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We present a numerical study based on an extended Su-Schrieffer-Heeger model of the effects of inter-
chain coupling on both degenerate and nondegenerate conjugated polymers. In particular, we study po-
laronic and bipolaronic excitations and examine their delocalization (spread over more than one chain)
as a function of the coupling strength. It is shown that there is a discontinuous change in the degree of
delocalization at a critical value of the coupling. We also study the influence of delocalization on the op-
tical absorption and show that, in the polaron case, the relative strength of spectral lines in the absorp-
tion gap below the interband transitions is changed dramatically from the behavior predicted for in-

dependent chains.

I. INTRODUCTION

It is usually assumed that the electronic properties of
conjugated polymers can be described in terms of the
behavior of isolated chains. Using a Su-Schrieffer-
Heeger"? (SSH) type of parametrization, a typical intra-
chain hopping energy is 2-3 eV, while the interchain
hopping is an order of magnitude or more smaller,
perhaps 0.1 eV. At first sight, a single chain description
would appear to be a reasonable approximation. There
are, however, certain situations in which even small inter-
chain coupling can have a significant effect as will be
demonstrated in this paper.

There have been extensive discussions of the effect of
interchain coupling, most of it focusing on trans-
polyacetylene. The earlier work>* employed a simple ex-
tension to the SSH model, and predicted an antiparallel
ordering of the dimerization patterns on neighboring
chains (double bonds on one chain adjacent to single
bonds on its neighbor). Later experimental evidence® in-
dicated, however, that it is the parallel ordering (like
bonds on neighboring chains are adjacent) that actually
occurs. Such preferred ordering can be incorporated into
the extended SSH model if, for example, modulations are
introduced into the interchain coupling.®

The effect of interchain coupling on polaronic and bi-
polaronic excitations is interesting and possibly quite im-
portant. For example, in the degenerate polymer, trans-
polyacetylene, bipolarons are unstable and dissociate into
a soliton and an antisoliton. The presence of interchain
coupling provides a binding energy for the soliton-
antisoliton pair and renders the bipolaron a stable excita-
tion.” Another consequence of interchain coupling is the
possibility that a polaron may become delocalized and no
longer be confined to a single chain. The conditions for
stability have been investigated.® 1 It was found that
delocalization occurs much more readily for parallel than
for antiparallel ordering, and could quite realistically
occur in practice, given the values of the interchain cou-
pling to be expected in real systems.
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Although estimates of the criteria for delocalization
have been made, there have not been any studies that fol-
low the behavior of a polaron as a continuous function of
interchain coupling. Is there a critical value of the cou-
pling at which delocalization occurs, or does the spread
of the polaron over several chains increase gradually as
the coupling increases? One of the purposes of the
current work is to answer such questions, a task which it
is necessary to perform numerically. The paper considers
polarons (single injected electrons) and bipolarons (two
added electrons) in both trans- and cis-polyacetylene. In
the latter case energies can be scaled so as to yield good
predictions for other nondegenerate polymers. Solitons
are, of course, also of interest in trans-polyacetylene. We
confine our attention here to polaronic excitations, how-
ever, because they have relevance for a wider range of po-
lymers.

We give first, in Sec. II, a brief review of the previous
work in this field. This is followed, in Sec. III, with a
description of the numerical procedure employed in our
work. The results are analyzed in Sec. IV, where it is
shown that delocalization occurs discontinuously at a
critical value of coupling. The discontinuity is larger for
the polaron than for the bipolaron.

One way in which the behavior of electronic states in
the band gap can manifest itself is through the optical-
absorption spectrum. The optical absorption is calculat-
ed for a wide range of values of the interchain coupling
and the results are described in Sec. V. The predicted
behavior is very interesting, particularly for the case of a
single injected electron. We find that absorption band in-
tensity is extremely sensitive to the strength of the inter-
chain interaction and, indeed, bands that have significant
intensity in one regime of coupling strength may have
essentially zero intensity in another regime. Interchain
coupling in real systems is likely to be in the energy range
at which the behavior deviates from that of isolated
chains. The results described here, therefore, are poten-
tially important for the interpretation of experimental
data. A note about the relevant experimental back-
ground is given in the concluding section (VI).
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II. CONSEQUENCES OF INTERCHAIN
COUPLING —BACKGROUND

We consider a pair of chains of trans-polyacetylene,
each one described by the static part of the SSH Hamil-
tonian2

H:_z [t0+a(uj,n_uj’n+])](cjj;an’n+1+H.C.)

jn
+(K/2)2(uj,n_uj,n+l)29 (l)
hn
where u; , is the displacement of a CH unit at site n on

chain j (j =1,2) and c;f,, and c; , are the corresponding
electron creation and annihilation operators. With a
Peierls distortion, u; , =(—1)"u,, the electronic energy
gap for a single chain is E;=2A, where A=4au,. Most
of the previous work has been done also with just a pair
of chains rather than a full three-dimensional environ-
ment. Because of size limitations inherent in numerical
work, this is necessary for practical reasons in our case.
Indications of how our results extrapolate to a full three-
dimensional system will be given in the conclusion.

A. Antiparallel ordering

The simplest model to use for interchain hopping of
the 7 electrons is

H’:_t.l_2(c¥,nc2,n+c;,ncl,n) . (2)
n

It was shown>* that the total Hamiltonian H + H' leads
to an antiparallel configuration with double bonds in one
chain adjacent to single bonds in the other. The bonding
energy for this configuration is 2 /7t per pair of CH
groups and the energy gap is reduced to
E,=2A(1—1t3/8t}).

