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Evolution of the electronic structure of polyacetylene
and polythiophene as a function of doping level and lattice conformation
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Band-structure calculations are presented for different lattice conformations of doped polyace-
tylene and polythiophene. At intermediate doping levels, the intraband transition energies are
found to be in good agreement with experimental optical-absorption data for a soliton lattice con-
formation in polyacetylene and a bipolaron lattice conformation in polythiophene. At high doping
levels, where both polymers exhibit a metalliclike behavior, we find the best agreement with ob-

served optical-absorption and magnetic data to occur for a polaron lattice conformation. Important
qualitative differences are found between the polaron lattice conformations obtained in this work

and those reported previously. The polaron lattice band structures for polyacetylene and po-

lythiophene are calculated to be very similar to one another, which is also consistent with the exper-
imental trends. The evolutions of the m-m. * and the m-to-soliton band energy gaps for polyacetylene
are studied and compared with results of the Takayama, Lin-Liu, and Maki (TLM) model. We find

that, in comparison with optical data probing these transitions, the valence effective Hamiltonian
results are superior to the results of the TLM model. We stress that our results do not constitute a
proof of the existence of polaron lattice conformation at high doping levels but indicate that the
presence of such a conformation is in agreement with a large number of experimental (ir, optical
conductivity, magnetic, electron-energy-loss spectroscopy) data.

I. INTRODUCTION

The discovery a little over a decade ago of high electri-
cal conductivity in doped polyacetylene and subsequently
in a large number of doped conjugated polymers has
stimulated an enormous amount of work towards the un-
derstanding of the electronic and transport properties in
conducting organic polymers. ' It was realized early on
that these materials constitute an almost ideal field for
the exploration of strong electron-phonon coupling phe-
nomena and many novel and fascinating concepts have
been uncovered over the years. For instance, it has been
shown that upon doping or photoexcitation, the charges
that appear on the polymeric chains are stored in local-
ized defects, which (depending on the kind of polymer or
doping level) are solitons, polarons, or bipolarons. The
creation of such defects strongly modifies the electronic
properties of the polymer, as seen for instance in optical-
absorption measurements. These defect species are also
thought to be actively involved in the transport proper-
&ies. However, their exact role in that case is still not ful-

ly understood. They appear to act either as charge car-
riers themselves and/or as sources of electronic states
among which conduction electrons can hop; both these
processes provide a nonmetallic type of conductivity.
Nevertheless, many conducting polymers exhibit a transi-
tion into a metallic state at high doping levels. Metallic
properties are verified by the finding of high Pauli suscep-
tibility, linear dependence of the thermopower with tem-
perature, and far-ir absorption, i.e., properties which all
originate in the appearance of a finite density of states at

the Fermi level. However, even in that regime, conduct-
ing polymers also appear to have properties not found in
normal metals. For instance, the conductivity does not
follow the metallic I /T law and the persistence of vibra-
tional modes typical of localized defects is in disagree-
ment with the picture of an ordinary metal.

Polyacetylene [(CH)„]is the first polymer for which a
high Pauli susceptibility was found in the highly doped
state. Several attempts to explain this phenomenon have
been presented. Mele and Rice and Epstein and co-
workers showed that band tailing due to disorder and
three-dimensional interchain couplings can lead to an in-
commensurate gapless Peierls system. More recently,
Kivelson and Heeger have pointed out that the sharp in-
crease in Pauli susceptibility at about 5% doping could
be understood in terms of a first-order phase transition
from a soliton lattice to a polaron lattice. Photomodula-
tion spectra of Ehrenfreund er al. 6 on doped polyace-
tylene can be interpreted in this context. However, re-
cent calculations by Choi and Mele have raised doubts
about the polaron lattice model since the geometrical
structure they find in their calculations is unable to ex-
plain the persistence of the doping-induced ir modes.

Following polyacetylene, metalliclike properties were
found in poly-p-phenylene, polythiophene ' and po-
lypyrrole but only for certain dopant substances; e.g.,
polypyrrole exhibits a high Pauli susceptibility (X~ ) for
BF4 dopant whereas there is no sign of X~ for doping
with C104 ." It has also been shown that poly(3-
hexylthiophene) in solution exhibits no transition into a
metallic state, ' in contrast to solid-state samples which
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become metallic at doping levels y -0.10—0. 15. ' Re-
cently, polyaniline has also been shown to have metallic
properties in its highly conducting (polyemeraldine salt)
state. ' Arguments based on an internal reduction-
oxidation reaction' ' into a polaron lattice were used to
explain the metallic properties. A theoretical study of
the polaron lattice in fully protonated polyemeraldine,
based on the same tools as in this work, has provided ex-
cellent agreement with experimental results. '

In this study, we report on geometry, charge density,
and electronic band-structure calculations on trans-
polyacetylene and polythiophene. Our goals are (i) to de-
scribe band-structure evolution as a function of the con-
centration in different defects, i.e., as a function of doping
level assuming solitons, bipolarons, or polarons to be
stable; and (ii} to examine the so-obtained band structures
in the light of available experimental data. We start by
introducing the methodology in Sec. II. The geometry
and charge distribution associated with the defects are
discussed in Sec. III. In Sec. IV we present the electronic
properties of trans-polyacetylene and polythiophene in
the low and intermediate doping regimes. Finally and
most extensively, in Sec. V, we discuss the electronic
properties of the highly doped polymers, i.e., in the re-
gime where the defects interact strongly and a metallic
state is experimentally found.

