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Theory predicts that an electron or hole added to a conjugated polymer chain causes the chain to dis-
tort, forming a large polaron. Recent calculations of the three-dimensional band structure of trans-
polyacetylene, ¢-PA, and poly(phenylene vinylene), PPV, have obtained values for the interchain cou-
pling that are large enough to destabilize the polaron. Nevertheless, there is evidence that polarons exist
in these materials. We show that the existence of chain endings and other conjugation breaks can stabi-

lize the polaron in actual samples.

PACS numbers: 71.38.+i, 71.20.Hk, 78.30.Jw

The one-dimensional treatment of conjugated polymers
has had some notable successes, including accounting for
t-PA being a semiconductor rather than a metal, and pre-
dicting the existence and properties of solitons in ¢-PA
[1]. However, it was suggested some years ago, on the
basis of calculations for the large polaron in the Holstein
molecular crystal model (MCM) [2], that interchain cou-
pling is too strong in conducting polymers for a large po-
laron to be stable [3,4]. The condition for stability is usu-
ally stated in terms of the transfer on resonance integral,
t, the overlap (over all space) of the wave function on one
site with the product of the Hamiltonian, and the wave
function on the next-neighbor site. Specifically, the
MCM calculations gave as the condition for stability
t1/ty<0.01, where ¢, and 7, are the transfer integrals
perpendicular and parallel to the chain direction, respec-
tively. A good average value of ¢ for conducting poly-
mers is 2.5 eV. The value of r, depends on the space
group. For 7-PA and PPV the possibilities are P2,/a or
P2/n, the former having the dimerization in phase, the
latter out of phase, on the two chains in the unit cell. Re-
cent calculations of the three-dimensional (3D) band
structure of -PA and PPV gave for P2,/at,=0.12 ¢V in
the former case [5] and 0.08 eV in the latter case [6].
For P2,/n, t, =0.6 eV for both polymers [5,6]. All of
these values would be large enough to destabilize pola-
rons in the MCM. More direct evidence for the instabili-
ty of the conducting polymer polaron was provided by the
failure of calculations to find polaron levels in the gap in
the t-PA lattice in the P2,/a structure, which on the basis
of total-energy calculations was taken to be the ground
state [5]. Because electron-phonon coupling is not large
enough in these polymers to create a small polaron, insta-
bility of the large polaron would mean that an electron
(hole) added to the polymer remains in the conduction
(valence) band as in an ordinary semiconductor [3,4].

Nevertheless, there is good evidence that polarons have
been seen in actual 1-PA and PPV samples. For lightly
doped PPV the evidence comes from comparison of reso-
nant Raman spectra of bulk samples with those of anions
of model compounds equivalent to segments of PPV with
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different lengths [7]. For t-PA a broad infrared absorp-
tion seen some ps after irradiation has been attributed to
polarons created by the light [8]. Also, values of mobility
u estimated from the measured ps photoconductivity,
when the carriers are expected to be drifting along the
chains, are in agreement with expectations for polarons,
but not free carriers. Based on reasonable estimates for
the number of carriers, u for ¢-PA is found to be in the
range 2 to 10 cm?/Vs [9,10], in good agreement with the
calculated value [11], while for PPV u is 8x10 72 cm?/
Vs [12). However, u of free electrons at the band edge
scattered by phonons has been calculated as 600 cm?/Vs
in polyparaphenylene [13], and should be comparable in
t-PA and PPV.

In actual polymer samples there are chain breaks and
various conjugation defects, such as sp* bonds [14,15],
cross-links, inclusions of catalyst or of precursor polymer,
that act as chain breaks. For 7-PA, analysis of Raman
scattering results has provided good evidence that a siz-
able proportion of chains have 40 C-H’s or fewer [16].
More recently photoluminescence studies of thermally
isomerized 1-PA samples have led to the conclusion that
mean lengths of 7-PA segments are probably less than 26
C-H’s (with an isolated cis-PA inclusion), the segments
being separated by sp3 or other defects [17]. Note that
cis-PA inclusions, neutral solitons (usually present in un-
doped samples), and sp? defects cause a reversal of the
phase of dimerization. This may be the reason that ex-
perimental investigations of the 7-PA structure have been
divided on whether it is P2/a or P2;/n. The most recent
experiments find that structure to be predominantly P2,/
n with local regions of P2,/a [18]. In the case of PPV,
interchain registration is sufficiently poor that x-ray stud-
ies have not been able to decide on P2,/a or P2,/n [19].
Also, PPV samples may have regions of short conjugation
length due to a remaining precursor polymer.

