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Optical-absorption spectrum of polyacetylene:
Effect of lattice defoririation, impurities, and end conditions
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The optical-absorption spectrum and other properties of trans-polyacetylene chains are calculated
for different lattice configurations: dimerized, soliton, and polaron, with and without impurities,
for chains with an even or an odd number of lattice sites. The effect of different end conditions is
investigated. The absence of free solitons in pure polyacetylene is explained. Bound solitons provide
the most favorable configuration when the system is doped; however, we also show how doping can
generate free solitons when the impurities are associated with the ends of chains. Comparison of the
results with experimental spectra gives information about the microstructure of real films.

I. INTRODUCTION

Measurements' of the optical-absorption spectra of
pure and doped trans-polyacetylene, (CH)„, have been
used to support the theory that solitons (kinks) form in
the (CH)„ lattice when it is doped. Solitons are associated
with a state in the middle of the energy gap between the
m-electron valence and conduction bands. The absorption
spectrum displays structure for doped samples which on-
sets near the middle of the region below the interband
threshold. As doping concentration increases, this below-
interband (BI) absorption grows with a concomitant de-
crease in interband absorption. This structure has been
attributed to the presence of solitons. However, further
investigation is needed to improve the theoretical descrip-
tion of the chains as well as to clarify the connection be-
tween the microscopic structure and the measured spec-
trum. The measured BI absorption is broader than that
predict% by the simple soliton thMQ, 8- io and the simple
theory neglects the influence of the impurity potential on
the soliton state. Also, other defect structures besides sol-
itons (e.g., polarons) can exist on the chains and affect the
spectrum.

We have studied" the spectra associated with a variety
of chain-impurity configurations. We also considered
finite-chain effects, namely, the dependence on lattice
length (odd-even effect) and on end conditions. The re-
sults we obtained show clearly how energy considerations
eliminate certain configurations, while others are likely to
occur. The observed spectrum is expected to be a compos-
ite arising from samples containing different allowed con-
figurations. Here we present results for the energetically
favored cases, and discuss the evidence that they actually
occur in real films.

For a chain with an even number of carbon sites in the
presence of an impurity, the chain will have a pure-
dimerized structure if the chain is neutral and a polaron
structure if the chain is charged. We show how the pola-
ron configuration is modified by the presence of the im-

purity. When the chain has an odd number of carbon
sites, a soliton will be present. We consider how the soli-
ton configuration is altered by the presence of the impuri-
ty and show the effect on the optical-absorption spectrum.
Bound solitons provide the most stable configuration
when the system is doped; however, the observed spec-
trum is more characteristic of free solitons. Our results
for an impurity at the end of a chain shows that there is a
mechanism for generating free solitons during the doping
process. This latter process may provide the key needed
to explain the experimental results.

In Sec. II, we describe our microscopic calculations. In
Sec. III we report results for finite chains of sufficient
length (-200 sites) so as to clearly distinguish end and
bulk effects. The results for each case are represented by
a plot of the absorption spectrum labeled by the associated
ground-state energy and Fermi energy of the lattice, and
plots of charge distribution along the chain. The charge
distribution, aside from its intrinsic interest, can be used
to more readily identify the case being represented as to
location of solitons, and/or impurity, and end conditions.
The ground-state energies can be used to compare the rel-
ative stability of different configurations.

Section IV contains a discussion of the implications of
the results and questions raised by this investigation.