II. METHODOLOGY

Because of the large electron-phonon coupling present
in conjugated polymeric systems, care has to be taken of
geometrical relaxation effects along the polymer chains
upon doping. Different methods, ranging from the rela-
tively simple Su-Schrieffer-Heeger (SSH) Huckel-like
Hamiltonian' to sophisticated ab initio techniques' '
have been used to calculate the geometries of doped sys-
tems, as well as those of pristine chains. We have chosen
to use the semiempirical MNDO (modified neglect of dia-
tomic overlap) method of Dewar and Thiel. ' In an ear-
lier work by Boudreaux et al. , this method was suc-
cessfully used to calculate geometries and charge distri-
butions associated with isolated solitons and polarons in
trans-(CH)„. Our results on this polymer are in full
agreement with what these authors have obtained and
will therefore be discussed only briefly here. For po-
lythiophene, we perform geometry optimizations on oli-
gomers containing up to six thiophene units. We note
that doped thiophene tetramers have already been stud-
ied theoretically using the ab initio Hartree-Fock STO-
3G method. ' We believe, however, that for the purpose
of our work, the tetramer is too small a system to give a
full picture of the complete defect geometry. Further-
more, it has also been recognized that the use of a
minimal basis set exaggerates the degree of bond-length
alternation along the carbon backbone of the polymer.
For instance, using an STO-3G basis set, the bond-length
alternation in polyacetylene is calculated to be 60%
larger than the result obtained by using a double-g basis
set, which in turn is very similar to the MNDO result (see
below). We stress that one advantage of the MNDO
method as compared to Huckel-type techniques is that it

is self-consistent and therefore provides information
about charge distributions with reasonable accuracy.
This is an important feature in order to understand the
transport properties of the material.

On the basis of MNDO-optimized geometries, the elec-
tronic structures of trans-polyacetylene [trans-(CH)„] and
polythiophene (PT) are studied in a stereoregular confor-
mation with the nonempirical valence effective hamiltoni-
an (VEH) pseudopotential method. This technique has
been developed for molecules by Nicolas and Durand '

and extended to polymers by Andre et al. VEH band-
structure calculations have been performed on a number
of conjugated polymers (e.g., polyacetylene, polypara-
phenylene, ' polythiophene, ' polypyrrole, ' and recently
polyaniline' ) including doping-induced geometry relaxa-
tions. The suitability of the VEH technique for describ-
ing the electronic structure of these compounds is illus-
trated by the excellent agreement between the photoemis-
sion (x-ray or ultraviolet photoemission spectroscopy)
valence-band spectra and the VEH-calculated spectra.
It is also our experience that the VEH band structures
provide good estimates for the energies of the first optical
transitions and are well suited for the studies of the tran-
sitions involving the defect bands.

Briefly described, the calculation procedure is the fol-
lowing. Geometry optimizations in the presence of de-
fects are performed on the following oligomers: (i) [H-
(CH)40-H]+~ for the polaron and [H-(CH)&&-H]+ for the
soliton in trans-(CH}„; (ii) [H-(SC4Hz)6-H]+ for the po-
laron and [H-(SC&H2}6-H] + for the bipolaron in PT.
The size of these oligomeric systems is chosen to be big
enough as to avoid major influences of end effects in the
optimized geometry of the defects. To reduce the num-
ber of variables in the optimization problem, we impose a
central symmetric configuration to each oligomer; furth-
ermore, all C—H bond lengths are held at 1.09 A. Ex-
cept for these restrictions, we allow for a full geometry
relaxation of the system.

The geometry obtained from the MNDO optimization
of the cation or dication oligomers is then used to define
the unit-cell conformation for VEH band-structure calcu-
lations. Each unit cell is chosen to contain a single de-
fect. In this way, the size of the unit cell determines the
doping level of the polymer chain. The unit cells and the
corresponding doping levels (y) treated in this study are
the following: (i) for trans-(CH)„, we have considered
three soliton unit cells, (CH}29+ (y=0.034}, (CH)&3+
(y=0.043), and (CH), 7+ (y=0.058) and one polaron
unit cell of size (CH),6+ (y=0.0625); (ii) for PT, we
have considered three bipolaron unit cells, (C~H2S},0

+

(y =0.20), (C4H, S),'+ (y =0.25), and (C4H, S)6'+
(y =0.33) and three polaron unit cells, (C4H2S), 0+

(y =0.10), (C4HzS)~++ (y =0.25), and (C4H2S)3++
(y=0.33). Note that, for example, in the polaron unit
cells of trans-(CH)„at doping level y =0.0625 and PT at
doping level y =0.25, there is exactly the same number of
carbon atoms per unit charge, even though the doping
levels as indicated by y are quite different. We also point
out that the minimal unit cell in a soliton lattice calcula-
tion contains an odd number of CH units while both bi-
polaron and polaron cells contain an even number of CH
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units.
The approach of using the geometry optimized on

finite systems in calculations for infinite systems has been
questioned in the literature. Using the continuum model
of Takayama, Lin-Liu, and Maki (TLM), Choi and
Mele found that the bond-length alternation for the po-
laron lattice configuration of an infinite trans-(CH)„chain
does not closely resemble that constructed from a super-
position of isolated polarons. The lattice polaron they
found is considerably more delocalized and possesses a
very small deviation from the perfect bond-length alter-
nation pattern at the defect center. Choi and Mele also
found that above y =0.06, the polaron lattice is even un-
stable with respect to an undimerized conformation. We
will come back to these points later.

