization
in the ground state into the intermediate coupling regime.
Only for very large U where the relevant interactions
scale is t2/U does one recover a situation where U com-
petes with the structural instability. Several quantitative
adjustments of the effective electron-phonon coupling
constants appearing in the noninteracting models and ap-
propriate sets of on-site and nearest-neighbor off-site
repulsion integrals have been subsequently suggested. '

In the context of the excited states of simple conjugated
systems, the effects of the repulsion terms have also been
explored extensively in a number of recent studies. In the
noninteracting models, of the type discussed above, the
lowest-lying electronic excitations correspond to promo-
tion of an electron from the highest occupied to lowest
unoccupied molecular orbital. This transition is dipole al-
lowed and the transition matrix element is very large, typ-
ically -2 debyes/double bond, so that the transition cor-
responds to an optical absorption threshold. [This picture
is thought to apply to the direct absorption edge near 1.9
eV in trans (CH)„.] However, careful experiments over
the last 10 years have indicated that this simple and
straightforward prediction of the noninteracting model is
incomplete, at least for a series of finite polyenes. ' The
low-lying singlet excitations are states with the same spa-
tial symmetry as the ground state ('Ag in polyenes with
C2h symmetry), and are therefore not directly accessible
by one-photon excitations. Ho~ever, they are accessible
in two-photon absorption measurements where they have
been observed and are thought to provide a stable excited
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state to which the polyene may relax nonradiatively fol-
lowing single-photon excitation. This result has been in-
terpreted using the Pariser-Parr-Pople (PPP) model for
the electrons, which includes electron-electron interactions
with a long-range 1/r tail. In a series of studies on finite
polyenes low-lying even-parity singlets are obtained after
determinants describing two-particle excitations are in-
cluded in the many-electron wave functions. ' Although
the reported theoretical work suggests that the configura-
tion interaction is not carried to full convergence especial-
ly for the longer polyenes, ' the variations with system
size in the excitation energy to the low-lying even-parity
singlets still follow those observed experimentally. One
concludes that the inverted level ordering is a correlation
effect and is a direct manifestation of the effects of elec-
tron repulsion in the properties of simple conjugated sys-
tems. Within the PPP model, which yields such an order-
ing, U/4t-1 and ( U —V)/4t ——,

' which would indicate
that (CH)„ falls into the intermediate coupling regime and
indeed, in a recent study employing the HP model, the in-
verted level ordering in the rigid-lattice excitation spectra
is obtained only for UI4t & —,, consistent with this assign-
ment.

A weakness of the models that have been used to inter-
pret this inverted level ordering is that until recently, the
effect of lattice relaxation on these excited states has not
been considered. This is understandable since even for
systems with more than 10 electrons, determination of the
rigid-lattice excitation spectra is a computationally
demanding proposition. However, this may also be a seri-
ous shortcoming since the models which treat only the
electron-lattice interaction have provided a very interest-
ing and physically appealing picture of the lattice relaxa-
tion surrounding electronic excitations in polyenes. In the
SSH model photoexcitation may be regarded as the simul-
taneous injection of an electron and a hole into the sys-
tem, spin coupled to a singlet state. This leads to the for-
mation and unbinding of a kink-antikink pair in the bond
alternation amplitude which acts to dissociate the photo-
carriers. In the presence of Coulomb interactions one ex-
pects a residual confinement of the photocarriers when
the 1lr attraction between the oppositely charged defects
is balanced by the exponentially decaying repulsive elastic
interkink potential. In fact even within a minimal model
in which only the short-range on-site and nearest-neighbor
off-site repulsion is retained, such a solitonic exciton was
observed by Grabowski et a/. ' who explored some of
its properties. Some geometry optimizations for finite
polyenes with the electronic degrees of freedom described
by the PPP Hamiltonian and using configuration interac-
tion have been carried out for N &8, ' however, here fi-
nite system size prevents a reliable generalization to the
situation for long polyenes.

Thus a number of important questions concerning the
influence of electron-electron interactions on the low-lying
excitations in long polyenes remains to be understood.
For example, it would be important to know whether the
dipole forbidden A state persists as a low-lying excita-
tion in long polyenes and whether it can be characterized
in a simple way. Lattice relaxation is likely to affect the
low-lying states and may depend on chain length as well.

It would be quite interesting to learn whether the solitonic
exciton picture of the relaxation accompanying photoexci-
tation, described by Grabowski et a/. , is modified in any
fundamental way by the presence of a moderately strong
Coulomb repulsion. In addition, it would be useful to
know if there are any quantitative changes if we general-
ize to a conjugated system with a nondegenerate ground
state.

In this paper we will present results from a series of cal-
culations we have recently completed which address these
questions. The calculations we present here are of two
general types. First, in order to gauge the effects of the
electron-electron interactions on excited-state relaxation
over a range of interaction strengths, we have carried out
a series of self-consistent geometry optimizations using
correlated wave functions for the Hamiltonian for the
ground and excited states of a 16-site polyene. The corre-
lated wave functions are obtained by a diagonalization of
the electronic part of the HP model within a numerical
renormalization-group (RG) scheme. Methods of this
kind have been applied in the past to the pure Hubbard
model. ' As we show below, this scheme allows a very ra-
pid diagonalization of the many-body Hamiltonian over a
complete range of interaction strengths, at least for limit-
ed system size, and allow us to carry out the self-
consistent geometry optimizations with only moderate
computational effort. Using this method, we are able to
investigate the effect of electron-electron interaction on
the dimerization amplitude in the ground state and obtain
results consistent with those recently reported using a
variety of many-body techniques. We also study the ef-
fective optical gap, and the structural relaxations in the
excited states, including the 2 'A~ state.

Second, in order to both interpret the numerical RG re-
sults, and to extend the study to longer systems, we have
constructed a much more approximate "minimal model"
which we believe includes only the essential qualitative
features of the more exact calculation at %=16. This
second approach follows the spirit of a truncated configu-
ration interaction (CI) expansion, including only up to
four-particle excitations, but involving just the four one-
electron states closest to the gap. In comparison with the
more exact theory at %=16 we find that this approxima-
tion provides a reasonable semiquantitative representation
of the RG results, particularly those involving self-
consistent lattice structure, though there are some quanti-
tative deficiencies. The model studied by Grabowski
et a/. can actually be recovered as a limiting case of this
reduced model, and we will identify the conditions under
which this even more compact model is working well.
Using our minimal model we have considered lattice re-
laxations accompanying various electronic excitations (in-
cluding the 'As states) in long systems (60 & N & 100), and
have extended the model to study the related relaxation
mechanisms in the nondegenerate system. %e also study
and characterize the lowest-lying triplet excitation in these
models.