There has been some interest in the behavior of soliton
excitations in the presence of interchain coupling. A soli-
ton is a demarcation between two different dimerization
patterns and a single soliton is perfectly acceptable in an
isolated chain. In the case of two coupled chains, howev-
er, solitons must exist as reasonably closely coupled pairs;
otherwise, there will be an extensive length of the chains
in which the energetically unfavorable parallel
configuration occurs. The resulting confinement energy
for solitons separated by a distance / can be calculated;>*
with either both solitons on the same chain or one on
each chain, it is given, in the large / limit, by

Econfztil/ﬂ-to ’ (3)

where / is measured in lattice spacings.

There are related implications for bipolaronic excita-
tions. For an isolated chain, a bipolaron is unstable and
dissociates into a soliton and an antisoliton. In the pres-
ence of interchain coupling, the arguments leading to Eq.
(3) apply and dissociation is inhibited rendering the bipo-
laron stable. This was investigated earlier’ by numerical
methods. Regarding a bipolaron as a pair of coupled soli-
tons, we found that, for typical values of the parameters,
the stable soliton separation was about 15-20 lattice
spacings. The equilibrium separation is determined by a
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balance between the confinement energy of Eq. (3), which
is independent of the charge state of the solitons, and a
repulsive (for the charged case) soliton overlap energy
that decays exponentially with /.

Interchain coupling does not alter the behavior of a po-
laron appreciably because it is stable even on a single
chain. Another possible consequence of interchain cou-
pling is the spread of the wave function associated with
the excitation onto the second chain and, if the interac-
tion is strong enough, there could be complete delocaliza-
tion. For the model of Eq. (2) this turns out to occur only
for very large values of t,, and it is safe to say that, in
practical terms, the model does not predict delocalization
over the two chains.

B. Parallel ordering

There is experimental evidence® that the antiparallel
configuration is not the one that actually occurs—rather,
the results point to parallel dimerization patterns on the
two chains. Baeriswyl and Maki® showed that this
behavior can be easily incorporated into a phenomeno-
logical SSH-type theory if minor changes are made to the
Hamiltonian of Eq. (2). They wrote the interchain cou-
pling in the following oscillatory form:

H'==3[t;+(—1",)(c] cppteler,), @
n

and demonstrated that parallel ordering is favored ener-
getically if z, > ¢;. The model in Eq. (4) is a plausible one
given the three-dimensional (3D) structure of polyace-
tylene!">!2 with the polymer chains oriented with their
planes at an angle to each other and CH units in neigh-
boring chains at distances from each other that alternate
in magnitude at successive sites along the direction of the
chains. Total-energy calculations for possible 3D
configurations have been made by Jeyadev!® and
Stafstrom.'*

The bonding energy for the Hamiltonian of Eq. (4) is
(t3 /7ty)In(8t,/A) per pair of CH units. The energy gap
in this case is E,=2(A%+¢3)"/>—2¢,. Again, we find
that solitons are confined in order to avoid a long length
of chain being, in this case, in the energetically unfavor-
able antiparallel configuration. In the large / limit the
confinement energy is given by®

Econf=(t§—_t%)l/77t0 . &)

As in the previous case this energy stabilizes the bipola-
ron against dissociation into free solitons.

There is a vital difference between the parallel and the
antiparallel cases which has implications for delocaliza-
tion. If there is an excitation on each chain, then the
overlap of the electronic wave functions causes a splitting
of the gap states. The overlap is essentially zero for anti-
parallel ordering while, for parallel ordering, an addition-
al binding energy per charge of the order of ¢, results. A
consequence of this is the possibility that excitations will
spread over two chains rather than be localized on one.
An analysis of the conditions for stability has been car-
ried out by Baeriswyl and Maki,® Gartstein and Zakhi-
dov,”'° and Emin."
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We can make the following argument about the stabili-
ty of the doubly charged bipolaron: if the bipolaron is lo-
calized on a single chain, then it has cost energy 2E; to
create, where*!® E,=2A /7. If the two charges are, al-
ternatively, spread over the two chains then, in the ab-
sence of interchain coupling, they would reside in pola-
ron states, one per chain. The energy of the formation is
2E,, where’ E,=V2E,. Since 2E,<2E,, a doubly
charged bipolaron on one chain is energetically preferred
to singly charged polarons on two chains. With inter-
chain coupling, however, an energy bonus favoring delo-
calization is a special feature of parallel alignment; the
effect reduces the formation energy for an excitation
spread over two chains to 2E, —2t,, which gives, as a cri-
terion for delocalization, 2E, —2¢, <2E|, or

t,>2(V2—1)A/7=0.264A . (6)

An analogous argument for the case of a singly
charged excitation leads to the following delocalization
criterion:

t,>2[4sin(7/8)—V2]A/7=0.074A . @)

Baeriswyl and Maki® give the analysis for the full 3D sys-
tem in which each chain has four neighbors. The physi-
cal arguments are essentially those that have just been
presented, but the numerical factors on the right-hand
sides of Egs. (5) and (6) are replaced by 0.091 and 0.025,
respectively. The important point to note is the rather
small values of ¢, required for delocalization to occur—
smaller than 0.1 eV (for typical values of A) and, in the
case of a single injected electron, considerably smaller
than that. Delocalization is likely to be important, there-
fore, for real systems.