0.12-

-0.12-

FIG. 1. Bond-length alternation pattern, Lr, in A for the
C—C bonds, n, along the hexathiophene oligomer. Curve A,
neutral system; curve 8, singly charged system (polaron); and
curve C, doubly charged system (bipolaron).

III. GEOMETRY AND CHARGE DISTRIBUTION

The optimized bond lengths at the center of the neutral
polyacetylene chain are 1.463 and 1.357 A for the single
and double bonds, respectively. This gives a degree of
bond-length alternation b,r0=0. 106 A, in good agree-

0
ment with experimental estimates dr0-0. 08-0. 10 A.
Ab initio double-g calculations by Karpfen and Petkov
and Villar and Dupuis' give shorter bond lengths than
with the MNDO method (Ref. 27: C=C, 1.346 A and
C—C, 1.446 A; Ref. 18: C=C, 1.338 A and C—C; 1.450
A) but very similar bond-length alternation (Ref. 27:
br0=0. 100 A and Ref. 18: br0=0. 112 A).

The positively charged soliton exhibits a smooth
change in the bond-length alternation pattern from the
so-called A phase (double-bond —single-bond alternation}
to the 8 phase (single-bond —double-bond alternation).
The evolution fits nice'ly into a tanh(n/g) function for
/=5 (where g is the soliton coherence length and n the
site position away from the defect center). Coinpared to
the SSH result (which is best fitted by (=7), ' MNDO
leads to a slightly more localized soliton. For the positive
polaron, there occurs a partial depression of the bond-
length alternation which reaches a minimum of
Ar =0.49hr0 in the rniddle of the defect. In contrast to
the soliton case, the MNDO result yields a more extend-
ed polaron than what is found by the SSH model.

The bond-length alternation patterns of the neutral,
singly, and doubly charged thiophene hexamers are
displayed in Fig. 1. The singly and doubly charged sys-
tems should be regarded as polaron and bipolaron units,
respectively. In the neutral oligomer, we find the inner-
most rings to have the following bond lengths: S C is
1.701 A, C~C& is 1.443 A, C —C& is 1.383 A, and the
inter-ring C —C bond is 1.444 A. The maximum
change in any of these bond lengths along the chain is
less than 0.01 A, which shows that the end effects are in
this case very small. We note from Fig. 1 that the neutral
system has an almost perfect bond-length alternation
along the cis-trans carbon backbone with an alternation
degree dr=0. 06 A, i.e., considerably smaller than the
corresponding value in trans-(CH}„. This is qualitatively
consistent with the aromatic nature of the thiophene
ring. A comparison can be made with ab initio STO-3G
calculations on quaterthiophene giving the following op-

timized bond lengths: S C~ is 1.721 A, C~C& is 1.444
A, C —C& is 1.346 A, and the inter-ring bond is 1.480

17A. ' There is a rather large difference between the
MNDO and STO-36 results as concerns the degree of
bond-length alternation along the carbon backbone of the
system. As noted in the preceding section, this
discrepancy is to some extent accounted for by the ten-
dency of the STO-3G method to exaggerate the degree of
bond alternation. We will return to a discussion of the
impact of this difFerence on the electronic properties of
the material later in this section. No precise crystallo-
graphic data have been reported on PT. The only closely
related structure that has been determined is that of gase-
ous bithiophene, where geometrical constants close to
the ab initio results are found. This molecule is, however,
believed to be significantly twisted, which makes the
comparison less relevant.

The geometry of the positive polaron unit, presented in
Fig. 1, exhibits almost identical carbon-carbon bond
lengths (i.e., hr-0 A) in the center (see Fig. 1). The
maximum change of the bond lengths, as compared to
the neutral case, is 0.04 A. A smooth evolution of the
geometry to approach that of the neutral system is found
when moving away from the center of the oligomer. The
geometry of the rings at the ends of the hexamer is identi-
cal to that of the neutral system. This indicates that the
structural width of the polaron is -4 rings, a value in
very good agreement with Huckel SSH-type estimates of
the delocalization of the spin associated with the polaron
defect. The S C distance is almost constant over the
whole polaron suggesting a very small contribution from
the sulfur atom to the polaron state. This finding is
confirmed by inspection of the polaron wave function at
the MNDO level. The lack of sulfur contribution to the
occupied polaron state suggests similar geometric and
electronic structures for the polarons in PT and in trans-
(CH}„.This similarity holds as far as geometrical exten-
sion and evolution of the bond-length alternation (in both
cases, decrease by about 0.06 A) of the defect are con-
cerned. The difference lies in the almost complete remo-
val of the bond-length alternation at the center of the po-
laron in PT, whereas in trans (CH}„the alt-ernation still
persists to about 50% at the defect center. Given the



38 EVOLUTION OF THE ELECTRONIC STRUCTURE OF. . . 4183

similarities in the evolution of the bond-length order pa-
rameters this discrepancy is mostly due to the different
ground-state bond alternations of the two polymers (see
above).