The general picture which emerges from this study is
that for the polymers with a degenerate ground state, the
presence of low-lying even-parity singlets provides only a
rather minor quantitative modification of many of the
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current ideas about photoexcitations in these systems
based on the U=O theories (with the exception of the or-
dering of these states). We will describe the reasons for
this in more detail below, but we regard this property as a
special property peculiar to the systems with degenerate
ground states. In fact in our studies of nondegenerate sys-
teins, the correlation effects in the excited states are of far
greater qualitative significance, and are responsible for a
new kind of stable excited-state structure which is not an-

ticipated in the U=O theories. Finally we suggest a pic-
ture of the low-lying singlet excitation in these systems
which makes contact both with the expected behavior of
the HP model in the uncorrelated ( U=O) limit and highly
correlated ( U/4t &~1) limit. The lowest-lying ele:tronic
excitations in these systems are identified as triplet excita-
tions, and interestingly they provide an important part of
the ultimate description of the low-lying singlet excita-
tion. In the presence of perturbations which can couple to
the electron spin, these triplets are hkely to play an impor-
tant role as metastable states which are populated in-
directly following excitation into the singlet manifold.

The plan of this paper is as follows: in Sec. II we dis-
cuss the details of an RG method that we presented brief-
ly in a previous paper. In Sec. III we present results on
self-consistently relaxed excited electronic states on the
16-site chain using the RG method. In addition we
develop the minimal method, present tests of the method
on a 16-site chain for comparison with our RG results,
and use our approximate scheme to study the relaxed ex-
cited states on long chains, discussing ordering of the
states, length dependence, and the nondegenerate system.
Then in Sec. IV a mechanism for the decay of photoexcit-
ed states of polyacetylene is proposed based on the picture
we have developed.

II. FORMALISM

We want to describe the low-lying electronic states of
the HP Hamiltonian,

a = g [to+a(x;+, x;)](C,'+—, ~C; ~+H. c).
l„O'

+ —,
'

QK(x;+& —x;) + —,
' g Un; n;, (1)

I l~ CT

where C; and C; are the electron creation and annihila-
tion operators for site i and spin a, x; are the classical ion
coordinates, denoting displacements from a reference
equal bond length structure, n; is the electron number
operator, and to, a, U, and E are, respectively, the hop-
ping amplitude, electron-phonon coupling strength, on-
site Coulomb repulsion, and effective intersite spring con-
stant. We use to —2.5 eV——, a=8.0 eV/A, and X=68.6'2
eV/A throughout this paper, except where noted other-
wise. Because of the presence of the Coulomb term, expli-
cit diagonalization of the HP Hamiltonian requires a full
many-body basis set. However, such basis sets grow no-
toriously fast with increasing system size, making direct
diagonalization impractical for large systems. Methods
which avoid explicit use of the basis, such as Monte Carlo
methods or variational methods, are primarily useful for
ground-state properties, and CI and valence bond
methods, ' which do emp1oy explicit bases, are limited to
10 or 12 sites.
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FIG. 1. Schematic presentation of the RG method. (a) Intra-
cell Hamiltonians Hq and H~ are diagonalized yielding eigen-
states i(L and pR. (b) H„„~ is constructed for a larger cell using
the product basis PL f„. (c) H„„,is diagonalized yielding eigen-
values and eigenvectors for the larger cell, and the process is re-
peated.

Another approach which also uses an explicit basis
makes use of a scaling technique to systematically limit
the basis functions retained as the system size increases.
For example, an early study by Hirsch' used such a scal-
ing technique to study the one-dimensional Hubbard
model. The method we use, previously applied by Bray
and Chui' to the one-dimensional Hubbard model, has
more variational freedom in the basis set, permitting an
accurate description of the low-lying excited states. The
method works efficiently to obtain these states using the
HP Hamiltonian on chains of intermediate length (-20
sites). Because of the additional variational freedom, the
size of the basis set still increases with chain length,
though not nearly as quickly as the complete basis set.
Therefore, we limited our studies using this method to
16-site chains and a few 32-site calculations.

The scaling technique is illustrated schematically in
Fig. 1. The chain is divided into small cells, each includ-
ing a few adjacent sites, and the Hamiltonian is separated
into terms with intracell electron operators and terms
with intercell operators. In Fig. 1 the terms that operate
within the left cell are collectively labeled Hl and those
that operate within the right cell are labeled Hz. Since
HL, and Hq commute they can be independently diago-
nalized. We choose the size of each cell to be small
enough so that the size of the associated complete basis
set permits efficient diagonalization with no approxima-
tions. The cell eigenvectors thus obtained are labeled QL
and ga in Fig. 1 and are further identified by the
transformation properties under operations that commute
with the intracell Hamiltonian: the number of electrons
N, the square of the total spin S, and the z component of
the total spin S,. If the left and right cells are now com-
bined to form a larger cell with quantum numbers %to„
S«„and S,«„ the basis set of the Hamiltonian for this
larger cel1 labeled Hgptg can be constructed by taking
tensor products of QL,

's and ga's
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2 2 2
Am, s(Nt, t,Sto„Sg,(&t)

= g C (S~ot,S,t„,Sr,Sw, Sz,S,z )QL (XL,SL,SI, )gg (Xg,Sa,Sx, ),

where

«St.t,S,t.t SI S,L S~ S.~ )

is the Clebsch-Gordon coefficien coupling the left- and
right-spin eigenstates to the total spin eigenstate. The di-
agonal elements of H„„~ are the sum of the eigenvalues

EL, +Ea corresponding to the eigenvectors PL, and ga.
The off-diagonal elements include the matrix elements of
the intercell terms in the Hamiltonian which is represent-
ed by t4, in the example pictured in Fig. 1. %'e note that a
typical off-diagonal matrix element, represented schemati-
cally as

& IL, lx I
C C

I Jr.J~ &

can be factored into

considerably simplifying the computation and storage re-
quirements.