J
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The purpose of the present paper is to study the delo-
calization process in more detail and, in particular, to ex-
amine whether it occurs discontinuously at a critical
value of the coupling. The method used is a numerical
one and the procedure is described first.

III. NUMERICAL PROCEDURE

Analytic calculations, usually based on the continuum
model,'¢ are only possible for certain special limits. Us-
ing numerical methods, however, it is possible to follow
the electron delocalization as a function of the strength of
the interchain coupling. We use the Hamiltonian H +H'
of Egs. (1) and (4), which is diagonalized directly, and the
displacements u;, are varied until an energy minimum is
found. Earlier we found,’” with chains each of length N
units, that N =128 is long enough to eliminate any size
dependence in the features we wish to study. Periodic
boundary conditions are used to minimize finite-size
effects.

The procedure is to start with a set of trial displace-
ments {u;,} and vary these until a minimum energy state
is found. We notice that only the differences
U,,=uj,—4j,4 occur in Egs. (1) and (4) and that
there are only N —1 independent variables associated
with each chain. For a particular frozen-in configuration
{U;,}, the Hamiltonian H+H' can be diagonalized to
give eigenstates |A ), with

|k)=2a}_‘n|j,n) . (8)
jn
The change in energy, AE, under small displacements

U,—U;,t8U;, can then be calculated by second-
order perturbation theory

AE=(K /2) 3 (2U,,8U;, ,8U%)—2a 38U, , 3 al,a}, +,
jn A

j’n

+a22 2 8(]j,nalji,m 2 2 (aj},‘na]l',‘n-f-l +aj}:n +lafn )(aifhmall,lm +1 +ai§m+la1{£m )(E)»_Eu)hl ’ 9)
Aop

jyn i,m

where the p summation is over all 2N electronic states
and the A summation is over only occupied states. For
the situations considered, the lowest N states are doubly
occupied, while the (N + 1)th state is either singly (one in-
jected electron) or doubly (two injected electrons) occu-
pied. Schematically, Eq. (9) can be written

AEZZ A4;,8U;,,+3 ¥ Bj,,;n8U,;,8U;, , (10)

Ln jn im

and the minimization occurs with 8U=(2B) '4. Be-
cause we use periodic boundary conditions, there are ad-
ditional quite complicated terms in Eq. (9) which are not
shown here explicitly, but were included in the calcula-
tions.

Three types of starting configuration were employed in
the iterations:

u;,=(—1D"uq , (11)
uj’nzuo—!—(uo/\/i){tanh[(x —x0)/V2E]

—tanh[(x +x,)/V2£]}, (12)

—tanh((n —n,)/£],

Uin == D0 \tanh[(n—n,) /E], nZ=ny

n<ng
(13)

Equation (11), of course, represents a pristine chain,
while Egs. (12) and (13) are, respectively, canonical forms
for the polaron and bipolaron (conceived as a soliton-
antisoliton pair). In Eq. (13), ng=(n;+n,)/2, the mid-
point between the soliton and the antisoliton. Optimum
values for the various parameters were found empirically
for each situation.

It was recognized that more than one energy minimum
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was possible. To investigate this, two different starting
configurations were used for each set of interchain cou-
pling parameters: in one, the excitation was entirely
confined to one chain [Eq. (12) or (13) was used for chain
j=1 for one or two injected electrons, while chain j =2
was described by Eq. (11)]; in the other, the excitation
was equally distributed between the two chains [Eq. (12)
was used for both chains irrespective of the number of in-
jected electrons]. In the latter case, slightly different
starting parameters were used for each chain to avoid the

possibility of getting stuck on an energy maximum. Two -

iterations using the algorithm described were usually
sufficient to ensure convergence to a configuration of
minimum energy. The precise functional forms of the
three equations is not important. Simply, they represent
convenient localized and delocalized starting points for
the iterative algorithm.

We are interested in monitoring the delocalization of
the electron(s) as a function of interchain coupling. If the
expansion coefficients for a gap-state wave function in Eq.
(8) are af,,, then the weight on chain j is

W;=3 af} . (14)
n

W, will vary from 1 (or 0) when the electron is localized
on one chain to 0.5 as the electron becomes delocalized.
A convenient parameter to describe the degree of locali-
zation is

A=W, —W,| . (15)

A is equal to 1 when the electron(s) in the polaron or bi-
polaron state is (are) completely localized on one chain
and it is zero when equally distributed between the two
chains.

Various sets of parameters are commonly used in mod-
el calculations. In the numerical results that follow, the
set we employed for a single chain (see Ref. 2) is 7,=2.5
eV, a=4.1 eVA -1 K=21 eV A ~2; with these we ob-
tain u;=0.0397 A from energy minimization and thus
A=0.651 eV and an energy gap of 1.3 eV. A range of
values of the interchain coupling ¢; is explored.
Throughout we take t,=1.5¢,; this ensures parallel or-
dering and, apart from that, the actual results are expect-
ed to be relatively insensitive to the precise value of ¢,.
The values chosen for the parameters are not too impor-
tant in themselves because a plausible energy scaling can
be done to extrapolate the results to alternative sets of pa-
rameters. Because of this we express our results in terms
of dimensionless variables.

A simple extension to the numerical procedure can be
developed for cis-polyacetylene. The parametrization
used for this system is described in Sec. IV C.