II. MICROSCOPIC CALCULATIONS

We use the discrete lattice model of Su, Schrieffer, and
Heeger ' (SSH) to describe the ir-electron system of
(CH)„. The details of this model and our application of it
has been discussed elsewhere. ' ' In the presence of an
impurity there is an additional contribution to the Hamil-
tonian

U, ,= g U„c„',c„,—g U„,
lf, S

where C„, creates a m. electron with spin s at the nth CH
group. The second term on the right is the interaction be-
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tween the impurity and the charged (CH)+ molecules.
The dopant is modeled by a point charge that is located

off the chain by a distance d and is screened by the bulk

dielectric constant (a=10). The potential at the nth site
1S

2—e
U =-

ei(x„—x ) +d
(2)

N —nu„= ( —1)"uo 1+A sech

We find the optimum parameters to be g'= 1 and A =0.54
for an end without impurity and A =0.52 if there is an
impurity near the end. This form represents an enhance-
ment of the dimerization near the chain ends, i.e., an in-
crease in the difference in bonding between alternate sites.
The ground-state energy of the 200-site chain is lowered
by 0.032 eV by this modification compared to the abrupt
termination with a strong bond. Termination with a weak
bond expends 1.07 eV and is not expected to occur.

As in Ref. 13, we diagonalize the Hamiltonian matrix
to obtain the one-electron energies. However, here we also
need the eigenfunctions for use in determining other prop-
erties of the system. Most of the calculations were per-
formed for chains with either 199 or 200 CH groups and
either no impurity or one impurity (a concentration of 0.5
percent impurities) adjacent to the chain. The latter cor-
responds to the lightly doped regime that has been studied
extensively. ' ' A Kubo-type calculation' gives the con-
ductivity in terms of a density-current correlation func-
tion. Evaluating this function gives the real and imagi-
nary parts of the site-averaged conductivity in the form

Reo(co)= g g
m (~+si —em) +'iI

(Sa)

(3)

is the position of the nth CH group including u„, the dis-
placement from its position on a uniform lattice. The im-
purity is adjacent to position x; ~ on the chain. The
value of a is taken from observation and implicitly ac-
counts for the corro:tion to the lattice constant of the uni-
form chain due to harmonic coupling. '

We are dealing with chains of finite length, and the end
conditions have an important effect on the results. Su'
and Vanderbilt and Mele' have shown that it is energeti-
cally favorable for the dimerization pattern of the lattice
to "relax" near the ends and to terminate with strong
bonds. Similar relaxation can be seen in the self-
consistent solutions of Stafstrom and Chao. ' To simulate
the relaxation we use the function suggested by Su„which
at end N takes the form

2
1 e'a

Bi ——— (e —ei) g xJPi(j )P' (j )

1 1

PN —
/HER

where g&(i) is the amplitude of the 1th state on the ith
site, and )u is the ir-electron chemical potential.

For the calculations we report below, rl was kept finite.
i) can be thought of as a lifetime due to neglected higher-
order effects, or just as a smoothing parameter to account
for the fact that a typical sample will contain chains of
varying length. We used rl =0.1 eV which is larger than
the maximum level separation deep within the valence or
conduction band of a 200-site chain. This value is suffi-
ciently large to smooth most features which are expected
to be smooth in an infinitely long chain. For shorter
chains a larger value for rl is more appropriate. The ef-
fect of rj on the results is discussed in Sec. III.

Once the conductivity of a single chain is known, one
can find the dynamic dielectric constant of a film

e(oi) =e'o+4ii'1p~o'(co)/co, (7)

where p, is the density of chains per unit cross-sectional
area. %'e assume p, =7)&10' cm, corresponding to a
lattice of (CH)„chains each separated by about 4 A.
Equation (7) would be modified if it were necessary to ac-
count for a Lorentz correction. ' However, the results we

report below are not improved by such a correction.
The absorption coefficient for decay of an electromag-

netic wave passing through the medium is given by twice
the imaginary part of the propagation vector

(8)

In this expression ei(co) is the real part of the dielectric
constant.

The ground-state energy of the chain includes the
lattice-distortion energy and the interaction of the singly
charged lattice ions with the impurity potential. The en-

ergy is measured from Eo(N), the ground-state energy of
a uniform lattice (no dimerization) with the same number
of particles.