The basis set may be arranged so that the diagonal ele-
ments of H„~~ are ordered from lowest to highest. We
are primarily interested in the low-lying eigenstates of this
Hamiltonian. If the intercell matrix elements are small
compared with the range of the diagonal elements of
H„„~, the contribution of the basis states at higher energy
to the low-lying eigenstates should be small. It is then a
reasonable approximation to neglect all basis states above
some energy, thereby reducing the size of the otherwise
unwieldly basis set.

We would like to retain about 100 basis states so that
the Hamiltonian can be diagonalized in a small amount of
computer time. However, several hundred to several
thousand basis states may be necessary for accurate work.
We therefore chose to use Lowdin perturbation theory, '

permitting us to construct a small effective Hamiltonian
improved by perhaps thousands of additional basis states.
In the Lowdin scheme the full Hamiltonian, whose diago-
nal elements have been arranged in order of increasing en-

ergy, is divided into small "direct" space, which includes
the block containing the lowest energy diagonal elements,
and an "indirect" space (see Fig. 2). This division also re-
sults in two off-diagonal blocks connecting the direct and
indirect spaces. An effective Hamiltonian is constructed
by improving the direct space by second-order coupling
through the indirect space, involving matrix elements in
the two off-diagonal blocks,

0"'0"'
(3)

k

whclc k ls ln thc lndllcct portion of thc basis sct and E 1s

an energy chosen near the anticipated eigenvalues for
which the most accuracy is required. Higher-order cou-
pling through the indirect space is neglected. This is
equivalent to setting the off-diagonal matrix elements in
the indirect space equal to zero.

The smallest cells in our calculation contain 4 sites and
only as many as 20 basis states, permitting exact direct di-
agonalization. For 8-site cells, with 1764 singlet states,
we typically retained 400 states in perturbation theory in
addition to the 100 states in the direct space. At the level
of 16-site cells, which have about 35 million singlet states,
we retained about 2000 perturbation theory states at small

U/to, increasing by several thousand as U/to increased.
In the intermediate U/to regime we sampled every tenth
higher-lying state, weighting its contribution in perturba-
tion theory by a factor of 10, to recover the contribution
of the thousands of high-lying states. Our basis is not
ideally suited to the high U/to regime in which the states
of interest are neutral states coupled by second-order mix-
ing through many states in the singly ionic manifold.

Because the many-electron basis is quite complicated,
information about the spatial symmetry of the wave func-
tions and information from various correlation functions
is essential for interpreting the wave functions. The 16-
site chain has C2q symmetry, but because the n orbitals
are fixed in number and direction, reflection is the only
nontrivial symmetry operation. To identify the even (As)
or odd (8„)states on the 16-site chain is constructed us-

ing mirror symmetric basis states, resulting in a signifi-
cant savings of time and storage as well.

Correlation functions, including bond orders and spin-
spin correlation functions, are calculated at each scale in a
parallel construction to that of the Hamiltonian. Matrix
elements O~„of the operator 0 to be studied are tabulat-
ed between four-site basis states, P, and stored per-
manently. Once four-site eigenvectors, f;, have been
computed, a unitary transformation of the matrix 0 „ is

performed,

DIRECT
/spAGE

AB

AB B

INDIR E CT
SPACE

FIG. 2. In Lowdin perturbation theory the Hamiltonian is di-
vided into "direct" and "indirect"' spaces.
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0;J= Q CpCJO „,
where C; are the eigenvector expansion coefficients,

At the next scale in the RG method matrix elements of 0
are constructed between basis states which are products of
left and right four-site eigenvectors

Orj=&A, I.fr, x Io I A, L. A, a & . (6)

If 0 is an intracell operator in the left or right cell, 01&
can be factored schematically as

or

OIJ = & CI,I. I A, L. & & Sr,x I
o

I &,a &

If 0 is an intercell operator, and can be expressed as

0 =OL, Og,

then OIJ can be factored schematically as

Ors = & 41,I. I OL, I &.I, & & 4,ii I Ox I 4, ii &

(8)

Fe= — k a Ciao —i e —C+i, Cia +8 c k
a

We found that it was not necessary to improve the
correlation functions using Lowdin perturbation theory.
However, the intercell bond orders are proportional to the
intercell hopping term of the Hamiltonian, for which
Lowdin perturbation theory was employed. As a result, to
avoid repeating computer computations, the intercell bond
orders are I.owdin improved.

Once we have calculated the bond orders we can use
them in the self-consistent relaxation of the chain in the
presence of an electronic eigenstate, g». Using the
Hellmann-Feynman theorem, we find that the electronic
force on the ith ion in the presence of f» is

u =( —I)"x„, over the range of U/to shown in Fig. 3.
The calculation was performed in the presence of forces
(Sa/n. ) at the ends of the chain which are requirixl to
prevent the chain from collapsing under relaxation. In
Fig. 3 we have plotted the dimensionless dimerization am-
plitude 5=(au/to) at the total energy minimum against
U/to for three values of the dimensionless electron-
phonon coupling constant A=(.2a) /irtoK W. e observe
that the equilibrium dimerization amplitude is enhanced
as U/to is increased, with a maximum occurring at
U/4to= 1, the canonical crossover between the Peierls re-

gime at small U/to and the spin-Peierls regime at high
U/to. Dimerization enhancement has been previously re-
ported in several calculations using different methods,
and the decrease in enhancement with increasing A,, ap-
parent in Fig. 3, has also been discussed. 6 Dixit and Ma-
zumdar 0 have described the reason for the enhancement
in the context of valence bond theory. With increasing
U/to valence bond diagrams that lead to dimerized con-
figurations contribute more to the wave function, as dia-
grams with ionic configurations are pushed to higher en-

ergy. At high enough U/to, however, hopping is blocked,
reducing the bond orders and the diinerization. The
enhancement may also be viewed as the result of coopera-
tion between the bond order wave and spin-density wave,
which drive the dimerization at small and large U/to,
respectively. In Fig. 4 we have plotted the ground-state
bond orders and nearest-neighbor spin-spin correlation
functions, 4&SoS~+i &, at U=o and U/to 4. The ca——lcu-
lation is presented for ground-state geometries and fixed
chain ends. %e note that the bond orders decrease with
increasing U/to and the spin-spin correlations increase on
the odd bonds as U/to increases. Both the bond orders
and spin-spin correlations are strongest across the double
bonds, so that they cooperate to enhance the dimerization
amplitude.