IV. RESULTS

A. Trans-polyacetylene 2N +1 electrons)

There are 2N sites in our two-chain model. For a neu-
tral system, the total energy is obtained by diagonalizing
the Hamiltonian and calculating the total energy of 2N
electrons in the lowest N eigenstates. We consider here a
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system of 2N +1 electrons; the addition of a single hole
(2N —1 electrons) is, of course, identical energetically be-
cause of the symmetry of energy levels about zero.

We examine first the delocalization parameter A as a
function of ¢,. Because the delocalization conditions are
expected to scale as A [see Eq. (7)], we plot A as a func-
tion of ¢, /A in Fig. 1. As stated, we consider two start-
ing points for iterations to a minimum energy
configuration: in one the electron is localized on a single
chain [Egs. (11) and (12)], while in the other [Eq. (12)]
there is complete delocalization. For certain (lower)
values of ¢; there are two minimum energy
configurations, the actual one reached after iteration de-
pending on the starting point. For other (higher) values
of ¢, the final minimum energy configuration is indepen-
dent of the starting point. The global minimum is shown
by the full curve in Fig. 1; metastable minima are indicat-
ed by the broken curves. It can be seen that there is a
critical value 7,, of the interchain coupling at which the
delocalization parameter A changes abruptly from a finite
value (about 0.5) to zero, and this can reasonably be said
to mark the transition. The value 7,,=0.127A is some-
what higher than the calculated value in Eq. (7), but any
discrepancy is essentially due to inherent imprecision in
the definition of a critical value in the derivation of Eq.
(7.

The dependence of the positions of the band edge and
gap state on the interchain coupling are plotted in Fig. 2.
The band edge, as expected, follows the predicted
behavior close to (A2+¢2)!/2—t,, approximately linear in
t, because t, is much smaller than A over the region
displayed. There is a very small discontinuity in the posi-
tion of the band edge at ¢,.. The gap state is at A /V'2 for
t;=0 as is expected for a polaron on a single chain, and
its position increases slowly until #,, when, after a discon-
tinuous change, it falls in energy in parallel with the band
edge. The observed behavior is as one might expect. The
linear (in ¢;) shift in the band edge arises because there is

| 1 |
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0.4+

0.2

004 e

0.0 0.04 0.08 0.12 0.16 0.2
t, /A

FIG. 1. Trans-polyacetylene; 2N +1 electrons. The delocali-
zation parameter A as a function of ¢, (in units of A). The solid
line represents the lowest of the minimum energy
configurations; the broken line indicates the metastable energy
minimum.
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FIG. 2. Trans-polyacetylene; 2N +1 electrons. Band-edge
(upper curve) and gap-state positions as a function of ¢; (all en-
ergies in units of A). Broken lines indicate gap-state positions of
metastable configurations of Fig. 1.

a degeneracy between the band states of the two chains
which is split by the interchain coupling (a similar degen-
eracy between the soliton states, one on each chain, and a
consequent linear splitting, was discussed in Sec. II B). In
the case of the polaron states on a single chain, there is
no degeneracy involved and any shift will be in second or-
der. It will thus be of order ¢? /A and is much smaller
than the shift in the band edge as is observed.

The actual displacements |U,,| (where U,,
=u;, U, of the two chains for a range of values of
t, are shown in Fig. 3. For t;=0.169A (chain curve),
where complete delocalization has taken place, the dis-
placements of the two chains are identical. The broken
curve shows displacements for a value of #; just below
.-

The projection of a gap-state wave function on each
site of the chains is displayed in Fig. 4 for the same set of
values of ¢;. The gap state becomes more spatially ex-

0.08

0.07+
< 0.06
N—

= 0054

0.04

0.03 r
T T T T T T
20 40 60 80 100 120
n
FIG. 3. Trans-polyacetylene; 2N +1 electrons. Displace-

ments |U,| for chains 1 and 2 for three different values of ¢:
t,/A=0.015 (full line); 0.108 (broken line); 0.169 (chain line).
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tended along the chain as delocalization increases.

We also record the total energy of the system as a func-
tion of the interchain coupling in Fig. 5. The energy
E(t,), with t,=1.5¢t,, is calculated as described. The
quantity plotted in the figure is AE, defined as

AE=E(t;)—E(t,=0)+(Nt3 /mty)In(8ty /A) , (16)

where the last term is the interchain bonding energy for
pristine chains. AE is a measure of the contribution from
the interchain coupling to the binding energy of the non-
linear excitation associated with the gap state. It can be
seen that, once delocalization has taken place, AE varies
roughly linearly in ¢, as has been suggested by the argu-
ments of Sec. II B.