The geometry of the bipolaron unit shows a quinoid-
like structure at the center, i.e., an interchange of the sin-
gle and double bonds as compared to the undoped case
(see Fig. I). The bipolaron is clearly wider than the pola-
ron. In our six-ring system, the end rings have bond
lengths which differ by 0.02 A from those of the neutral
system and possess a geometrical structure similar to that
of the rings which mark the end of the polaron defect
(i.e., rings 2 and 5 of the singly charged unit}. We as-
sume, therefore, that in the doubly charged unit, rings 1

and 6 play about the same role and also mark the end of
the bipolaron defect. This gives an extension of the bipo-
laron that exceeds that of the polaron by at least 50%.
The larger extent of the bipolaron is easily understood in
terms of the stronger Coulomb repulsion present in the
doubly charged unit, which acts to separate the charges
as much as possible. In nondegenerate ground-state poly-
mers, such as polythiophene, this repulsion is balanced by
the increase in energy due to the appearance of more en-
ergetically unfavorable quinoid units, leading to bipola-
ron formation. Bredas et al. and Bertho and Jouanin
have studied the geometrical and electronic properties of
bipolarons and polarons in PT using an SSH-type Hamil-
tonian. In contrast to what is found using the MNDO
method, they find an equal geometrical extension for the
two defects. This discrepancy is most probably due to
the fact that no electron-electron interaction terms are
explicitly included in the SSH model, which tends to
reduce the effects of charge separation as discussed
above.

The change in S—C bond lengths relative to the neu-
tral oligomer is 0.01 A at the bipolaron center, compared
to 0.001 A for the polaron unit. This larger change can
be traced back to the different occupation of the p, orbit-
al of the sulfur atom at the center of the defects and will
be discussed in more detail below.

In Fig. 2 we show the excess charges for the singly (po-
laron) and doubly charged (bipolaron) systems relative to
the neutral hexathiophene oligomer. A similar diagram
for the net charges of soliton and polaron in trans (CH)„-
is found in Ref. 20. As seen from Fig. 2, the effect of the
added charge(s} is to set up a charge density wave (CDW)
along the carbon backbone of the polymer chain. The
CDW is clearly more delocalized than the geometrical
defect itself. Except for a factor of roughly 2 in the
values of the charges, the CDW is very similar in the
singly and doubly charged thiophene systems. We find
the largest amplitude of the oscillations to be located
about two rings away from the center and the largest ab-
solute values of the charges to be mostly present on the
C carbons. There is a strong similarity between CDW in
PT and that in trans-(CH)„. The appearance of such a
CDW is not surprising, it is predicted even with simple
Huckel theory. It should be noted that MNDO yields
charge oscillation values larger than those found in ab In-
itio double-g calculations on the positively charged soli-
ton in trans-(CH)„. The ab initio results indicate max-
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FIG. 2. Excess atomic charges, b,q (in
~

e
~

), for the singly

charged (polaron) (solid line, sulfur: open circles) and doubly
charged (bipolaron) (dashed line, sulfur: crosses) thiophene hex-

amers relative to the neutral system. The positions of the atoms
are indicated by the sketch of the oligomeric system given
directly below the diagram. The lines between the site positions
are drawn to guide the eye.

IV. NONINTERACTING DEFECTS

A. Polyacetylene

To be able to study the evolution of the effects of dop-
ing on the electronic structure, we have first computed
the VEH band structure of undoped trans-(CH)„. Part of
the m-band structure is shown in Fig. 3 (dotted line).
With the geometry from the MNDO optimization, the
Peierls gap, i.e., the energy gap between the occupied and
unoccupied states, is calculated to be 1.43 eV and the to-
tal m-band width is 13.6 eV. The band gap agrees very
well with experimentally observed frequency-dependent
conductivity data on trans-(CH), which exhibit a max-
imum at 1.4 eV interpreted as due to the m-~* transi-
tion. Slightly different results are found from optical-
absorption data, which onset at —1.4 eV and peak at
—1.8 —1.9 eV.

To determine the electronic properties at low and in-
termediate doping levels, we have performed a VEH
band-structure calculation for trans-(CH)„ in the soliton
lattice conformation. The distance between two solitons

imum net charges of +0.18 and —0.04, ' to be com-
pared to MNDO values of +0.26 and —0. 13. The sums
of those charges are, however, calculated to be almost
identical with both approaches: +0.14 and +0.13 at the
ab initio and MNDO levels, respectively.

A remarkable change in the charge density on the
sulfur atoms in the central part of the oligomer is ob-
served when going from the singly charged to the doubly
charged system. We find that by removing the second
electron from the system, these central sulfur atoms be-
come less positively charged (see Fig. 2). This increase in
electron charge density is entirely due to an increase in
the population of the p, atomic orbitals and is a result of
an enhancement of the on-site Coulomb repulsion on the
central atoms compared to the outer sites. '
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FIG. 3. VEH band structure for the perfectly dimerized (dot-
ted lines) and soliton lattice (solid lines) conformations of trans-
polyacetylene. The distance between neighboring solitons, 8, is
29 CH units, corresponding to a doping level ofy =0.034.

is chosen in this case to be 29 CH units and defines the
unit cell of the polymer. This choice of unit cell corre-
sponds to a doping level y =

Q9
0.034. The band struc-

ture in the extended zone scheme presentation is
displayed in Fig. 3 together with the band structure of
the undoped polymer. The midgap soliton band is 0.16
eV wide; the subgaps appearing on both sides of the soli-
ton band are almost equivalent (about 0.75 eV), which
means that the electron-hole. symmetry is rather well
preserved at the VEH level of calculation.