0.05

where the operator whose expectation value is required is
proportional to the bond orders adjacent to site i We.
note that the electronic force contains no direct contribu-
tion from Coulomb repulsion terms in the case of the HP
Hamiltonian since the on-site Coulomb term is x indepen-
dent. %e relax the chains by displacing the ions in
response to the sum of the electronic and elastic forces
and recomputing the electronic wave function, iterating
until the net force on each site is less than 1% of the con-
tributing forces at that site.

0.03—

0.02—

III. RESULTS

Now that the RG method has been presented, we would
like to present the results of application of this method on
a 16-site chain. We first consider the ground state of the
16-site chain, calculating the sum of the electronic and
elastic energy as a function of the dimerization amphtude,

1 I I I I

0 l 2 3 4 5 6 & 8
u/t

FIG. 3. Dimensionless dimerization amplitude versus

strength of on-site Coulomb term for three values of dimension-
less electron-phonon coupling constant on a 16-site chain.
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The RG method also provides heretofore inaccessible
information about the low-lying excited states, so we have
investigated the rigid-lattice excitation spectrum for the
ground-state equilibrium dimerization configuration for
various values of the repulsion strength U/to In Fig. . 5
we have plotted the energies of the two lowest-lying sing-
let excited states relative to the ground state as a function
of Ujto The '.B„state at U=O corresponds to excitation
across the gap in the one-electron spectrum. This state is
dipole allowed at U=O, and though our method does not
determine the electron-hole symmetry of the states, the
'B„state at high U is known to have the same electron-
hole symmetry as the ground state and is therefore not di-
pole allowed. We have indicated the likely crossover
point of the two B„tstaes in Fig. 5. We note that the
two states cross at U/to ——2, so that the dipole forbidden
'As state is the lowest excited state for intermediate values
of U jto. Dixit and Mazumdar have pointed out that
the 'As wave function contains more covalent (neutral)
valence bond diagram contributions, while the 'B„state
contains more ionic contributions, so that the As state

y4 I
I

e QQ-

I I I I I I I I I I I

2 4 6 S lO l2 l4
BONG

FIG. 4. (a) Bond orders for bond i,
(Pk

~

C~ C;+~ +C~+~ C;
~
Pk), where k is summed over

filled states, and (1) nearest-neighbor spin-spin correlation func-
tions for each bond of a l6-site chain at U=O and U/to ——4.

0.10; P lA005~
000 '- ——=-—=-——

—0.05;
-0.1 0

0 tO-.

0.05 '

000
—0.05
-0.10

2 Ag

must become lo~er than the 'B„as U is increased. Since
the 'As state is observed to be lower than the 'B„state in
short polyenes, ' we expect the appropriate physical value
of U in the HP Hamiltonian to be in the intermediate re-
gime, with Ujto-2 to 4. We observe in Fig. 5 that in
this regime the Coulomb contribution to the optical gap is
quite significant, amounting to 40% of the calculated gap.
However, the gap is not dominated by the Coulomb con-
tribution as has been suggested by a recent Monte Carlo
study which follows the decay of the current-current
correlation function in imaginary time for A, =0.29.

The rigid-lattice spectrum leaves out the effects of lat-
tice relaxation on the excited electronic states, so we now
turn to a discussion of the low-lying excited states in their
relaxed lattice configurations. We obtained the relaxed
configurations for the system excited into a particular
electronic state by displacing the sites in response to the
sum of the net force, where the electronic contribution is
proportional to the bond orders. We iterated the calcula-
tion of the eigenstates and forces until the net force on
each site became less than 1% of the contributing forces.
Relaxations were performed with the chain ends fixed in
place. In Figs. 6 and 7 we show the relaxed lattice config-
urations in the low-lying singlet states at U=O and
Ujto 2. For bon——d n we have plotted the alternating
bond-length change ( —1)"(x„+i—x„). Next to the U=O
configurations the occupation of four one-electron levels
near the gap are shown. The first and second excited
states are generated by one- and two-particle excitation
across the gap, respectively, and both form two-soliton re-
laxed states. The third excited state, a two-polaron state,
results from a single-particle excitation from below the
band edge across the gap. We note that in the cases of the
'B„and 2 'Ag states, two electrons are associated with de-
fect levels, while four electrons are associated with defect

0.10;
0.05
0.00

—0.05—
-0.10

'

BU

Q I I I I I I

0 I 2 3 4 5 6 7 8
/r

FIG. 5. Energy of first tvvo excited states relative to the
ground state as a function of the strength of an on-site Coulomb
term on a l6-site chain. Inferred state crossing is indicated by
dashed lines.

0.05.— I

0. Ag

0 10
' i I I l i i i I

6 8 10
BONO

12 14

FIG. 6. Relaxed lattice configuration in first four electronic
states at U=O on a 16-site chain. Schematic one-electron level
diagrams are adjacent to each configuration.
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FIG. 7. Relaxed lattice configuration in first three electronic
states at U/to ——2 on a 16-site chain.

levels in the 3'Ag state. As Ujto ——2, the relaxed 'B„
state closely resembles the 'B„at U=O, but with some
binding of the soliton pair. However, the 2'Ag state at
Ujto=2 resembles the 3'As state at U=O rather than
the 2 'Ag state.