In our calculations the lattice was not treated dynami-
cally. Its form was fixed for each case considered. Con-
sequently, the conductivity we present is valid in the opti-
cal range, but is not applicable to the infrared for which
lattice vibrations play a crucial role. The low-frequency
behavior is thus analogous to what would be found by em-
ploying the Drude theory.

The parameters used for the calculations are the same
as were used in Ref. 13, namely:

A~(oi+« em )—
Imo(co) =

~ (oi+ei ~~) +'9
(5b)

to ——2.5 eV, uo ——0.042 A,

X=21.0 eV/A, a =1.22 A,
The sums are over single-particle states of energy cI and
E~ and a=4. 16 eV/A, @=1000eV



OPTICAL-ABSORPTION SPECTRUM OF POLYACETYLENE: . . .

III. RESULTS

For a uniformly dimerized lattice with an even number
of CH groups the basic molecular configuration is given

by u„=(—1)"uo. If the chain is neutral and in its ground
state, the abele. ctrons occupy and fill the spin-degenerate
valence band. Charge is distributed uniformly along the
chain, and the optical-absorption spectrum presents only
an interband peak. If an impurity is placed near the
chain, an impurity level is pulled into the gap between the
valence and conduction bands and the other states are also
altered. If the chain remains neutral then the charge dis-
tribution of the n electrons exhibits strong polarization
fluctuations around the impurity site. This behavior is
shown in the inset of Fig. 1 for a 200-site chain with an
impurity d=2 A away from the chain and adjacent to
site 61. However, the impurity has little effect on the
optical-absorption spectrum. There is no BI absorption.
Absorption due to transitions from the valence band into
the impurity level, which might be expected to onset at
%co=1.2 eV is not found. It is absent because of almost
zero overlap of the wave functions near the top of the
valence band and of the impurity state. The oscillations
in the interband absorption, seen in Fig. 1, are also not ex-
pected to be observable in a real sample where they would
be averaged over contributions from chains of a different
length and impurity proximity to the chain.

When a chain with an even number of sites becomes
charged by picking up or giving up an electron, the lattice
develops a distortion around which the excess charge
remains localized. This distortion is called a polaron, and
it has the property that the phase of dimerization is the
same on both sides of the disturbance. The possibility of
polarons occurring on an SSH chain was suggested by
Brazovskii and Kirova' and Campbell and Bishop. Us-
ing the continuum form of the SSH model, they found

that polarons are favored as the analytic solution when a
trans-(CH)„chain is charged Q=+ l. Our calculations
were performed using the discrete model with the same
form for the polaron that we used earlier

(n —p)u„= —( —1)"uo 1 —Az exp I2
(9)

for a polaron centered at site p, with half-width spreading
over /z sites. Az gives the maximum reduction in dimeri-
zation. Other forms for this distortion which have been
reported in the literature give similar results for the ener-

gy of the polaron states. ' We consider two cases: a chain
with a polaron and no impurity and a chain with impurity
and a polaron bound to the impurity. In both cases, we
use the optimum values found in Ref. 12 for parameters

Ap and /p.
The free polaron has width /z

——12 and A~ =0.6. With
the polaron lattice distortion there are two electron gap
states with energies +0.48 eV. Figure 2 shows the results
for a chain with /V=200 and no impurity. The optical-
absorption spectrum shows two peaks below the interband
threshold. The higher energy peak arises from transitions
between gap states. When the chain is charge positive
(negative) the low-energy peak is due to transitions be-
tween the valence (conduction) band and the closest gap
state.