B. Trans-polyacetylene (2N +2 electrons)

In the absence of interchain coupling, a bipolaron is
unstable, dissociating into a pair of singly charged soli-
tons. Interchain coupling stabilizes the bipolaron against
dissociation in the case of parallel ordering just as it does
in the antiparallel case investigated earlier.” Numerical
calculations were performed for a system of 2N +2 elec-
trons, and we consider first the delocalization parameter
A which is shown as a function of ¢, in Fig. 6. Again, lo-
calized and delocalized initial configurations were used to
start the iterative algorithm. Let us consider first the
case of two decoupled chains (¢, =0). There are two solu-
tions (generated numerically from the two different start-
ing configurations). The A =0 solution corresponds to
two decoupled polarons (one added electron in each
chain), and the A=1 case corresponds to a bipolaron in
an isolated chain. In the latter case, the bipolaron is, of
course, unstable, and dissociates into two solitons (in
practice separated by half the chain length because of its
finite size in numerical calculations). Since 2E; <2E,
the A=1 solution has the lower energy. As ¢; is in-
creased from zero, it can be seen that, for two added elec-
trons, the delocalization occurs almost continuously as a
function of ¢;. There is, in fact, a small discontinuity at
t;=0.40A where A changes from a finite value (about
0.1) to zero. We define this as the critical value ¢, for
delocalization. Again, metastable solutions are shown by
broken lines. The broken line at A=0, of course, can be
continued back to ¢, =0 and the upper broken curve can
be extended down to A=0 so that a single minimum en-
ergy solution exists for ¢, greater than about 0.44A. The
critical value of ¢, is considerably higher than the value
of Eq. (6). This is largely a matter of definitions. The
discontinuity in Fig. 6, which defines our ?,., occurs at a
very small value of the delocalization parameter (~0.1)
while, at the values of ¢; given by the Eq. (6) definition,
there is intermediate delocalization (A ~0.6).

The band edge and position of the gap state are
displayed in Fig. 7. As in Fig. 2, the band edge moves al-
most linearly with #,. In the absence of interchain cou-
pling, the gap state is, of course, at the center of the band
gap being a degenerate level corresponding to a dissociat-
ed soliton-antisoliton pair. It moves away from the
center linearly with 7, as a result of the splitting of the
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g 0.0 {————————~——~ "I AAA—————————1 $h. 0.0+
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J 2N +1 electrons. Projection of
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: state onto chain 1 (right) and
—0.24 -0.2- chain 2 (left) for three values of
— — . . .
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degeneracy. The displacements |U j,nl for three values of
t, are shown in Fig. 8. Some small asymmetry in the dis-
placements of the two chains is apparent at intermediate
coupling.

The projection of a gap-state wave function is shown in
Fig. 9. The change from a bipolaronic form to something
more polaronic as coupling is increased is apparent.

As long as relatively little delocalization has occurred
(small ¢,), the bipolaron can be considered as a coupled
soliton-antisoliton pair, and we can measure its size / in
terms of the separation between the points at which |U,,|
are zero (see Fig. 8). Increasing ¢, results in larger bind-
ing for the polaron and a reduced /. The behavior can be
understood in terms of a system energy written phenome-
nologically as

0.0

—0.02 -

—0.04 -

—0.06 -

AE/A

—0.08] -

—0.1 =

—0.12 -

T T T T T T T T T
0.0 002 0.04 0.06 008 0.1 0.12 0.14 0.16 0.18 0.2

t, /0

FIG. 5. Trans-polyacetylene; 2N +1 electrons. Energy AE
[from Eq. (16)] against ¢, both in units of A.

n

E=E,+ A exp(—1/p)+Bt3+Ct}l , (17)

where E is the energy of the two chains in the presence
of a dissociated soliton-antisoliton pair; the second term
arises from the overlap of the soliton and antisoliton
wave functions; the third term represents the energy aris-
ing from interchain coupling; and the fourth accounts for
the additional energy that results from the antiparallel
configuration of length I. If the energy E is minimized
with respect to /, the following relation between / and ¢,

1 1 { 1 |
1.0 -
0.8 -
0.6 L
<
0.4 -
0.2 -
M~
N
oo4  meeee- -
LML N SO SN N N N N B SN N NN SR SO EN UM H S U SN U B BN B R B
0.0 0.1 0.2 0.3 0.4 0.5
t,/A

FIG. 6. Trans-polyacetylene; 2N +2 electrons. The delocali-
zation parameter A as a function of #; (in units of A). The solid
line represents the lowest of the minimum energy
configurations; the broken line indicates the metastable energy
minimum.
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is obtained:

I=p[In( 4 /Cp)—21n(t,)] . (18)

The functional dependence is confirmed in Fig. 10, from
which a value of p of 3.5 lattice spacings can be extract-
ed.

J
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C. Cis-polyacetylene (2N + 1 electrons)

An additional term can be added to the SSH Hamil-
tonian!” to model the lifting of the ground-state degen-
eracy in cis-polyacetylene. Later, a more refined version
was introduced by Wang, Su, and Martino,!® and that is
the one we use here. Equation (1) for a single chain is re-
placed by

H=-=3 [tq +alu;,, _uj,2n+1)](cgzn+lcj,2n tH.c.)=3 [toytay(u) s, 11—, +2)](szn +2€j2n +1TH.c.)

jin
HK/D) Sy =ty 40

]’n

The one-electron potential is modulated so that there is
an energy gap even in the absence of lattice distortion.
We consider this Hamiltonian with interchain coupling
given by Eq. (4) to investigate electron delocalization for
cis-polyacetylene. The energies of polaron and bipolaron
excitations can only be obtained numerically so it is not
possible to derive criteria for delocalization like Egs. (6)
and (7) analytically.