Further insight can be gained by considering the lowest
excited states at high U jto. In this limit the low-lying ex-
cited states result fram spin flips relative to the antifer-
romagnetic ground state. For Heisenberg spins coupled to
the lattice degrees of freedom one spin flip produces the
lowest excited state, a B„state with the triplet coupled
spins associated with repelling solitons on the spin-Peierls
structure. ' The B„state is also the lowest excited state
at smaller U jto. In this case it is favored over the 'B„
state due to Hund's rule. If the two solitons are far apart,
the singlet and triplet constructed from two weakly in-

teracting neutral spin- —,
' excitation are nearly degenerate,

so that we would expect the next highest state to be a
two-soliton singlet state. However, on the 16-site chain
there is a significant overlap of the electronic wave func-
tions associated with the solitons, and this will split the
triplet and singlet two-soliton states, as shown in Fig. 8.
In the limit in which the spatial overlap is large, the
lowest excited singlet state can be constructed by flipping
two spins to produce a pair of triplets which can be cou-
pled to form a "four-soliton" 'A state at nearly twice the
excitation energy of the B„state. In fact, for short
chains, using the PPP Hamiltonian, Schulten et al. ' find
that the excitation energy of the 2'As state is roughly
twice that of the ~B„state. To see whether we can inter-
pret the 2 'Ag state at U/to 2as such a pair of B„ t——wo-

soliton states, we relaxed the lowest state of the eight-site
chain in the triplet manifold with fixed chain ends each at
U/to ——2. In Fig. 9 we plot two such relaxed B„states
side by side and compare them with the 16-site 2 'Ag state
relaxed at U/to ——4. There is a strong resemblance of the
two 8„'s and the 2 'Ag. Furthermore, since the 16-site
chain is constructed by connecting two 8-site chains,
eigenve:tars can be decomposed into a sum of products of
left and right 8-site eigenvectors. When we perform this

S=O

FIG. 8. Level diagrams for (a) weak coupling of neutral

spin- 2 solitons, (b) strong coupling of neutral spin- 2 solitons.

Arrows indicate spins of the unpaired electrons associated with

the solitons.
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FIG. 9. Comparison of relaxed lattice configurations at
U/to ——4. Top: 2'A~ state on 16-site chain. Bottom: two B„
states on 8-site chains.

decomposition on the 2 Ag state we find a significant am-
plitude for triplets on the left and right chain halves. The
fact that the center two lattice defects form a polaron in-
stead of two solitons is probably associated with singlet
coupling of the two spins involved, though it is difficult
to examine this using the left-right decomposition that we
have made.

Because the correlation length associated with the de-
fect states is about 15 lattice sites at small Ujto, lattice
defects associated with the relaxed 'B„and 2 'As states at
U jto =2 are clearly confined on a 16-site chain. To study
states with unconfined lattice defects requires a chain of
at least 60 sites, which in practice is beyond the present
capabilities of the numerical RG method employed. The
limitation on the application of the RG method to longer
chains is the size of the correlated basis set. The large
basis set is necessary for accurate quantitative work, but it
is conceivable that only a few degrees of freedom would
suffice for determining the qualitative features of the
longer correlated chains. For example, near U=O we
might expect that only one- or two-particle excitations to
states near the lower edge of the conduction band would
be important to the law-lying part of the correlated spec-
trum. If we consider the case of the one-electron spec-
trum associated with a two-soliton configuration on a
long chain at U=O, contrasted in Fig. 10 with the spec-
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FIG. 10. Schematic one-electron level diagrams in (a) ground
state and (b) two-soliton ('8„)states.

U /t0
FIG, 11. Comparison of first two excited states relative to

the ground state as a function of U/to on a 16-site chain using
the RG method (solid curves) and the reduced CI method
(dashed curves).

trum in the ground-state geometry, we note that since the
two defect levels are well separated from the band edges,
the dominant correlation effects should result from excita-
tions within the defect levels. Grabowski et al. ' in fact
have used such a model involving only correlation of the
electrons in deep defect levels. Since we have found that a
4-defect state appears among the low-lying excitations on
the 16-site chain, we have constructed an expanded ap-
proximate model in which 4 one-electron states are corre-
lated. The remainder of the uncorrelated one-electron
states are allowed to contribute to the bond orders, used in
the relaxation of the chain.

To see whether the approximation produces reasonable
results and to gain some understanding of when it breaks
down, we can compare calculations on the 16-site chain to
results using the RG method. We expect the minimal
scheme to work best at small U/to, since it is based ini-
tially on a one-electron picture, and to break down com-
pletely at high U/to, where excitations to higher one-
electron levels and excitations involving more than four
electrons are likely to be important. %e have calculated
the total energy as a function of the dimerization ampli-
tude at increasing U/to and find that in contrast to the
RG method results there is little enhancement of the
equilibrium ground-state dimerization amplitude as U/to
is increased from zero, and that the dimerization ampli-
tude drops off more rapidly than in the fully correlated
case. This is because there is insufficient spin-wave char-
acter, due to the reduced amount of correlation, to rein-
force the decreasing bond orders at higher U/to. We
have also calculated the rigid-lattice excitation spectrum
at the equilibrium dimerization using the minimal
method, and in Fig. 11 we compare the rigid-lattice exci-
tation spectrum in the ground-state geometry on the 16-
site chain calculated using the minimal method and the
RG method. The agreement is quite good at sma11 U jto
and the spectrum obtained from the reduced CI method
shows the crossing of the '8„and 2 'Ag states, though at a
higher value of U/to than in the spectrum obtained using
the RG method. It is clear that the 'B„state is poorly

if
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FIG. 12. Comparison of the relaxed 2'Ag lattice configura-
tion at U/to ——4 on a 16-site chain using the RG method and
the reduced CI method.

described in the high U/to regime, where the approxima-
tion in the minimal method is expected to break down
even though the 2 'Ag state is qualitatively correct. Since
we are particularly interested in relaxed geometries, we
compare in Fig 12 th. e relaxed 2 'As state at U/to ——4 us-

ing both methods. The agreement between the relaxed
2'As configurations using both methods is quite good.
Even though eigenvalues at U/to —4 are not quantitative-
ly reproduced, the ordering of the low-lying states and the
lattice configurations at U/to ——4 recovered by the
minimal method are in good agreement with the results of
the RG method.