When an impurity is present, the energy is optimized by
using lz

——8 and A~ =0.8. Figure 3 shows the correspond-
ing spectra and charge distribution. The peaks in the
spectra associated with the gap states are closer to the
middle of the BI region, but are still not consistent with
the experimental spectra. Refer to Fig. 4 of Feldblum et
a/. s to see observed optical-absorption spectra of trans
(CH) with different amounts of doping. Experiment
shows a peak in the middle of the BI region (-0.7 eV),
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FIG. 1. Optical absorption as a function of frequency and
charge distribution in units of electron charge for neutral-
dimerized trans-polyacetylene chains with 200 CH groups and
an impurity adjacent to site 61. E+ is the Fermi energy relative
to the middle of the energy gap and E~ is the ground-state ener-

gy of the chain relative to the uniform chain with the same X.
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FIG. 2. Optical absorption and charge distribution for
charged trans-polyacetylene chains with 200 CH groups and a
polaron centered at site 90. There are no impurities near the
chain.
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FIG. 3. Optical absorption and charge distribution for
charged trans-polyacetylene chains with 200 CH groups. A po-

laron is centered at site 90, adjacent to an impurity.

whereas the charged-polaron spectra show a minimum

there. Thus, it is unlikely that polarons play a major role

in determining the spectrum.
The spectrum has been taken as evidence for the pres-

ence of solitons in trans-polyacetylene Solito. ns (or kinks)

are lattice distortions which change the dimerization sym-

metry from strong-weak to weak-strong (or vice versa) on

successive odd-even sites along the chain. The change is

accomplished gradually using the SSH form:

u„=(—1)"uo tanh[(n —k)/I]

for a soliton of width I centered at site k. The soliton is

energetically favored on a chain with an odd number of
CH sites since it allows both ends of the chain to have

strong bonds. A weak-end bond costs 1.07 eV more in en-

ergy than a strong-end bond, and more than compensates
the 0.44 eV noded for creating a soliton on the chain.
The properties of free solitons have been well studied.
%hen no impurities are present, a chain with a soliton has
a localized single-particle energy level at the middle of the

gap between the valence band and the conduction band.
This state is called the soliton state and it gives rise to an
optical-absorption spectrum that exhibits a peak which
onsets at the middle of the BI region. ' Figure 4 shows
how the peak appears when lifetime broadening is taken
into account. The peak is due to transitions into or out of
the mid-gap state and, due to charge-conjugation symme-

try, the spectrum is the same whether the chain is charged
or not. When the chain is neutral and there are no impur-
ities near the chain, charge is distributed uniformly on the
lattice sites just as for the pure-dimerized cases. Changes
occur in the valence-band states due to the kink distortion,
and they compensate for the creation of the mid-gap state.
The charge distribution shown in the insert of Fig. 4 for
the charged chain has the form expected for an extra elec-
tron in the soliton state.

Whereas for pristine trans-polyacetylene (no impurities)
the spectrum is the same for the charged and uncharged
chain and there is no energy gap for adding or taking an
electron off the chain, the situation changes in the pres-
ence of an impurity. We will consider three cases: (i) the
impurity adjacent to a site well within the chain and a sol-
iton bound to the impurity; (ii) the impurity near the end
of the chain and a soliton centered near the impurity; and
(iii) the impurity near the end of the chain and a free soli-
ton well within the chain.

The optimum soliton width for a kink bound to an im-
purity has been shown ' to be 1=4 or 5. We used 1=5
for the results reported here. Ftgure 5 is for a chain of
N=199 CH groups with an impurity adjacent to a site
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FIG. 4. Optical absorption and charge distribution for
charged trans-polyacetylene chains with 199 CH groups and a
soliton centered at site 80. There are no impurities near the
chain.
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FIG. 5. Optical absorption and charge distribution for
trans-polyacetylene chains with 199 CH groups. An impurity is
adjacent to site 80, and a soliton is centered at the impurity.
The dashed line shows the optical absorption in the absence of
the impurity (see Fig. 4).
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FIG. 6. Optical absorption and charge distribution for
trans-polyacetylene chains with 199 CH groups. An impurity is
near the end (site 1) and a soliton is "centered" at the impurity.