Minimum energy configurations were found by numer-
ical iteration as previously described. The results of Sec.
III are trivially extended for the nondegenerate polymer.
The following values!® for the parameters in Eq. (19) were
used: fo;=2.51 eV, 1y, =2.49 eV, a;=4.47 eVA !,
a,=4.43eVA ", K=21eVA %

When energies are scaled by the width of the band gap
the delocalization behavior is essentially indistinguishable
from the trans-polyacetylene case. In particular, the
delocalization parameter A shows dependence on inter-
chain coupling that is virtually identical to Fig. 1. With
A now representing the half-band-gap of the pristine cis-
polyacetylene single chain (1.02 eV for the parameters
used), the discontinuity again occurs at a value of ¢, /A of
just below 0.13. The other properties may similarly be

0.8 -
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o
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L
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~
1
T
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FIG. 7. Trans-polyacetylene; 2N +2 electrons. Band-edge
(upper curve) and gap-state positions as a function of ¢, (all en-
ergies in units of A). Broken lines indicate gap-state positions of
metastable configurations of Fig. 6.

Jn

(19)

obtained from the trans-polyacetylene results if energies
are appropriately scaled. They are not repeated here.
Other nondegenerate polymers can also be represented by
Eq. (19), and the ensuing discussion applies if appropriate
values of parameters and energy scale A are used.

The 2N +2 electron problem appears to differ consid-
erably from the trans-polyacetylene case. In particular,
delocalization requires much higher values of interchain
coupling to be at all appreciable. For example, for a
t, /A of about 0.4, A has decreased only to 0.7. Clearly,
the effect is not likely to be significant in practical situa-
tions and we do not explore it further. There is, of
course, for bipolarons in an isolated chain, a fundamental
difference between the trans- and cis- cases that does not
exist for the polaron. The bipolaron is stable in cis-(CH),
while in trans-(CH), it dissociates into a soliton-
antisoliton pair. The size of the bipolaron in cis-
polyacetylene changes little over the range of ¢, exam-
ined.

V. OPTICAL ABSORPTION

A convenient way to study the behavior of states
within the energy gap is via optical-absorption measure-
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0.0

Ul (A)

-0.02+

—0.04

—0.06

-0.08 T T T T T T
20 40 60 80 100 120

FIG. 8. Trans-polyacetylene; 2N +2 electrons. Displace-
ments |U,| for chains 1 and 2 for three different values of ¢,:
t, /A=0.077 (full line); 0.384 (broken line); 0.461 (chain line).
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n

ments. The optical absorption a(w) is given by the stan-
dard golden rule approximation,

a(w)=(41*Ne? /m?ctio) 3 |Py|*8(0—w;) ,  (20)
A

where N is the number of polymer molecules per unit
volume, A denotes an excited state of the system, and the
subscript O indicates the ground state. It is assumed that
light is polarized along the chain direction and so the
momentum P is in that direction also. Absorption associ-
ated with perpendicular polarization is more than an or-
der of magnitude smaller!® and is not considered in these
calculations. All transitions, with the exception of those
involving the upper gap state in the case of a single added
electron, carry a statistical weight 2 because of the spin
states. Transitions which take place from or to a singly
occupied gap state have a weight of 1.

J

a(w)=(4m*Ne*/c#'0) 3, 8w—w,) | 3 t;5,X;,€0lj,n)(jnt11) |*.
A

it

There are no contributions to a(®) from the interchain
coupling as long as X , is independent of j, which it is to
within a few percent. From Eq. (22), it is also straightfor-
ward to obtain the sum rule

a= fa(w)da)
=(2mNe?/#c) 3 15, (X5)0lj,n){j,n+1|0) .

jynt
(25)

If the displacement arising from the Peierls distortion can
be neglected in comparison with the interatomic separa-
tion a then, in the absence of interchain coupling,

n

Within a tight binding formalism (such as the SSH
model), the polarization operator X is written?®

X=X, ,¢cl.c 21
jn

hnrhpnEnn

where X , is the position of the nth C atom on the jth
chain. The conjugate momentum P is obtained from

P=(im/#)H,X], (22)
which, using Eq. (1), leads to
P=(im/f) 3 tH XLl ciner (23)
jon,
where
th=toralu;,—u;,,) and X, =[X,;,—X;,].
Then, from Eq. (20)
(24)
[
a=(2m’Ne*/#*c)a’E,, , (26)

where E, is the electronic contribution to the ground-
state energy. A departure from Eq. (26) occurs when in-
terchain coupling contributes significantly to E .

We distinguish five different contributions to the ab-
sorption of Eq. (25),

a=aqpta,ta,tas;ta,. (27)
Referring to the valence band, the conduction band, and
the lower and upper gap states as V, C, G, and Gy, re-
spectively, the five contributions arise from the following
single-particle excitations: o;g (interband, V—C); a,
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FIG. 10. Trans-polyacetylene; 2N +2 electrons. “Size” of
the bipolaron / as a function of interchain coupling.

(G —Gy); a, (Gy—C); a; (G —O0); ay (V—Gy). The
weights for the five cases arising from the spin states and
differing occupancies of G are, respectively, 2, 1, 1, 2, 1
for the single injected electron case and 2, 0, 2, 2, O for
two added electrons. Where we wish to distinguish the
contributions to a(w) of Eq. (24), the notation ag(w),
a(@), a)(®), az(w), as(w) will be used. Because of the
symmetry of the SSH Hamiltonian «a; and «, are
equivalent apart from the weighting factor. Where it is
convenient to group together the contributions involving
gap states, the following notation is used:

a=a,ta,ta;ta, . (28)

A. Trans-polyacelylene 2N +1 electrons)

We consider the case of a single injected electron first
and calculate the effect of the polaron delocalization on

| 1 |

<
o 1.0 L
“«©
0.5+ r
T L
0.0 L T T T T T T T L
0.0 0.04 0.08 0.12 0.16 0.2

t, /A

FIG. 11. Trans-polyacetylene; 2N +1 electrons. Position of
the absorption edges S8E in units of A from the various
categories of single-particle transitions. g (full line); a3, a4
(broken line); ; (dotted line; in this case SE represents position
of sharp line rather than a band edge); a, (chain line).