Having found that the minimal model produces good
quantitative results at small U/to and qualitative results
at intermediate U/to, we now apply the model to long
chains inaccessible to the RG method. We displace the
sites in response to the sum of the electronic and elastic
forces, recomputing the eigenstates and iterating until the
net forces on the lattice sites become small. We first con-
sider the results of relaxing the 'B„and B„excited states.
Since the basis states in the minimal method consist of
various excitations across the gap in the one-electron spec-
trum, we can relate the wave functions at U&0 to one-
particle excited states at U=O. For all values of U&0,
the 'B„and B„wave functions contain predominantly
the one-particle excitation present at U=O. In Figs. 13
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FIG. 14. Soliton repulsion in the 'B„state. Top: U/to ——4,
V/U=O. 5. Middle: U/to ——4, V/U=O. Bottom: U=O, V=O.

and 14 we show the relaxed 'B„and 3B„states at U=O,
Ulto 4, and at ——Ulto ——4 with V= —,

'
U, where V is a

nearest-neighbor Coulomb repulsion added to the HP
Hamiltonian. Because the charge densities associated
with the two B„solitons at U=O sit on alternate sublat-
tices we might expect there to be no interaction of the two
solitons if only an on-site Coulomb repulsion term is
present in the Hamiltonian. However, when a nearest-
neighbor repulsion term is included, then the solitons,
which carry opposite charges, would be expected to at-
tract forming a bound exciton. We see in Fig. 13 by com-
paring to the U=O configuration, that the 'B„state forms
a bound excitation in the presence of V, but that binding
also occurs at Ulto=4 without V. If we correlate only
two electrons instead of four in the minimal scheme, we
indeed find no binding of the solitons for V=O, in agree-
ment with results of Grabowski et a/. ' However, the in-
creased correlation involving band states results in an in-
direct interaction between the solitons with only an on-site
Coulomb repulsion. Similarly, we observe in Fig. 14 that
the two solitons with aligned spins in the B„state repel
for V=O and U&0 if four electrons are correlated even
though only two of the elix:trons are directly associated
with the lattice defects.

In Fig. 15 we compare at U/to ——4 the 'B„and 'Ag
states both of which contain two solitons on the 64-site
chain. We see that binding is not apparent in the Ag
state. This is because the 'Ag state has little charge
transfer character, while the 'B„state contains charged
solitons.

In Fig. 16(a}we compare the 2 'Ag states on the 16- and
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FIG. 15. Comparison of 'B„and 'Ag two-soliton states at
U/to ——4 on 64-site chain.

64-site chains at Ulto —4. The 16—-site state resembles
more closely the 3'Ag state at U=O, while the 64-site
state resembles the 2 'Az state at U=O. The latter state at
U=O results from exciting two electrons across the gap,
while the former state at U=O results from a one-electron
excitation shown in the level diagram in Fig. 16(b). On
the long chain the one-electron defect levels in the gap, as-
sociated with two solitons, are close together and well
separated from the band states. The dominant correlation
effects at small U should mainly involve excitations
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among the two-defect levels, and the 2'As state should
thus be a two-defect state associated with two-particle ex-
citation from the lowest to upper defect levels, in agree-
ment with the prediction of Grabowski et al. On the
short chain, however, the defects are confined and the
electronic defect states are strongly split in energy. Corre-
lations involving excitation into the band states become
more important, and the lowest such excitation in this
configuration is a one-particle excitation from the lower
defect level into the conduction band resulting in a four-
defect state (which is not included in the model of Gra-
bowski et al). If 2b,o is the gap and 2coo is the separation
between the defect levels, then the two-particle excitation
between defect levels will have lower energy than the one-
particle excitation to the conduction band if

o & ~o+~o

In Table I we check this criterion for the 16- and 64-site
configurations shown in Fig. 16 and see that though the
64-site structure is correctly predicted, the 16-site struc-
ture is incorrectly predicted. This is simply because we
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FIG. 16. Comparison of (a) 2 'A~ states on short (16-site) and
long (64-site) chains to (b) 'A~ states at U=O on 64-site chain.

TABLE I. Number of defects predicted using energy-level
criterion.

Number
of defects

16 site
64 site

1.79 eV
0.52 eV

2.18 eV
0.85 eV

H, = g( —1)"r, (12)

which enhances the strengths of the "odd" bonds and
weakens the "even" bonds, breaking the ground-state de-
generacy. The effect of H, on the structural defects is to
confine them, thus reducing the length of chain between
the defects which has the higher energy configuration.
The confinement of two solitons also affects the one-

are not in the small U/to regime and several one- and
two-particle excitations have significant weight in the re-
duced CI calculation.

%'e can also compare the 2 'Ag states on the short and
long chains shown in Fig. 16(a) from the high Ulto point
of view in which spin excitations provide the appropriate
picture. As mentioned above, the first relaxed excited
state in this picture contains triplet coupled solitons. For
the first excited singlet state there is a competition be-
tween two possibilities, shown in Fig. 8. At about twice
the excitation energy for the B„soliton pair we might ex-
pect a 2 'A four-soliton state which can be thought of as
a pair of B„s oliton pairs coupled to singlet. There
should also be a 'Ag state consisting of a singlet coupled
pair of neutral solitons. The precise level order depends
on whether it costs less energy to flip one of the triplet
spins to form a two-soliton singlet state, or to generate a
second triplet excitation, then coupling the two triplets to
a singlet. On a long chain, the two solitons overlap weak-

ly and therefore an exponentially small energy change
should result from flipping the spin of the electron local-
ized on one of the solitons. Therefore the 2'As state
should be characterized as a two-soliton neutral state on
the long chain. Qn a short chain, however, the soliton
electronic wave functions overlap strongly, splitting the
triplet and singlet coupled soliton pair states. The singlet
two-soliton state would then be expected to be pushed
higher than the four soliton 2 'As. At intermediate values
of Ulto the two singlet excitations are quantum mechani-
cally mixed. Thus we see a tendency to form a four-
soliton 2 Az state on the 16-site chain at intermediate
Ulto (Fig. 9), but the center two defects are not well-
formed solitons. On very short chains we should also note
that there may be too few spins for either of these limits
to provide an adequate description of the excitation.