To explore the effect of conjugation breaks on the ex-
istence of polarons we have done tight-binding calcula-
tions .of the atomic displacements and energy levels re-
sulting from the addition of an electron to a pair of paral-
lel 1-PA chains and to a cluster of t-PA chains in the ac-
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tual herringbone structure. We used the tight-binding
Hamiltonian [20] shown to fit the calculated 3D structure
of t-PA:
H=ZH(§j)+ZliJ{'k((’,}(',“/\-'f‘C,'Tk(‘,'j), (1)
J ij.k
where i is the site index, j and k chain indices, and Hg
the SSH Hamiltonian [21]:

HY =— Z [{’Il+a(“i,j—ui+l,j)}(('if+l.jci.j+('iTj('i+l,j)
(chu’inj)
+(K/2)(u,-+1‘j—u,;j)2] . (2)

Here u; ; is the displacement of the C at site i in the jth
chain, a represents the electron-phonon coupling, taken
as 4.1 eV/A, and K an elastic constant, taken as 21
e¢V/A2. For the two chain calculation it was assumed
that every C, rather than every other [5], is coupled to its
opposite neighbor on the other chain. For 3D calcula-
tions the summations over j,k must reflect the fact that
although the tight-binding Hamiltonian (1) includes only
C atoms, the interchain interaction of the carbons is
mediated by H atoms. As a result, the terms in the sum-
mation over j,k must connect each C with nearest-
neighbor C’s on two inequivalent chains. Adjacent sites
on each chain are thus connected to different pairs of ine-
quivalent chains [5,20]. In the calculations the C posi-
tions were allowed to relax parallel to the chain by
minimizing the total energy with respect to u; ;. The
method used was similar to that of Stafstrom and Chao
[22], but the chain ends were kept fixed. The latter mea-
sure was taken because the Hamiltonian (2) is unstable
with respect to a uniform compression of all the bonds
[23]. To avoid this it is possible to add a term linear in
the displacements to the elastic energy [22,23], or to keep
the chain ends fixed. The two procedures give results that
are quite close [24].

The role of r, in polaron stability is demonstrated in
Fig. 1, where the magnitude of each C displacement from
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FIG. 1. Magnitude of C displacement vs site number for two
parallel 100-site chains opposite each other, both unbroken in
(a), with a missing bond between sites 49 and 50 on the second
chain in (b). The 7, values are indicated by ——, 0.01 eV; ----,
0.07 eV; ---,0.09 eV; ----, 0.15 eV.
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its position in a uniform (undimerized) chain is plotted
for different 7, values versus site number for two parallel
100-site chains. In Fig. 1(a), where the two chains are
unbroken, it is seen that for 1, =0.01 eV (¢./t,=0.004)
there is the usual /-PA polaron [25] completely on one
chain, while the other chain is purely dimerized to the ac-
curacy of the scale chosen. (Actually, in the limit of
small ¢, the amplitude of the polaron on the second chain
must grow linearly in ¢,.) For 1, =0.07 eV the dip in
the displacement characterizing the polaron decreases by
~25% on the first chain. As shown by a separate calcu-
lation, a decrease in the dip is correlated with a decrease
in the amplitude of the polaron wave function. At
t;,=0.07 eV there appears on the second chain a small
amplitude polaron. With increasing ¢, the dip, and
therefore the amplitude, of the polaron on the first chain
continues to decrease and that on the second chain to in-
crease until 7, =0.15 eV. Beyond that the two polarons
are symmetric, with the same dip and the same ampli-
tude. Calculations of the energy levels of the two-chain
system show that as ¢, increases from 0 to 0.09 eV the
conduction band edge moves down and the upper polaron
level moves up. At 0.09 eV the spacing between these
two levels is ~0.1 eV, of the order of the spacing be-
tween the conduction band levels. Thus it may be con-
sidered that at 1, =0.09 eV the polaron level has joined
the conduction band. The two chains are still deformed
but, as seen in Fig. 1(a), the deformation extends the
length of the chain.