well within the chain and a kink centerixl at the same site.
In the presence of the impurity, charge collects around the
impurity site to screen it. If the chain is neutral, the
charge oscillates in sign outside of the immediate region
of the soliton. If the chain picks up charge, the charge
concentrates over about ten lattice sites on either side of
the impurity. The optical-absorption spectrum of the
neutral chain exhibits a shoulder in addition to a peak.
The shoulder is due to transitions from the valence band
into the half-filled soliton state, with a threshold at 0.38
eV for the impurity described in Sec. II. In the more-
likely case when the chain is charged, the soliton state is
full and the shoulder disappears. The peak is stronger as
there are now two electrons which can be excited from the
soliton level at —0.347 eV to an impurity level at 0.600
eV. Note, however, this peak is no longer at mid-gap. Its
threshold is at 0.947 eV which is considerably above the
threshold suggested by experimental observations' in
(CH)„and it is narrower than the free-soliton peak shown
for comparison by the dashed line in Fig; 5.

If the impurity is at the end of the chain with the soli-
ton "centered" at the end [i.e., k =0, 1=5 in Eq. (10)] one
obtains the optical-absorption spectrum shown in Fig. 6.
The spectrum does not show much BI absorption, and
there is no trace of the characteristic soliton "mid-gap"
peak. Note, however, that it is energetically more favor-
able for a soliton to be bound to an impurity well within a
chain than at the end of a chain, the energy difference be-
ing 0.28 eV for a charged chain.

Finally we consider the case where the impurity is at
the end of the chain but the soliton is a free soliton, well
within the chain. The spectrum, Fig. 7, shows the charac-
teristic mid-gap soliton peak whether or not the chain is
charged. The ground-state energy of the charged chain is
only 0.05 eV higher than for a soliton bound to an end
impurity. It is known that solitons are repelled by chain
ends. Su' found the repulsion to be approximately 0.28
eV for a fro: soliton (see his Fig. 3) on a semi-infinite
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chain with 49 additional sites. We find 0.31 eV fo«his
energy of repulsion calculated for finite chains with
%=199or %=200. This energy reflects loss of one-half
of the lattice-energy lowering associated with the gradual
change of dimerization when the kink is at an end. Using
these results, we can roughly understand the energy found
for a chain with end impurity. When an impurity is at
the end of the chain, the charged soliton is attracted to the
impurity by approximately the same binding energy as at
an interior site (0.35 eV), but repelled from the chain end

by 0.31 eV, leaving the bound-soliton case lower as noted
above. Overall, the charged soliton bound to the end im-
purity is more favorable, but the binding energy is so
small that thermal fluctuations may be able to free the
soliton. Once freed, the charge on the soliton is only
weakly bound to the chain and it could become available
for interchain conduction. When the soliton is uncharged,
it is only weakly attracted to the impurity. Thus, the end
repulsion dominates and the free soliton is favored.

The configuration with the impurity at the end of the
chain is higher in energy than if the impurity were within
the chain; nevertheless, the optical-absorption spectrum
and low binding energy of the additional charge are both
features that are consistent with the observed properties of
doped (CH}„. This suggests that the doping process may
proceed so as to favor impurity-ended chains, or lead to
structures that simulate their effect. We will return to
this question in Sec. IV.

For our calculations of the conductivity, Eq. (5), we
used a lifetime parameter g =0.1 eV. Increasing
reduces the mid-gap and interband peaks and broadens
them. The effect of changing g is shown in Fig. 8 for a
pure chain with %=99 sites. Keeping g finite provides a
way to account for the averaging over different numbers
of ions on a chain and also for some higher-order many-
body effects. The bulk of the results reported in this pa-
per were for %-200, corresponding to an impurity con-
centration of 0.5% In actual films a range of N is to be
expected.