There is another class of systems, polymers with a non-
degenerate ground state, for which intrinsic confinement
rather than system size plays a central role in the struc-
ture of defects in the dimerized lattice configuration. The
HP Hamiltonian as written in Eq. (1) has a degenerate
ground state for an extended chain. However, to describe
the class of systems with a nondegenerate ground state we
can add a confinement term
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electron energy levels in the gap at U=O. The one-
electron levels for this case are shown in Fig. 17(a) and the
same levels for the degenerate system are shown for com-
parison in Fig. 17(b}. Instead of defect levels at the center
of the gap in the degenerate case, there are now two shal-
low defect levels, split by mixing due to the confinement
of the solitons. The degree of confinement is given by the
confinement parameter
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where A, is the dimensionless electron-phonon coupling
constant, b,o is one-half the gap, and b,,=2t, In .our dis-
cussion of the 2'As state confined in a short chain we
found that
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characterized the crossover from the regime in which a
two- or four-defect lowest-lying 'As state occurred. Fol-
lowing Onodera's results ' we find that this can be con-
nected to a condition on the confinement parameter

(14)

where y, =0.68 for the case of the 2 'As state. It has been
suggested that cis-polyacetylene corresponds to y=0.6,
roughly equal to y, . We therefore expect that the relaxed
2 'As state in cis-polyacetylene should be characterized by
four interacting defects. We relaxed a 64-site chain in this
electronic state at U/to 4usin——g our reduced CI method
and show the equilibrium lattice configuration in Fig. 18.
The other 'B„and iB„states at U/to 4and for y——=0.6
are included for completeness. We see that indeed there
are four defects in the 2'As lattice configuration for
y=0.6. From the high U/to point of view, the soliton
electronic wave functions strongly overlap pushing the
singlet polaron (bound two-soliton} singlet state above the
singlet two-polaron state that we observe.

T/0

FIG. 17. Schematic one-electron level diagram on two-soliton
state in the (a) nondegenerate case and (b) degenerate case.

FIG, 18. First three relaxed excited states at U/to ——4 on a
nondegenerate 64-site chain ~ith y =0.6.

IV. DISCUSSION

In this section we will summarize the results of the cal-
culations in Sec. III, the relation to some previous theoret-
ical work and discuss some of the experimental implica-
tions of these calculations.

The experimental evidence favoring the presence of an

As state as the lowest-lying singlet excitation for finite
polyenes has been summarized in several recent re-
views. ' ' From the data presented in Fig. 5, within the
Hubbard-Peierls model, this ordering would require an
on-site repulsion strength U/4t0~0. 5, which suggests
that (CH}„ is in the intermediate coupling regime where
interaction effects and band effects are of comparable sig-
nificance. Since the HP Hamiltonian explicitly treats only
the short-range part of the interelectronic potential, we
would expect this assignment to persist into the long-
chain limit.

How can we characterize the low-lying electronic exci-
tations in this regime? There are two kinds of important
singlet excitations. The first of these is familiar from the
numerous studies of the noninteracting ( U=O) version of
this model, and corresponds to the promotion of an elec-
tron from the highest occupied molecular orbital to the
lowest unoccupied one-electron state. This transition is
strongly dipole allowed and creates the 'B„excitation of
the system. We find that in the presence of moderately
strong electron-electron interactions, the lattice relaxation
effects in this state are extremely similar to those previ-
ously studied in the U=O SSH model, namely, the 'B„ex-
citation spontaneously decays into a pair of oppositely
charged kinks (see Figs. 6 and 7). An important differ-
ence is that the presence of U only provides a residual ex-
citonic binding of this pair. This effect was not observed
in the previous studies of Grabowski et aI. , who did ob-
serve such an excitonic confinement only when the
nearest-neighbor repulsion term, V, was turned on. In our
calculations we have found that the presence of V certain-
ly enhances the binding, but that the mixing of higher-
lying one-particle excitations into the B„wave function
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(not included in the calculations of Ref. 15} in the pres-
ence of U only provides an indirect interaction which
tends to bind the oppositely charged pair. Aside from this
relatively weak effect, the general picture from the U=O
SSH model of photoexcitation to oppositely charged kinks

appears to survive into the intermediate coupling regime.
The second type of singlet excitation is an even-parity

excitation and is somewhat more interesting since it re-
flects more directly the presence of interaction effects in
the excited-state spectrum. For intermediate U the 2 'Ag

state is the lowest-lying singlet excitation (as noted above).
From our %=16 studies we see that the lattice relaxation
surrounding this excitation is qualitatively different from
that in the B„state. We identify a limit in which the re
lazed 2'As as a complex of four interacting defects;
decomposition of the many-particle wave function shows
that this excitation can be interpreted as a bound pair of
triplet excitation, each of which is expected to yield a neu-

tral kink-antikink pair in the U=O lirmt. We interpret
the equilibrium structure shown in Fig. 9 as a complex
consisting of the resulting four bound neutral excitations.
It is favored energetically over the 'B„excitation because
of the larger charge transfer character in the latter odd-

parity singlet state. In Fig. 16 we compared this short-
chain 2 'As configuration to that on a long chain, were we
found two defects instead of four. We can interpret the
short- and long-chain results at intermediate U/to in
terms of pictures at both the low- and high-U/to limits.
First we consider many-electron configurations in the
one-electron levels. On the long chain, the defect levels
associated with two well-separated solitons are near the
center of the gap, so that the inost important excitations
should be within the defect levels. For this reason we be-
lieve that even though the calculation of Grabowski et al.
did not focus on the 2 'As state, their model, which corre-
lates only the defect levels, is a quite reasonable scheme
for the description of the low-lying excited states of ex-
tended polymers with a degenerate ground state. Howev-
er, in the short-chain case, the defect levels are strongly
split by the interaction of the wave functions associated
with the defects, so that excitations into the band become
significant. Some of these excitations favor a four-defect
state, such as the one which produces the 3 'As state at
U=O, shown in Fig. 6. In terms of the spin-Peierls pic-
ture at high U/to, the 2 'As lattice configuration results
from a competition between spin excitations involving in-
dependent spins, and excitations involving bound triplet
coupled pairs as shown in Fig. 8. In the case of well-

separated solitons on the long chain, two spin- —, excita-
tions can be combined to describe a singlet and triplet ex-
citation which are nearly degenerate. However, on short
chains, again because of the strong overlap of the defect
wave functions, the singlet-triplet splitting is increased
and the lowest singlet excitation results from coupling two
B„soliton pairs forming a 2 'As state with four defects.

In this case, the excitation energy of the 2'As state is
found at roughly twice that of the B„state containing
two solitons.