Except near the Peierls gap, the two band structures
are practically indistinguishable. No additional gaps can
be detected at multiples of n/R (where R corresponds to
the lattice constant), which is due to the fact that opening
of gaps inside the occupied band does not lead to any
lowering of the electronic energy. The value of the ener-

gy gap between the valence band and the unoccupied soli-
ton band (0.75 eV) compares favorably with the experi-
mentally observed doping-induced optical-absorption,
and frequency-dependent conductivity results, which
both peak at 0.7 eV. Furthermore, we calculate the m-n. *

transition to onset at 1.68 eV. Again, we find very good
agreement with the experimentally observed value of 1.6
eV obtained from the optical conductivity studies.

Jeyadev and Conwell pointed out that, in the frame-
work of the TLM model, the oscillator strength van-
ishes for a m.-m interband transition involving valence-
and conduction-band states located in a perfectly sym-
metric way relative to the Fermi energy of the undoped
polymer. We note that the VEH calculations do not pre-
dict a perfectly symmetric evolution of these states.
Therefore, the interband transition has to not be totally
suppressed.

B. Polythiophene

At the VEH level, undoped polythiophene presents a
gap between the highest occupied and lowest unoccupied
bands of 1.7 eV on the basis of the MNDO-optimized
geometry. We can compare this value with that obtained
from a VEH calculation using the STO-3G geometry.
Since the STO-36-optimized geometry shows a stronger
bond-length alternation along the carbon backbone of the
chain, the band gap is found to be larger, 2.2 eV. ' These
theoretical values should be compared with the onset en-
ergy of the optical absorption, which is found at 2.0 eV.
This suggests that the effective degree of bond alternation
in the polymer is somewhere between that of the STO-
36- and MNDO-optimized geometries (i.e., somewhat
underestimated in the MNDO case and overestimated in
the STO-3G case).

It has been observed that in some cases [e.g., BF4
doped PT (Ref. 36) and electrochemically doped poly(3-
methylthiophene)], light doping of PT (in the solid
state) results in an increase of the spin density of the po-
lymer. The increase in the number of spins is comparable
to the number of injected charges, which suggests that
these charges are stored as polarons. ' The optical-
absorption spectrum of the lightly doped samples exhibits
a rather sharp peak at 1.3 eV, interpreted as a transition
between the two polaron gap states. Both the spin densi-
ty and this absorption peak disappear at doping levels
above y =0.05, suggesting a recombination of the pola-
rons into bipolarons. (Note that in other cases, e.g.,
C104 electrochemical doping of PT films, no evidence
for polarons is found even for doping levels as small as
y =0.0235. ) A fruitful comparison can be made with our
calculation on the low-density polaron lattice. The band
structure of this system is presented in Fig. 4(a). Even
though the doping level is quite high, y =0.10, the pola-
ron bands are very narrow [widths of only 0.11 and 0.08
eV for the lower (band b) and upper (band c) polaron
bands, respectively], indicating a very small interaction
between the polarons. It is therefore expected that the
transitions involving these polaron bands constitute a
good approximation to those in the limit of zero band-
width. The value for the transition between the polaron
bands b and c is calculated to be co2 ——1.41 eV, i.e., in
close agreement with the absorption observed at 1.3 eV.
Furthermore, in the data of Kaneto et al. , additional
weak absorptions in the lightly doped samples are seen at
-0.5 and 1.9 eV. Corresponding interband transitions
[see Fig. 4(a)] are calculated to onset at co, =0.32 eV (be-
tween bands a and b) and co3= l. 73 eV (between bands a
and c).

We must, however, be somewhat cautious when com-
paring the calculated transition energies with the experi-
mental data. Even though we have seen that, for
y =0.10, the defects regularly placed along the polymer
chain hardly overlap with each other, there occurs a
large deformation of the lattice relative to the undoped
polymer since the structural defects extend over 4—6
thiophene rings (see Sec. III) and we are dealing with
strongly electron-phonon coupled systems. Moreover,
since the polaron concentration is rather high in the cal-
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FIG. 4. VEH band structure for polythiophene: (a) the polaron lattice at doping level y =0.10 and (b) the bipolaron lattice at dop-
ing level y =0.20.

culations, there are more states removed from the valence
and conduction bands in the theoretical band structure
than would be the case for the lightest doping levels ex-
perimentally achievable. As a result, some discrepancies
between the theoretical and experimental data should be
expected for the positions of the valence- and
conduction-band edges. For example, we find the energy
of the m-m* transition to increase by 0.30 eV for the
smallest doping level considered theoretically (y =0.10)
compared to the undoped case. Such a large change does
not occur experimentally when the doping level is around
y=0.01. The fact that co& and co3 involve transitions
from the valence band thus indicates that estimates of
these transition energies are less precise than for the tran-
sition between the polaron bands. It is interesting to note
that the difference between the experimental absorption
peaks at 0.5 and 1.9 eV is 1.4 eV, i.e., in almost perfect
agreement with what we calculate, namely,
co ] c03 f02 1 ~ 4 1 eV. Note that by comparing these
difference values we not only eliminate the errors in the
valence- or conduction-band edges for the theoretical
spectra, but also the influence of the Coulomb attraction
between the dopant ions and the defects on the experi-
mentally observed transitions.

The isolated polaron in polythiophene was recently
studied by Bertho and Jouanin and Bredas et al. us-

ing an SSH-type Hamiltonian with parameters optimized
to fit experimental data for neutral polythiophene. For
the hole polaron, the following energies of the co, , co&, and
co3 transitions were found: 0.4, 1.35, and 1.75 eV (Ref. 30)
and 0.34, 1.43, and 1.77 eV (Ref. 29). These values are all
in very close agreement with our results as well as the ex-
perimental results.