2
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FIG. 7. Optical absorption and charge distribution for
trans-polyacetylene chains with 199 CH groups. An impurity is
near the end (site 1) and a "free" soliton is centered at site 80.
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FIG. 8. The effect of the lifetime parameter g on the optical
absorption spectrum of a polyacetylene chain wreath 99 sites.
Solid hne: q=0. 1; dashed line: q=0. 1S dotted line: q=0.2,

IV. DISCUSSION

Comparison of our results for optical absorption with
the experimental spectra observed for films of trans-
polyacetylene gives insight into the microstructure of the
films. For pristine polyacetylene there is a notable ab-
sence of absorption below the interband threshold, ' in-
dicating the absence of chains with an odd number of CH
units. As we have seen, odd chains show a peak near
mid-gap due to the energetically favored configuration
with a soliton within the chain and strong-end bonds.
Even chains may be initially favored in the preparation of
polyacetylene films insofar as the chains are formed by
the accreting of acetylene molecules, each of which adds
two carbon atoms to the chain. In addition, comparing
ground-state energies of the neutral system shows that
even chains are intrinsically more stable than odd chains
because of the energy needed to form the free soliton.

The situation is altered when impurities are introduced
into the film, and the chains are charged. The optimum
configuration in this case is the odd-sited chain with a sol-
iton bound to the impurity (Fig. 5). However, the
optical-absorption spectrum with a bound soliton has a BI
peak near flu= 1 eV which is considerably above the 0.7
eV onset of the experimental spectrum. Feldblum et al
have suggested that the discrepancy would be removed if
electron-electron interactions were taken into account.
The effect of electron-electron interactions is still under
investigation. ~~ s Results, other than for spin density,
tend to support the qualitative conclusions of the one-
electron theory. However, to our knowledge, there are no
results reported to date for the combined effects of impur-
ities and interactions. Interchain coup1ing has also been
neglected in our treatment. It is known to affect soliton
confinement2 ~7 and could also alter the chain-energy as-
signments we have found. In any case, the differences be-
tween the observed and calculated onset energy and width
of the BI absorption are evidence of the inadequacy of the
model which treats polyacetylene as composed of infinite-

ly long chains governed by the SSH Hamiltonian.
Consideration of electrical conductivity also poses a

problem for the theory. The conductivity of polyace-
tylene films increases by many orders of magnitude due to
doping. The conductivity increase has been considered
to be associated with the introduction of solitons. Free
solitons are highly mobile on (CH)„chains. However, in
the presence of impurities the solitons are bound and a
more elaborate explanation is required. Kivelson29 pro-
posed that the conductivity results froin a charge-
exchange process between free and bound solitons. The
origin of the additional free solitons remains to be ex-
plained.

Our results indicate a possible mechanism for the intro-
duction of free solitons. Solitons will be introduced if the
doping process causes an effective breaking of chains.
While it is unlikely that an off-chain impurity will actual-
ly sever a strong cr bond, it may distort the chain and
make m bonding between the carbon sites very unfavor-
able. Then the neighborhood of the impurity could act as
a chain end for the m-electron states. "Breaks" could
occur at strong or weak bonds. Breaking a weak bond re-
sults in two even chains with strong-end bonds. Breaking
a strong bond results in two chains with N odd and each
having one weak-end bond. Since a weak-end bond is so
energetically unfavorable, a soliton will be generated at
the end and can migrate into the chain as in Fig. 9(a). A
neutral soliton will migrate in due to end repulsion. A
charged soliton may remain at the end due to pinning to
the impurity which caused the break. Ho~ever, as dis-
cussed in Sec. III, the pinning of a charged soliton to an
impurity at the end of a chain is weak, and thermal fluc-
tuations may free it. Once freed„ the charge on the soliton
has little Coulomb binding to the chain and is available
for interchain-hopping conduction.

This scenario indicates how doping can give rise to free
rather than pinned soliton behavior. There still are
unanswered questions associated with this description, the
most immediate being the question of how the impurities
affect the lattice. Chien has proposed several chain-
impurity configurations in which the impurity is chemi-
cally bound to the chain. Further study is needed to clari-
fy their effect on chain wave functions and energy levels.
If ir-electron states near the gap edges are effectively iso-
lated to one or the other side of the impurity complex,
then the result may be similar to actual chain breaking,
and may have a similar effect for sohton creation and pin-
ning. Gibson et al. ' have reported evidence of remnant
cis-linkage in trans-polyacetylene and suggested that link-
ages limit soliton motion and give short effective chain
lengths. Charged impurities could cause chains to deform
or favor cis-type linkages with a similar effect on soliton
mobility. However, to our knowledge, detailed analyses of
these configurations are not yet available.