FIG. 12. Trans-polyacetylene; 2N +1 electrons. Interband
contribution to absorption, a;g, as a function of ¢;. Absorption
is in arbitrary units.

the optical absorption. «(w) appears as a sharp line in
the gap and below it, deep in the gap, a,(w) occurs as a
narrow band. For transitions contributing to
a;(w)+aylw), there is an absorption edge between the
position of a(w) and the edge for interband transitions.
The positions of the absorption edges are immediately ob-
tainable from Fig. 2 and they are shown as a function of
t, in Fig. 11. The interband absorption o,z is displayed
in Fig. 12, and the components arising from transitions
involving gap states are shown in Fig. 13. The a; com-
ponent (not shown explicitly) is just double a,.

The optical absorption for a single chain has been cal-
culated by a number of authors.2?? It is useful to make
the connection between our calculations and the earlier
work by examining the independent chain (¢; —0) limit in
Fig. 13. It is seen that the absorption components «; and
a, are of a similar magnitude while a, (and ;) is almost
zero. This is to be compared with Fig. 6 of Fesser,
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FIG. 13. Trans-polyacetylene; 2N +1 electrons. Absorption
coefficients, a; (i =1, 2, 4) as a function of ¢,. Key is as in Fig.
11: «, (dotted line); a, (chain line); a4 (broken line). «a; is pre-
cisely double a,. Absorption is in arbitrary units.
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Bishop, and Campbell,22 who used a continuum model.
A value of their parameter wy/A, of 0.71 is appropriate
for making the comparison with our (the standard SSH)
model; for this value, a;+a, is negligible and @, and a,
have similar magnitude.

The most striking feature of Fig. 13 is the reversal of
the relative importance of a; and a, as the interchain
coupling is increased. Indeed, when ¢, is strong enough
to delocalize the polaron, the sharp line arising from
transitions between the gap states has zero intensity. The
frequency-dependent absorption within the gap, a'(w), is
shown in Fig. 14 for three values of the interchain cou-
pling. There are three absorption lines. The one at
lowest frequency is a,; it occurs in each of the figures, it
does not vary much in intensity, and it tends to a slightly
lower frequency with increasing interchain coupling (con-
sistent with Figs. 11 and 13). The absorption line next
above a, in frequency is a; (G, —Gy). It can be seen
that this component decreases in intensity as the coupling
increases and disappears altogether when ¢, >, in the
bottom of the three figures. The third component is
aj(w)+ayw), which is minimal at the smallest value of
t, in accord with Fig. 13. The interband absorption edge
is at fiw /A =2 and so, in practice, the a;(®)+a,(w) com-
ponent appears as a peak or shoulder on this edge de-
pending on the Gaussian broadening used. The a'(w)
spectra are relatively insensitive to the chain length [par-
ticularly the «a,(w) component], while ag(w) scales
roughly with the length of the chain.

These observations have potentially important implica-
tions for the interpretation of experimental results. In
particular, the line that would correspond to our
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FIG. 14. Trans-polyacetylene; 2N +1 electrons. Com-
ponents of absorption, a'(w), for three values of ¢,. Gaussian
broadening of 0.06 (in units of A) has been used. Absorption is
in arbitrary units. Curves have been given a relative vertical
displacement of 120 units.
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aj(w)+ayw) is expected to be much stronger than is
predicted by the single-chain SSH theory. Interestingly,
Sum, Fesser, and Biittner?> have shown that a similar
effect can be produced by breaking the symmetry of the
SSH model by introducing additional electron-phonon
coupling.

The behavior of a; can be understood easily in terms of
the “bonding” and ‘‘antibonding” nature of the gap
states. Let an denote the projection of a state of energy
*e€ onto the 7 orbital on site # of chain j. Then, from the
symmetry of the SSH Hamiltonian,

vi=(=nrtiv, . (29)

Neglecting the small fluctuating (i.e., # dependent) com-
ponent in tf,, and X fn, the essential contribution to «a;
can be written

a(@)~3 Vi (Vb1 = Vih—1) - (30)
jn

Using Eq. (29), this can be expressed as
af@)~3 (=" Vo (Vi Vi, - . (31
jn

If the interchain coupling is zero so that the polaron is
confined on one chain (say j =1), then V, , =0. Further-

more, the signs of Vi, have the pattern
++——++—— -+ along the chain so that
sgnV i sgnV ,_ =(—1)". (32)
Hence, from Egs. (31) and (32)
a@)~F ViUV +H VD (33)
n

and the contributions to the sum in Eq. (33) are additive
and a finite value of a,(w) is obtained in the #; —0 limit.

When there is delocalization of the polaron at large ¢,
there is the additional symmetry V| , =V, ,. This allows
us to write, from Eq. (31),

(@)~ = (=" YV (Vi1 —Vie—1), (4
jn
and there is cancellation from the summation over the

two chains resulting in the vanishing of a,; as is seen in
Figs. 13 and 14.

