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Theoretical studies of the vibrational excitations of charged solitons in polyacetylene
are reported. Two strongly infrared active modes, derived from bulk optical phonons,
are associated with these defects and we suggest the presence of a third, as yet
unobserved, infrared-active mode in the acoustic phonon regime.
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Following the demonstrations of controlled con-
ductivity over twelve orders of magnitude with
doping' and of semiconducting properties at low
doping levels,? polyacetylene [(CH),] has received
considerable scientific attention. It has also been
realized that one-electron theory [if applicable to
(CH),] predicts that the lightly doped polymer
should differ qualitatively from the usual picture
of a lightly doped semiconductor.®* Within such
a theory, one concludes that the transfer of an
electron to or from the polymer does not result
in a hydrogenic impurity state or even an un-
bound carrier in the valence or conduction bands.
Rather, the excess carrier is predicted to be ac-
commodated in a soliton (or 7 phase kink), an ex-
tended lattice defect across which the sign of the
bond alternation is reversed.’** Neglecting corre-
lations each such defect may be shown to intro-
duce a half-filled state at midgap when neutral,
which may then accommodate the excess electron
or hole in a diamagnetic center when charged.
Despite its success in explaining the reduced
strength of the Curie tail in the magnetic suscep-
tibility of the lightly doped polymer,’ the soliton
model has not gained universal acceptance.® In
this Letter, we report an investigation of the vi-
brational structure of solitons in (CH), and read-
dress the question of whether charged solitons oc-
cur in the lightly doped polymer. In the frequen-
cy regime which has to this point been experimen-
tally studied we find several internal modes pecu-
liar to such defects. Two of these are remarka-
bly, strongly infrared active, deriving their oscil-
lator strength from interactions with the 7 elec-
trons, and would be observable at very low doping
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levels. We suggest that these two modes have,
in fact, been observed in experiments which cor-
relate changes in the infrared absorption of these
films with light doping.” The expected infrared
activity associated with the pinning of the mobile
charged soliton to an ionized impurity does not
occur in this frequency regime; on the basis of
studies of a continuum model® and a discrete lat-
tice model® for these defects, we anticipate that
such absorption will ultimately be observed at
much lower frequency, i.e., in the acoustic pho-
non regime.

To describe the vibrations of the polymer we
have constructed a force-field model which con-
sists of two principal parts. First, “bare” near-
est-neighbor bond-stretching and bond-bending
force constants are chosen by inspecting the char-
acteristic vibrations of small organic complex-
es containing double and single C-C bonds.® We
interpolate dependence of the bond-stretching
force constants on bond length® to define the
force constants appropriate for the infinite poly-
ene, and the force field thus derived is cast into
the form of a Born Hamiltonian from which the
bare phonons of the polyene chain are calculated.
Second, we include a set of delocalized force con-
stants derived from interactions of atomic dis-
placements with the extended 7 electronic states.
The importance of this electronic susceptibility
for determining polyene phonon frequencies, es-
pecially those of the backbond stretching vibra-
tions, has been discussed in the chemical litera-
ture.'®"'2 We express this effect as a correction
to the bare dynamical matrix, 8L,,, coupling
displacements u and v with wave vector ¢ given
by:

En',k+G_En.k
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where V,(q) denotes a modulation of the electronic Hamiltonian linear in the displacement w(g) and the
ln,k) (In’,k)) are the filled (empty) eigenstates in the 7 manifold with eigenvalues E (k) [E,'(k)]. The v,
are completely defined by the geometry of the chain and a constant, 3, the derivative of the nearest-
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FIG. 1. Left panel: In-plane vibrations below 2000

em™in trans-(CH), calculated from the bare~force-
field model. Right panel: Phonons calculated including
coupling to 7 electrons (solid curve); phonons obtained
by truncating the delocalized force field after sixth
nearest neighbors (open circles).

neighbor m-electron transfer integral with re-
spect to bond length.’® B is empirically adjusted
to bring the screened long-wavelength C-C and
C=C stretching modes in the infinite polyene into
good agreement with the principal Raman peaks
observed near ~ 1474 and ~1080 cm~'.2*"'® Thus
the data depicted in the right panel of Fig. 1 are
obtained by screening the bare phonons of the left
panel with =8 eV/A. This implies a 1.2-eV wide
Peierls gap, in reasonable agreement with the
1.4 eV optical absorption threshold observed ex-
perimentally. We require a truncation of the ma-
trix 6L, in coordinate space in order to study
the kink in an infinite chain; the open circles in
Fig. 1(b) demonstrate the good convergence we
obtain by retaining terms in 8L, , up to sixth near-
est neighbors.

Finally, the coupling between the backbone
modes and the 7 electrons will, in general, intro-
duce into the electronic optical response func-
tions, in addition to the usual interband response,
terms in which density fluctuations in the m elec-
tron gas are coupled through the phonons.!”"1°
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FIG. 2. (a) Projected phonon density of states (PDOS)
for carbon motions in trans-(CH),; (b) PDOS averaged
over a 15-atom section containing a soliton; (c) absorp-
tion coefficient calculated for 10 cm™ of such defects.
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This phonon induced contribution to the electronic
polarizability rigorously vanishes for the neutral
chain since no modulation of the nearest-neighbor
one-dimensional Hamiltonian can provide a net
migration of charge in the neutral chain. For the
charged chain, and in particular for the charged
soliton in the chain, this mechanism associates
a massive oscillator strength with the ungerade
internal vibrations of the defect, as we will show.
In Fig. 2(a) we show the density of modes of a
perfect trans-(CH), chain projected on to the car-
bon displacements.?° The critical points associ-
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ated with the phonon bands of Fig. 1(b) are appar-
ent. Between 1000 and 1200 cm™! we see that the
skeletal modes are hybridized with H bending mo-
tions. The structure between 1200 and 1400 cm™!
is assigned to oscillations dominated by C-C
stretching character, those between 1500 and
1700 cm™' are dominated by C=C stretching mo-
tions.