In either case the lowest-lying electronic excitations in
the model are triplet excitations. These are inaccessible by
direct photoexcitation, though they may be populated in-
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FIG. 19. Schematic level diagram for relaxation and decay of
photoexcited states in the noninteracting and interacting cases
for {a)degenerate system, {b) nondegenerate system.

directly after photoexcitation into higher-lying singlet
states. The lattice relaxation surrounding the B„excita-
tion is quite similar in the N= 16 and %=64 cases stud-
ied above, namely, the B„promotes dissociation of a
kink-antikink pair. A simple calculation in the U=O lim-
it shows that the resulting kinks are neutral, and indeed
our calculations with electron-electron interactions includ-
ed show that the defects repel and dissociate even in the
presence of the Coulomb repulsion term in the Hamiltoni-
an. For the shorter chains, these defects are confined only

by the finite system size. An iinportant consequence is
that for extended degenerate ground-state polymers, once
formed the low-lying triplet excitation will be expected to
spontaneously decay into two decoupled spin- —,

' centers.
We summarize this situation for the degenerate

ground-state systems with the schematic level diagrams of
Fig. 19(a). The left-hand panel illustrates the level order-
ing expected in the noninteracting ( U=O) limit, and the
right-hand panel extends the description to the situation
with an on-site repulsion interaction of intermediate
strength. The ground state is an even-parity singlet with a
homogeneous bond alternation pattern in either case. In
the noninteracting limit the lowest-lying excitation is the
'B„excitation across the gap (degenerate with the B„ex-
citation). The singlet decays spontaneously to the spinless
charged kink-antikink pair as shown. The triplet (not
shown} decays to neutral spin- —,

' solitons at the same ener-

gy. In the presence of interactions the photoexcited pair
may encounter a different fate. One relaxation channel,
confined to the 'B„surface gain leads to a relaxation to
the It. +E state as in the U=O case. However, emission
of an odd-parity phonon can lead to a crossing to the
lower-lying 2 'As surface. For the short systems we found
that this state may be approximately represented as a
bound quartet of "neutral" kinks, though for longer sys-
tems it becomes increasingly difficult to apply this
decomposition (there is a relatively smaller admixture of
the higher single-particle excitations responsible for two
of these neutral excitations, and the state resembles more
closely a two-defect state). In our model, there are no per-
turbations which couple to the spins of the defects; how-
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ever, in the presence of such perturbations a further relax-
ation coupling to the triplet manifold is possible. Note,
however, that even for our calculations on the 16-site sys-
tems, the 2 'As state is interpreted as a bound pair of B„
excitations, so that conversion to the triplet manifold
would require thermal activation over an energy barrier
required to dissociate the pair. Once formed on an ex-
tended system the resulting B„state resides on a repul-
sive potential which will lead to spontaneous formation of
neutral spin- —, kinks. For finite systems there is a residu-

al confinement of this pair due to the finite system size.
Ultimately recombination of two such mobile spin- —, ob-

jects could return the system to the ground state. For the
degenerate ground-state polymer, photoexcitation can thus
lead to either charged or neutral structural excitations.
The charged states occur only on the 'B„surface. The
neutral excitations are in fact energetically favored and
this latter relaxation channel can only be prevented by a
very rapid relaxation to the E+E state on the 'B„sur-
face, from which the kinetics of the relaxation to the
2 'As surface may be expected to be extremely slow.

The situation is slightly modified for a polymer with a
nondegenerate ground state. A schematic level diagram
for this case is given in Fig. 19(b}. For the model without
interactions the lowest-lying singlet excitation again corre-
sponds to promotion of a particle across the Peierls gap.
This drives a structural relaxation in which the electron
and hole are self-localized in a neutral polaron, with the
confinement potential now binding the KK pair. The re-
lated triplet excitation is degenerate with this state for
U=O. When interactions are turned on, the dipole al-
lowed 'B„surface leads to a very similar relaxed lattice
configuration labeled I' in the right-hand panel. Qualita-
tively new structures are found on the lower-lying 2'As
surface. As in the degenerate ground-state case this sur-
face can be populated only indirectly by radiationless de-

cay from the 'B„surface. However, the even-parity sing-
let relaxes to a structure which can be characterized as a
"two-polaron" state in Fig. 18. The interactions between
these polarons is repulsiue (they are confined only by finite
system size in Fig. 18), so that this relaxation channel will

quickly produce two weakly interacting neutral triplet ex-
citations labeled Po in the figure. These triplets can be
interpreted as the states which would be produced in the
U=O limit by single-particle excitations across the gap

with the unpaired electrons coupled to a spin triplet. The
further decay of these triplets to isolated spin- —, "kinks"

is prohibited by the confinement term in the Hamiltonian.
Spontaneous decay to the ground state is also forbidden
because of the spin of the defect. Thus photoexcitation in
conjugated polymers with a nondegenerate ground state in
this model yield neutral spin-1 polarons as the long-lived
excited states. It is interesting to speculate on the process
by which such excitations can ultimately return to the
ground state. In the presence of perturbation which cou-
ple to the spin of the defect, interconversion to a singlet
configuration should be possible; in this case either radia-
tive or radiationless coupling to the ground-state surface
should be possible. However, we believe that it is unlikely
that the luminescence actually observed in prototypical
nondegenerate systems such as cis (CH), (Refs. 25 and 26)
originates from this low-lying polaron state (the Stokes
shift which would accompany emission from this state is
much larger than that seen experimentally), but instead
froin excitations which self-trap in the polaron associated
with the 'B„surface.

Thus, in addition to the stable photoexcitations predict-
ed in the U=O limit of this model (spin-0 charged kinks
for the extended degenerate ground-state system and con-
fined spin-0 polarons in the nondegenerate systems) we
find that the presence of an interele:tronic repulsive po-
tential leads to a rich spectrum of competing relaxed neu-
tral structures. For the degenerate ground-state polymer,
lower-lying singlet excitations, representing bound neutral
triplet excitations are obtained. If these are separated to
form isolated triplet centers, the products spontaneously
decay to form isolated spin- —, neutral excitations. This
relaxation pathway may be inhibited either by finite sys-
tems size (an extrinsic mechanism) or by an intrinsic con-
finement potential such as occurs in conjugated polymers
with a nondegenerate ground state. In this latter case for
sufficiently strong confinement the low-lying even-parity
singlet excitation is unstable to decay into isolated neutral
triplet polarons, which persist as the "stable" long-lived
excited states.
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