Since the bipolaron is doubly charged, the unit cell is
twice as large as in the polaron case for a given doping
level; e.g. , to represent the bipolaron lattice at y =0.05,
we need a unit cell of 40 thiophene rings containing 960

valence electrons. This would clearly be an intractable
problem to solve. However, from the geometry optimiza-
tion, we have seen that the structural width of the bipola-
ron is roughly six monomers. Assuming that the tails of
the electronic state associated with the bipolaron extend
somewhat outside this region, we expect the onset of
bipolaron-bipolaron overlap to occur at roughly y =0.20,
i.e., one bipolaron per ten thiophene units. The band
structure for this doping level is shown in Fig. 4(b). The
bipolaron bandwidths are 0.11 and 0.08 eV for the lower
and upper bipolaron bands, respectively. These results
show that y=0. 20 is indeed almost within the nonin-
teracting regime and significant comparisons can be made
with experimental data reported for lower doping levels.
In this context, it is worthwhile to point out again that
our theoretical studies are performed on perfectly regular
lattices whereas, experimentally, there can exist a more
or less random structural distribution of the doping-
induced defects. The optical-absorption spectra naturally
show some signature of this randomness as well as other
perturbing effects not present in our calculations. This
makes a direct translation of our ideal y value for the
one-dimensional lattice into the experimental doping lev-
el difficult and only qualitative agreement is expected.

For the VEH band structure for the bipolaron lattice
at doping level y =0.20, shown in Fig. 4(b), we find tran-
sitions from the valence band (band a) to the bipolaron
bands (bands b and c) to occur at energies co, =0.57 eV
and co2 ——1.47 eV, respectively. These values are in good
agreement with the experimentally observed absorptions
at -0.65 and —1.5 eV for PT doped within the range
0.05&y ~0. 10. The VEH result is also in agreement
with results obtained using an SSH Hamiltonian.
Bertho and Jouanin find the ~& and cu2 transitions at 0.7
and 1.4 eV and Bredas et al. locate them at 0.50 and
1.60 eV, respectively.

The large electron-phonon coupling present in conju-
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gated polymer systems also leads to formation of local-
ized defects following photoexcitation, i.e., an electron-
hole pair in the rigid band picture is unstable with respect
to the creation of defects such as solitons, polarons, or bi-
polarons. The photoinduced absorption spectrum for PT
shows two symmetric absorptions peaking at 0.45 and
1.25 eV. These peaks are attributed to the co& and co2

transitions involving bipolaron states, since no spins are
observed to be created in the photoexcitation process. In
comparison with the corresponding values for doping-
induced bipolarons, a shift of about 0.2 eV is observed for
the two peaks. This shift is an effect of the Coulomb in-
teraction between the dopant ion and the bipolaron,
which is present only in the case of doping-induced de-
fects. As noted above, it is more appropriate to study the
difference between the two absorption energies due to bi-
polarons. It is an important feature of our results that
this difference is observed to be almost identical in the
three cases, namely, co, —co2 ——0.90 eV in our theoretical
spectra and 0.85 eU for both photo- and doping-induced
bipolarons. The SSH-type calculations of Bredas et al.
lead to slightly larger separation of the bipolaron states,
co, —~2 ——1.1 eU. This is expected since, as noted above,
the geometrical distortion associated with the bipolaron
is shallower at the Huckel level, which produces bipola-
ron states closer to the band edges. The results of Bertho
and Jouanin (co, —coz ——0.70 eV) are in this context more
difBcult to understand.

To conclude this section, we point out that the VEH
band structures for dilute polaron concentration (in PT)
and for moderate soliton [in trans-(CH)„] or bipolaron (in
PT) concentrations lead to very good agreement between
experimental and theoretical optical transitions. Thus,
our results support the interpretation of the absorption
data at light doping in terms of a soliton model in trans-
(CH)„and of polarons, recombining into bipolarons at in-

termediate doping levels in BF4 doped polythiophene.

V. INTERACTING DEFECTS

Discussion now focuses on the band structures ob-
tained in the highly doped regime, i.e., when solitons, bi-
polarons, or polarons strongly interact. As discussed in
the Introduction, this regime is of special interest because
it exhibits metallic properties. The results for trans-
polyacetylene and polythiophene are first presented sepa-
rately and then discussed and compared together.

A. Polyacetylene

As an introduction to the study of interacting defects,
it is of interest to present a comparison between our re-
sults for the soliton lattice and the results obtained from
the lattice version of the continuum TLM model.
Within this model, Horowitz has derived analytic ex-
pressions for the energy of the band edges in the soliton
lattice. With the zero-energy reference located at the sol-
iton band center, he found the valence- and conduction-
band edges at energies —b, &/q and +5&/q, respectively,
and the soliton band extending between —A&q'/q and
+A, q'/q. Here, 5& is the amplitude of the lattice order

(2)

where g is the soliton coherence length, y the doping lev-

el, and K(q) the complete elliptic integral. Following the
derivation of Horowitz, the following expressions are ob-
tained for the changes in the valence- to conduction-band
gap (b,E,) and the valence- to soliton-band gap