Turning to the chain containing a soliton, we
recognize that the defect introduces two new con-
siderations for the local vibrational structure.
First the “bare” force constants are modified as
the magnitude of the bond alternation progresses
smoothly through zero, changing sign at the cen-
ter of the defect. Thus one anticipates vibration-
al modes characteristic of order “13” bonds lo-
calized in the defect. Secondly, in the vicinity of
the kink the electronic structure is altered, and
hence the electronic contribution to the dynami-
cal matrix 8L, is locally modified. This latter
effect causes a general increase in the magnitudes
of these corrections in the kink; explicit calcula-
tion for the case considered below shows ~20%
increase in the diagonal corrections in the center
of the defect as compared with the crystalline
values. To study the roles of the two processes
we have embedded a charged soliton with half
width I =5 bond lengths (same convention as in
Ref. 4) in a 15-atom cluster whose ends are
matched to semi-infinite crystalline chains. The
electronic corrections to the dynamical matrix
are calculated to convergence within the same 15-
atom section from the eigensolutions of infinite
electronic Hamiltonian. All other screening ma-
trix elements, i.e., those away from the kink, re-
tain their bulk values. Finally the vibrational
structure of the central 15-atom section of the in-
finite chain is numerically evaluated by applying
a Green’s-function formalism to the dynamical
matrix.

Figure 2(b) shows the local density of modes ob-
tained in this calculation summed over carbon
displacements in the 15-atom unit containing the
kink.?® The vertical bars labeled u,~u; denote
the pronounced defect-related local modes. The
modes u,; at 980 cm™' and u, at 1360 cm™! are the
two most significant of these. The associated ei-
genvectors are depicted in Fig. 3 where it is
seen that u, (#,) is an ungerade mode with re-
spect to the defect center which projects onto
bond-length oscillations of the weaker (stronger)
bonds as one proceeds away from the defect cen-
ter. The displacements of more distant atoms in
the #, mode will clearly tend to zero whereas u,,
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FIG. 3. Normal modes for the #; and %, vibrations.
The vertical dashed line marks the center of the soliton
with the even bonds as counted from the center becoming
increasingly strong.

a resonant mode, presumably evolves into a bulk-
like vibration. Each mode is shifted from the fre-
quencies of bulk modes of similar character be-
cause of the enhanced polarizability of the 7 elec-
trons in the defect.

The significance of #, and u, is apparent in Fig.
2(c¢) where we have plotted the absorption coeffi-
cient associated with a density of 10'° cm™? of
these defects in an unoriented film. To obtain
these data we have calculated, with the random-
phase approximation, the phonon coupling to den-
sity fluctuations in the m-electron gas. As is evi-
dent in Fig. 2(c) the two modes #, and u, are re-
markably infrared active. The massive oscillator
strength associated with these modes may be un-
derstood as resulting from oscillations of the ex-
cess charge in the defect level in response to the
lattice vibration. Upon closer inspection it is
seen that the eigenvectors u, and u, displayed in
Fig. 3 describe an overall contraction of the weak-
er and stronger bonds, respectively, on one side
of the defect and an overall expansion on the oth-
er, thus driving charge back and forth across the
defect center. We calculate that ~20% of the os-
cillator strength associated with the added charge
is exhausted in these vibrational excitations, with
the integrated oscillator strength of the 980-cm™!
mode 40% stronger than that of the 1360-cm™?
line.

The two defect modes obtained in this calcula-
tion are well correlated with the dopant-induced
infrared activity in (CH), reported by Fincher et
al.” These experiments associate a strong nar-
row absorption at 1370 ecm™ and a broader,
somewhat stronger absorption near ~900 cm™!
with light doping of (CH), with variety of donors
and acceptors. Moreover, the integrated oscilla-
tor strengths of the observed features agree to
within factors of 2—3 with those predicted in this
model, normalized to an equivalent density of do-
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nors or acceptors, and indeed without such a vi-
bronic coupling these effects would not be easily
discernible at such low doping levels.

It is apparent that this model poorly character-
izes the widths of these defect modes. We attri-
bute this deficiency to our theoretical constraint
that the soliton be centered at a fixed position in
the chain. In the true system the soliton, though
bound to an ionized impurity, is mobile, execut-
ing zero-point motion in its ground state, and os-
cillating in respose to an applied time-dependent
field. Such oscillations will introduce time-depen-
dent fluctuations in the dynamical matrix we have
studied and thus we anticipate that the effect of
such motions is to introduce a finite lifetime in
the normal modes we have discussed.

Finally, we note that the oscillation of the
charged soliton bound to an ionized impurity
should be associated with its own characteristic
infrared activity.>** As the inertial mass of the
defect is quite small [ (6—10)m,] these too should
be observable at low doping levels. Calculations
based on a continuum model for these solitons?
consistently predict that this mode will occur at
~300-500 cm™?, i.e., at much lower frequency
than has been investigated experimentally. Thus
the observation of a third infrared-active mode
in the acoustic phonon regime should further sup-
port the presence of mobile charged solitons in
lightly doped (CH),.
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