B. Trans-polyacetylene (2N +2 electrons)

The discussion for the 2V +2 electron case differs from
that for the single injected electron in a number of
respects. The upper gap state G, is fully occupied so
that the transitions that gave rise to a; and to a4 can no
longer occur. a(w) and a'(w) now receive contributions
only from a,(w) and a;(w), and there are, at most, two
absorption lines in the gap. In the zero coupling limit,
the bipolaron dissociates into a soliton and an antisoliton
both associated with electronic states at the center of the
gap, and a,(w) and a;() are identical. There is a single
absorption peak in the center of the gap. As coupling is
increased Gy and G; move apart in energy and two
peaks appear.
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The relative intensity of the two absorption bands is
shown in Fig. 15. It can be seen that, for intermediate
values of coupling, absorption associated with transitions
from the lower of the two gaps states is of lower intensity
than that arising from Gy. The absorption components
a'(w) are shown in Fig. 16. The two peaks are indistin-
guishable at low ¢, while, for the two higher values, two
peaks are clearly apparent. The structure occurring in
the upper peak of the bottom figure is a finite-size effect
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FIG. 16. Trans-polyacetylene; 2N +2 electrons. Com-
ponents of absorption, a’(w), for three values of #,. Gaussian
broadening of 0.11 (in units of A) has been used. Absorption is
in arbitrary units. Curves have been given a relative vertical
displacement of 50 units.

15 447

which has not been smoothed out with the width of
Gaussian broadening that has been used.

C. Cis-polyacetylene (2N + 1) electrons)

If energies (¢, and #iw are scaled by a value of A that
represents the half-band-gap), then the optical absorption
is virtually identical to that displayed in the subsection
on trans-polyacetylene. The total absorption is close to
that shown in Fig. 13 and the spectral dependence is very
similar to that displayed in Fig. 14, and so neither is re-
peated here.

VI. CONCLUSION

The effects of interchain coupling on polaronic and bi-
polaronic excitations in both degenerate and nondegen-
erate conjugated polymers have been studied in some de-
tail. For a bipolaron in a nondegenerate polymer, the
effect of the coupling is negligible, while for the degen-
erate trans-polyacetylene the soliton-antisoliton pair is
stabilized,?* and for strong coupling, actual delocalization
over more than one chain can occur. With just a pair of
chains, the coupling energies likely to be encountered in
practice are not large enough for complete delocalization
to occur (see Fig. 6), but partial delocalization is possible.

The consequences for polaronic excitations are more
dramatic. Both degenerate and nondegenerate polymers
can be discussed together if energies are scaled by the
relevant band gaps (see Figs. 1 and 13, and comments in
Secs. IV C and V C). The first point to note is that com-
plete delocalization occurs for interchain coupling that is
little more than 10% of the half-band-gap. Band gaps are
typically in the (2—3)-eV range and coupling is quoted as
being in the region from 0.025-0.1 eV. The calculations
reported here were done on a pair of chains. With a full
three-dimensional environment, the effects described are
likely to occur at even smaller values of interchain cou-
pling and so delocalization (either complete or partial)
has to be regarded as a serious possibility.

It should be noted that the incipient three-dimensional
polaron that we have explored here is different from that
studied by Baeriswyl and Maki® (see also analogous
work?® on solitons in two dimensions). Baeriswyl and
Maki consider a set of polarons, one per chain, and study
the formation of a band of polaron states. The extra elec-
tron goes into the lowest state in the upper polaron band.
In our work, there is just a single pair of gap states
whether or not delocalization has taken place. In other
words, the lattice adjusts itself so that the electronic
states in the gap can accommodate one added electron (or
two for the bipolaron) without the appearance of addi-
tional unoccupied gap states. The model we study has
relevance to the weak doping regime, whereas a polaron
band model may be appropriate in another regime. It
would be of interest now to study the polaron
confinement in a full three-dimensional environment.
The delocalized polaron will spread over several chains
forming a highly anisotropic excitation.

There have been a large number of experimental stud-
ies into the nature of the excited states in polymers
formed either during photoexcitation or following dop-
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ing. ESR and optical-absorption measurements are the
principal tools used to distinguish polarons from bipola-
rons. The materials most studied over the last decade
have been polythiophene?®™3? and polypyrrole.’? 3
Some of the work3®3!:3¢ reports on bipolarons as the
completely dominant excitation, while others regard the
polaron as important at low doping levels (typically
below 1% concentration) but with the bipolarons
predominating at high levels of doping. There are some
reports?®3® of three absorption peaks associated with the
polaron states; this is in disagreement with standard
theoretical models which predict two peaks but, from the
present work, it would be the expected outcome for inter-
mediate values of interchain coupling.

The interpretation of experimental data is complicated
by the fact that the injected electrons or holes are intro-
duced by electrochemical doping. The doping itself can
possibly inhibit bipolaron formation, and it has been sug-
gested?® that, in addition to shallow polarons of the type
discussed here, there can also be present deep polaron
states associated with the defects. The role of the
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Coulomb interaction also has to be considered and here
there are contradictory estimates of its importance.
More recent work®>%’ indicates that the polaron may
play an important role at intermediate or high doping
levels through the formation of a polaron band or lattice.

The present work indicates that interchain coupling is
likely to play a significant role in the behavior of polaron-
ic excitations and will be important in any interpretation
of optical data. Its effect on bipolarons in nondegenerate
polymers appears to be negligible, but in a degenerate
system, of course, it plays a vital role in soliton
confinement.
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