For even X we expect polaron distortions to occur on
charged chains; however, as discussed in Sec. III, the ob-
served absorption spectrum shows no evidence of polaron
contributions. Onodera and Okuno have studied two
mechanisms which could contribute to the disappearance
of polarons on a (CH)„chain. ' The first mechanism is
the meeting of two charged polarons which then decay
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FIG. 9. Possible effects of an impurity atom on a polyace-

tylene chain. (a) The impurity separates the chain into two seg-

ments. If the resulting segments have odd X, then solitons form
to preserve strong-end bonds. (b) The impurity causes the dis-

placement of a carbon atom off the chain axis, effectively break-

ing the chain into an odd-X and an even-N segment, A soliton
forms on the odd segment to preserve strong-end bonds.

into two charged solitons. However, such a process is

unlikely if the polarons are pinna' to different impurities.

Comparison of the ground-state energies in Figs. 2 and 3

shows that the pinning energy is 0.34 eV. The second

mechanism is the interaction of a neutral soliton and a

charged polaron to form a charged soliton plus radia-

tion.~ Both of these reactions require the spins of the ini-

tial defects to be antiparallel, and the latter one still re-

quires a source for the additional neutral solitons. An ad-

ditional way for polarons to disappear is through charge

fluctuation. If the chain is neutralized by charge leaving

the partially filled polaron state, then the polaron becomes

unstable to collapse into the neutral-dimerized lattice,

which has lower energy. The extra charge can carry off

up to 0.33 e& to help it overcome or tunnel through the

interchain barrier and reach an odd-sited chain with an

unfilled soliton state. There is evidence for the presence
34

of polarons in photogenerated optical absorption. By

studying the time evolution of the photogenerated-

absorption spectrum it should be possible to determine the

polaron hfetime on a chain.
The effect of compensation on doped polyacetylene has

posed a problem for the soliton theory. Compensated

samples show reduced conductivity and a disappearance

of mid-gap optical absorption. If mid-gap absorption and

impurity-induced conductivity aie a consequence of soli-
ton creation, then it is not obvious from the usual descrip-
tion why they disappear when the samples are compensat-
ed by further doping by oppositely charged impurities.
Charge-conjugation invariance suggests that additional
oppositely charged sohtons would be created. In order to
annihilate, oppositely charged solitons must be on the
same chain and be able to overcome pinning potentials. A
possible clue to the effect of compensation lies in the
pseudo-chain-breaking picture which we have proposed.
It is possible that the compensation process "relinks" bro-
ken bonds as the original impurities are neutralized. Bond
breaking and relinking need not involve large-scale dis-
placements of lattice ions. Figure 9(b) suggests how an
impurity might cause the displacement of a carbon atom
away from a (CH), chain and effectively break it into two
segments, one even and one odd. Neutralizing the impuri-
ty would allow the chain to regain its original configura-
tion. Further study is clearly needed to work out the de-
tails of the doping and compensation processes.

Finally, we want to discuss the relationship between the
optical-absorption spectra we have found, and that mea-
sured experimentally. Real films are a complex of many
chains. A range of N is to be expected and there may be a
variety of chain configurations present. There can be neu-
tral purely dimerized segments with even-S, and odd-X
segments with kink distortions. Also the impurities may
lie at varying distances from the chain. Actual films are
usually anisotropic with chains at different orientations
relative to the film surface. The spectrum would then
be a composite of all these effects. If samples can be
prepared which control these factors, then it should be
possible to analyze the composition by comparison with
the single-chain spectra presented in this paper.
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