(E„,):
bE ~ /Eo=5&[(q —1)bo] (3)

and

E,/Eo (5, /ho——)[(1—q') /q ], (4)

where Eo is the valence- to conduction-band gap for the
perfectly dimerized chain. We have used the SSH values
of the parameters appearing in the equations, resulting in
a soliton coherence length, 2)=14. The solutions of Eqs.
(3) and (4) are shown in Figs. 5(a) and 5(b), respectively,
together with the corresponding VEH results for doping
levels y =0.034, y =0.045, and y =0.058. We observe
that, for the range of doping levels examined here, the
VEH method gives a nearly linear evolution of the energy
gaps as a function of doping level. In particular, there is
a very large deviation between the two methods as con-
cerns the soliton bandwidth. For instance, at y=0.045
the VEH result is 0.36 eV compared to 1.18 eV found by
solving the equations above. The result is only partially
due to the shorter soliton coherence length that is opti-
mized by the MNDO method, 2/=10, and used in the
VEH calculation. With this smaller value for the coher-
ence length, a soliton-band width of 0.68 eV is found
from Eqs. (3) and (4), i.e., a value almost twice as large as
the VEH result. This shows that the VEH method, as
such, gives a narrower soliton band.

In Figs. 5(a) and 5(b), we also include experimental re-
sults from a study of the frequency-dependent conductivi-
ty. The energies for the m-n' transition and the
valence- to soliton-band transition are taken from the
peak values of the spectra presented in Fig. 2 of Ref. 32.
The band gap of the undoped polymer (Eo ) is in this
study 1.4 eV, i.e., close to the values found by both VEH
and TLM methods. The evolution of the experimental
data is in much better agreement with the VEH results
than what is found by the TLM method and thus sup-
ports the validity of the VEH approach for these systems.
It deserves to be stressed that no signature of the ~-~*
transition is observed experimentally for the sample
doped to y=0.061, in contradiction to the VEH result
for the soliton lattice at corresponding doping level, sug-
gesting that at such doping levels, a soliton lattice confor-
mation is no longer present.

The UEH band structure of highly doped trans (CH)„-

parameter h(x) to be determined self-consistently. The
variables q and q' depend on the doping level and have to
be derived from the following self-consistent equations:

q(y)=(2() '[y&(q)]

and
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FIG. 5. Evolution, as a function of doping level y, of (a) the normalized gap between the valence and conduction bands

(b E ~ /Eo) and (b) the normalized gap between the valence and soliton bands (E„,/Eo) for trans-polyacetylene. The solid lines

represent the solution of Eqs. (3) and (4), the circles are the results of VEH calculations, and the squares indicate the experimental
values obtained from Ref. 32.

is presented in Fig. 6(a) for the soliton lattice conforma-
tion (y =0.058) and in Fig. 6(b) for the polaron lattice
conformation (y =0.0625). Note that the reciprocal unit
cell of the polaron lattice is about 6% larger than the one
of the soliton lattice. The soliton band [band c in Fig.
6(a}] is 0.74 eV wide and the subgaps appearing on both
sides of this band are 0.62 and 0.60 eV for the lower and
upper gaps, respectively. In the polaron band structure,
there appear two bands within the Peierls gap, bands b
and c in Fig. 6(b). The widths of the lower and upper po-
laron bands are 0.95 and 0.94 eV, respectively. The two
polaron bands are separated (at k =0}by 0.85 eV and are
0.09 eV away (at k=n/R) from .the conduction- or
valence-band edges. It is notable that the VEH method
gives polaron bands that are wider than the soliton band.
The appearance of highly dispersive bands in the metallic
regime is also experimentally verified from electron-
energy-loss-spectroscopy (EELS}studies on doped highly
oriented trans-(CH)„. In earlier, more qualitative
theoretical studies, the polaron bands have been present-
ed as rather narrow, essentially dispersionless, bands.
The disagreement between this latter result and the EELS
experimental findings has been used as an argument
against the polaron lattice model. It is therefore impor-
tant to point out that the VEH results for the polaron lat-
tice are in perfect qualitative agreement with the EELS
data.

When comparing Figs. 6(a) and 6(b), an interesting
feature is that the half-filled polaron band neatly fits into
the gap (between the valence band and the soliton band)
at the Fermi level of the soliton lattice. Therefore, exci-
tations across this gap in the soliton lattice become com-
parable in energy to intraband excitations in the half-
filled polaron band. This feature has important conse-
quences for the comparison with experimental optical-

absorption data.
The first interband transition in the soliton lattice [be-

tween bands b and c of Fig. 6(a)] is calculated to onset at
0.62 eV. In the polaron lattice, we must take into ac-
count the intraband transition within the half-filled pola-
ron band [band b in Fig. 6(b)]. Optical absorption within
this band is expected in the far ir up to an energy roughly
corresponding to the width of the polaron band, i.e.,
—1.0 eV. We may recall that optical transitions are
strictly allowed only if k vector (momentum) can be con-
served. However, we can expect some disorder effects to
be present, which will destroy the symmetry of the lattice
and thus the importance of the k-conservation rule.

Another important aspect of our results is the large
difference in the m-~* energy gap. Taking into account
the proper unit cell for the soliton lattice, we obtain a
direct band gap of 2.0 eV, compared to 2.9 eV for the po-
laron lattice. This difference is most easily understood by
the fact that there are twice as many bands in the band
gap for the polaron lattice since each polaron brings two
states into the gap while each soliton only brings one
state into the gap. It must be stressed, however, that no
oscillator strengths are considered in our model, which
can make the comparison with experimental data more
diScult in some instances.