To study the effect of a chain break on the polaron sta-
bility we introduced a break by removing a single bond,
leaving two chain segments terminated by double bonds.
The elastic term between the decoupled atoms was re-
tained, however, to keep the chain segments from shrink-
ing. The energy minimization condition was modified ac-
cordingly. We verified for some cases that this procedure
led to results indistinguishable on the scale of Figs. 1 and
2 from those treating the two segments as two indepen-
dent chains, the Hamiltonian for each including the term
linear in the displacements discussed above. Comparison
of Figs. 1(a) and 1(b) shows that a chain break at the
center of the second chain decreases the effectiveness of
the interchain coupling. At ¢, =0.07 eV the polaron is
barely visible on the second chain. The dip and, there-
fore, the amplitude of the polaron continue to grow more
slowly with increasing ¢ than when the chain is not bro-
ken. Equality of the amplitudes on the two chains is not
reached at 1, =0.15 eV. It is also seen that with increas-
ing 1, the polaron on the unbroken chain shifts toward
the left, where it can be opposite the polaron on the left
hand 50-site chain to minimize its energy.

The result of incorporating additional breaks in the
second chain, which (arbitrarily) was done so as to create
chain segments of equal length, is shown in Fig. 2. It is
seen that the polaron amplitude on the chain that initially
has the polaron decreases more slowly the larger the
number of chain segments. Correspondingly, the initial
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FIG. 2. Polaron amplitude as a function of ¢. for two 100-
site chains opposite each other, the second chain broken into
equal size segments. , one segment; ----, two segments; ---,
three segments; ----, four segments; = -+ - = - - - -, five segments.

linear rate of growth of the polaron on the second chain is
for the most part smaller the larger the number of seg-
ments. The reason for this is that the energy required to
create a polaron, which is proportional to the gap [23],
increases with decreasing chain length. The increase is
slow down to 50 sites, but grows progressively more steep-
ly as the chain length decreases further. Thus, as more
short chain segments are introduced it is energetically in-
creasingly favorable for the polaron to remain on the
100-site chain. The smaller initial rate of growth for the
two-segment case occurs because the motion of the pola-
ron to the left on the unbroken chain keeps up its ampli-
tude; in the three-segment case the polaron on the unbro-
ken chain stays delocalized over the chain with increasing
¢, because the energy required to squeeze into 33 sites is
too large. Note that for the cases of zero and one chain
break, after the initial slow linear increase of the polaron
on the second chain the polaron amplitude grows much
more rapidly with increasing 7.

For the 3D case we self-consistently calculated the
atomic displacements and energy levels of a 19-chain sec-
tion of 7-PA with one added electron. The 19 chains were
arranged so that the central chain and its six nearest
neighbors were each correctly coupled to four ine-
quivalent chains. The chains were all 50 sites long. The
decision as to which ¢, value to use is complicated by
there being both P2,/n and P2,/a regions present in actu-
al samples, their alternation being possibly as rapid on
the average as 26 sites [17]. Because the polarons are
mobile it appears that stability would be generally deter-
mined by the larger t,. We therefore calculated for
t;=0.12¢eV.

The result of the calculation with no chain break is
that the polaron deformation is distributed over all 19
chains with the largest amplitude on the central chain.
Even on the central chain, however, the minimum dis-
placement was 0.0317 A, thus close to the 0.04 A on a
purely dimerized chain. This minimum displacement is

far from that for a full polaron on a 50-site chain, 0.0134
A. Correspondingly, there were no energy levels in the
gap for this case, although the lowest conduction band
levels were pulled down by a few hundredths of an eV. If
a larger cluster had been used it is clear that sites still
further from the central chain would also show some po-
laronic distortion, further decreasing the amount of the
polaron on the central chain. It is reasonable to expect
that in the limit of a large number N of chains this would
have become a symmetric polaron with 1/N of its ampli-
tude on each chain, thus in essence a free electron.

The introduction of a break at the middle of every
chain but the central one caused the polaron to grow
greatly on the central chain and shrink on all other
chains. The minimum displacement on the central chain
went down to 0.0167 A and the other chains were almost
purely dimerized. Because the polaron amplitude is al-
ready so small on the outermost chains of the cluster it is
expected that adding more chains would have little effect,
i.e., that the polaron is stable in this case. Clear evidence
that a stable polaron has been produced is the presence of
a half-filled level in the gap, 0.19 eV below the conduc-
tion band edge [or lowest unoccupied molecular orbital
(LUMO)]. Thus introduction of conjugation breaks has
resulted in a stable polaron. It should be emphasized,
however, that the properties are somewhat different from
those of a polaron calculated for ¢, =0, for which, with
our parameters, the polaron level would be 0.33 eV below
the LUMO for a 50-site chain.