Optical conductivity data on doped trans-polyacetylene
(including the low-frequency region) show that above
the critical doping concentration at which the polymer
enters a metalliclike regime there occurs a rounding of all
optical transitions in the 0.5 —2. 5-eV region and a
marked increase of absorption in the far ir. The first ab-
sorption peak shifts slightly down to 0.6 eV and the ab-
sorption previously related to the m.-~* transition is no
longer observed.

Clearly, above 5 —6% doping, the soliton lattice con-
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configurations.
We stress that the polaron bands in trans-(CH}„and

PT are both calculated to be 1.0 eV wide. Actually, by
comparing the shape of the polaron bands in these two
polymers [Fig. 6(b) for trans-polyacetylene and Fig. 7(b)
for polythiophene), it is hard to notice any significant
differences, the narrow subgaps between bands a and b,
and bands c and d being also very similar. This similarity
originates from the facts that (i) there is almost no sulfur
contribution to the lower polaron band in polythiophene;
(ii) the carbon backbone in polythiophene resembles that
of cis-polyacetylene; and (iii) the charge per carbon is for-
mally the same (0.0625) in both cases. As a result of
these similarities, it is expected that, if the polaron lattice
model is correct, the experimental absorption spectra of
trans (CH)„-and PT should be very similar. This is actu-
ally the case if we compare, for example, the data given
in Ref. 32 [for trans (CH)„]-and in Refs. 35 and 41 (for
PT). At high doping, both polymers exhibit an absorp-
tion tail extending into the far-ir region and a rather sym-
metric peak at 0.6 eV (which can be understood in terms
of an intraband transition within the half-filled polaron
band) as well as very broad absorptions in the 1-3 eV re-
gion.

As briefly mentioned in Sec. II, the method of using
geometries optimized for oligomers as the geometry for
the respective lattice configurations was questioned by
Choi and Mele. In particular, these authors showed that
within the TLM model, the geometry of an isolated pola-
ron is different from the geometry of a regular infinite ar-
ray of polarons, i.e., the polaron lattice. Furthermore,
they also found that above y =0.06, i.e., in the metallic-
like regime, the polaron lattice is unstable with respect to
an undimerized lattice conformation. This finding was
used as an argument against the polaron lattice model
since such a geometrical conformation cannot explain the
persistence of vibrational absorption typical for localized
defects at high doping levels. However, very recent
MNDO calculations, where the geometry of a polaron
lattice up to 12% doping level is fully optimized, indicate
the persistence of localized polaron defects whose geome-
trical characteristics are identical to those used in the cal-
culations presented in this paper. It is our experience
that optimizations on large-sized oligomers closely resem-
ble the geometries of the corresponding polymers.
Therefore, if the polaron lattice model holds, we believe
that the geometry presented here is a reasonable approxi-
mation to the true geometrical configuration. It must be
stressed that our picture of the polaron lattice as an array
of clearly distinguishable localized defects is in qualita-
tive agreement with the observed vibrational properties
of the highly doped, metalliclike polymers. A quantita-
tive analysis would, however, be highly desirable.

VI. CONCLUSIONS

As noted in the Introduction, the sharpness of the tran-
sition into the metallic state for trans-polyacetylene and
polythiophene is characteristic of a first-order phase tran-
sition. It is then striking that, by following the evolution
of the optical properties as a function of doping, no
dramatic changes do occur when the critical concentra-

tion is reached. The low-energy peak is almost un-
changed and the m-m* transition exhibits a gradual de-
crease in oscillator strength with doping level. The major
change is the appearance of far-ir absorption which is ob-
served in the highly doped state but not at low doping
levels. It is therefore important that our band-structure
calculations indicate that these small changes are con-
sistent with the picture of a transition into a polaronic
metal.

At the crossover from a soliton lattice to a polaron lat-
tice in trans-polyacetylene, the interband transition be-
tween the valence and the soliton bands is replaced by an
intraband transition within the half-filled polaron band.
Since the polaron band fits into the energy gap between
the valence band and the soliton (see Fig. 8), no major
changes in the excitation properties are expected except
for the onset of far-ir activity, in excellent qualitative
agreement with experimental findings. In polythiophene,
the similarities between the situations before and after the
possible crossover from a bipolaron lattice to a polaron
lattice are even more evident since the overall features of
the band structure are the same for both lattice confor-
mations [see Figs. 7(a) and 7(b)]. The main difference re-
sides in the appearance of a finite density of states at the
Fermi level when the bipolaron to polaron lattice transi-
tion takes place.

Finally, we would like to stress the following. Our
band-structure calculations can only provide a qualitative
picture, since at this stage we are not in a position to fol-
low the energetics of a possible crossover from a soliton
or bipolaron lattice to a polaron lattice (which could be
driven by three-dimensional and/or Coulomb effects).
Our approach has been to calculate the band structure
for different lattice configurations and to compare the
theoretical results with available experimental data. The
results indicate that a description of the highly doped re-
gime of polyacetylene and polythiophene in terms of a
polaronic metal is consistent with the optical and mag-
netic properties at these doping levels. We stress that in
contrast to the results of calculations based on simpler
models, which have been used to argue against the pola-
ron lattice model, the polaron lattice band structure we
find leads to wide ( —1 eV) polaron bands and a polaron
defect that possess a marked bond alternation pattern.
The next challenge will be to find quantitative results, not
only with regard to the optical properties, but also as
concerns the stability of the different configurations and
how disorder, Coulomb, and three-dimensional effects
can influence the properties of the polymers in their high-
ly doped state.
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