We have concentrated so far on stabilization due to
conjugation breaks that give rise to chain segments short-
er than ~50 sites. It is apparent, however, that on any
length segment less severe conjugation defects, which do
not constitute chain breaks but raise the energy required
to create a polaron on the segment, can help localize the
polaron on other chain segments.

In addition to establishing that polaron stability may
be enhanced by the presence of defects, the above discus-
sion makes it clear that the absorption spectrum of pola-
rons is greatly affected by defects. Because the polaron
has two levels in the gap, one of them half filled, the ab-
sorption should have three maxima, corresponding to
transitions between the singly occupied level and the
valence and conduction bands, and the transition between
the two polaron levels. As discussed above, the location
of the levels is affected by chain segments length, strongly
for lengths of 40 sites and fewer, and also by the presence
of non-conjugation-breaking defects. With many short
chains and conjugation defects in the current samples
[16,17], it is not surprising that the observed photoin-
duced polaron absorption was broad and featureless [8].

In conclusion, we have shown that the presence of con-
jugation defects, particularly chain segments of 50 sites
and fewer, can account for the existence of polarons in
current -PA samples and probably other polymers as
well. This suggests that, if conjugation defects could be
eliminated, electron and hole transport in ¢-PA would be
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like that in silicon.

[1] A. J. Heeger, S. Kivelson, J. R. Schrieffer, and W. P. Su,
Rev. Mod. Phys. 60, 781 (1988).
[2] T. Holstein, Ann. Phys. (N.Y.) 8, 325 (1959).
[3] D. Emin, Phys. Rev. B 33, 3973 (1986).
[4] Yu. N. Gartstein and A. A. Zakhidov, Solid State Com-
mun. 60, 105 (1986).
[51 P. Vogl and D. K. Campbell, Phys. Rev. B 41, 12797
(1990).
[6] P. Gomes da Costa, R. G. Dandrea, and E. M. Conwell,
Phys. Rev. B 47, 1800 (1993).
[7]1 A. Sakamoto, Y. Furukawa, and M. Tasumi, J. Phys.
Chem. (to be published).
[8] L. Rothberg, T. M. Jedju, P. D. Townsend, S. Etemad,
and G. L. Baker, Phys. Rev. Lett. 65, 100 (1990).
[9] M. Sinclair, D. Moses, and A. J. Heeger, Solid State
Commun. 59, 343 (1986).
[10] J. Reichenbach, M. Kaiser, J. Anders, H. Byrne, and S.
Roth, Europhys. Lett. 18, 25 (1992).
[11] E. M. Conwell and S. Jeyadev, Mol. Cryst. Liq. Cryst.
160, 443 (1988).
[12] D. D. C. Bradley, Y. Q. Shen, H. Bleier, and S. Roth, J.

1508

Phys. C 21, L515 (1988).

[13]1 C. Menendez and F. Guinea, Phys. Rev. B 28, 2183
(1983).

[14] S. Jeyadev and E. M. Conwell, Phys. Rev. B 37, 8262
(1988).

[15] G. Hennico, J. Delhalle, J. M. André, J. M. Toussaint,
and J. L. Brédas, Synth. Met. 28, D259 (1989).

[16] See, for example, G. P. Brivio and E. Mulazzi, Phys. Rev.
B 30, 676 (1984).

[171 P. W. Carter and J. D. Porter, Phys. Rev. B 43, 14478
(1991).

[18] Q. Zhu, J. E. Fischer, R. Zuzok, and S. Roth, Solid State
Commun. 83, 179 (1992).

[19] T. Granier, E. L. Thomas, and F. E. Karasz, J. Polym.
Sci. Phys. 24, 2793 (1986).

[20] X. Wang, D. K. Campbell, H.-Q. Lin, and P. Vogl,
Synth. Met. 43, 3567 (1991).

[21] W. P. Su, J. R. Schrieffer, and A. J. Heeger, Phys. Rev. B
22, 2099 (1980).

[22] S. Stafstrém and K. A. Chao, Phys. Rev. B 30, 2098
(1984).

[23]1 W. P. Su, Solid State Commun. 35, 899 (1980).

[24] See, for example, S. Stafstrom, Synth. Met. 41, 3657
(1991).

[25] D. K. Campbell and A. R. Bishop, Phys. Rev. B 24, 4859
(1981).



