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A microscopic continuum theory for phonons in conjugated polymers is developed and applied to study
defect vibrational spectra for solitons and polarons in polyacetylene. The study reveals a new class of
bound vibrations localized at these centers which are sensitive to the topology of the defects and can be
used to spectroscopically identify photogenerated and doping-induced centers in conjugated polymers.

A striking phenomenon which has been observed in ex-
periments on a number of conjugated polymers is that the
production of charged defects either by doping’? or pho-
toexcitation®* induces new, very intense features in the ab-
sorption spectra at infrared frequencies. These features are
understood to result from vibrations of the polymer which
are localized at the defect site and which derive their large
oscillator strengths from a very efficient coupling to the ex-
cess charge trapped at the center.’ Theoretical analyses of
this phenomenon have focused mainly on (CH), as a sim-
ple prototypical system; the most successful of these efforts
has been the amplitude-mode (AM) formalism® which
describes these vibrations as elementary excitations of the
static distortion of the bond-alternation amplitude induced
by the presence of the excess charge. In this model the op-
tically active vibrations are described as linear combinations
of the “‘sliding’’ modes associated with each of a number of
possible structural degrees of freedom which are locally dis-
torted by the excess charge. With only a few parameters the
model is able to account successfully for the ir activity in
(CH), and (CD), and even account for subtle differences
between the photoinduced and doping-induced spectra.
However, this model has also provided a crucial counter-
intuitive insight about the origin of the defect vibrational
spectra, namely, that the ir spectra depend only on the pres-
ence of a mobile charged defect which spontaneously breaks
the translational symmetry of the chain. The subsequent
translations of the various components of the bond-
alternation defect and not the specific structure of the defect
are responsible for the strong ir response. Thus, for exam-
ple, solitonlike and polaronlike centers, which are topologi-
cally very different objects, are expected to possess an ident-
ical infrared response.

In this Rapid Communication we show that there exist
observable features in the spectrum of bound vibrations
which will allow one to experimentally discriminate between
these various bond-alternation defects. We have applied a
continuum theory of the coupled electron-phonon system to
explore the defect vibrational properties in this system. Our
model is not as compact as the AM formulation, though it
has the important advantage of introducing a microscopic
Hamiltonian for the electronic structure into the lattice
dynamics in an accurate and manageable manner. Two very
significant results emerge. First, the theory provides a.mi-
croscopic derivation of the AM formalism, and explains the
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remarkable appearance of a class of defect vibrations which
canot depend on the internal structure of a mobile defect.
Second, the model reveals, in addition, a set of heretofore
overlooked bound vibrational excitations which depend ex-
plicity on the shape of the defects and can thus be used to
distinguish between them. These occur outside the space to
which the AM formalism has been applied; nevertheless,
they are experimentally accessible as we show below, and
emerge in a natural manner from the full microscopic
theory. In this Rapid Communication we outline our micro-
scopic formulation of this problem, motivate the appearance
of a spectrum of bound vibrations with some simple physi-
cal arguments, and finally demonstrate their appearance in
the defect spectra for solitons and polarons in polyacetylene.

To study the polymer vibrational spectrum, we adopt a
Hamiltonian which couples a set of weighted displacement
fields [A,(x,¢)] to the density fluctuations of the filled -
electron sea whose eigenfunctions are described by the two-
component field ¥ (x):

H= gf dx\If:(x,t)(—ivp-e?;o-3+A(x,t)o-1]\P3(x,t)

AZ(xt)+

1
+3 p— fdx

1

p (wd)?
where vy is the Fermi velocity of the m electrons, A, is the
coupling strength to the ath displacement field with bare
frequency w2, and the o’s are the Pauli matrices. As in the
AM formalism 3 ,A.(xt)=A(x¢) and we define
S .Aa=A. The theory then consists of integrating out the
electronic degrees of freedom in (1) for a given set of occu-
pation numbers for the electronic states to obtain a pqgential
from which the equilibrium static displacement field, A, and
an equation of motion for small oscillations, Aq(x,?)
—A.(x)=8,(x1), can be obtained. We consider three
special cases for the electronic part of (1) which can be easi-
ly diagonalized and for which the equilibrium configurations
are known. These are (1) a neutral chain with A(x)=A,
with A being constant, (2) a charged soliton’ with
A(x)=Atanh(x/¢), with £€=vp/A, and (3) a singly
charged polaron8® with

A(x)=A(1—-(1/v2){tanh[(x + x0)/~/2¢]
—tanh[ (x — x)/~2¢1})

A?.(x,t)] , (D
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and sinhv2xpé=1. Perturbation theory yields an integral
equation for the components-of a multidimensional state
vector, @, = {4 i), describing small amplitude oscillations
of the bare displacement fields (¢, =5 18,):

0 (x) = (@20 w () +2 3, [ dy Cag(x9) b () -
B

@

Here, iis a band index, k labels the eigenstates within the
band, and C,g is a nonlocal coupling which arises from the
polarization of the electron gas. In the AM formalism ex-
plicit evaluation of the nonlocal terms is avoided by clever
use of a self-consistency requirement which relates the dis-
placement fields 8,(x,¢) in a particular mode. This yields
‘““universal’’ features of the vibrational spectra which are in-
dependent of A,(x). However, Eq. (2) also suggests that
Capg contains important physics specific to each defect con-
figuration and we have chosen to evaluate it.

To illustrate the important features of the vibrational
spectra obtained from (2) for the various defect configura-
tions listed above, it is useful to study the model with a sin-
gle displacement field.® In the absence of electron-phonon
coupling we obtain an Einstein spectrum which is shown as
the dashed lines in Fig. 1. For the defect free chain (case
1) the nonlocal term distorts the Einstein spectrum, yielding
a minimum at g =0 with positive quadratic dispersion. For
the soliton configuration (case 2) the spectrum of scattered
states is identical to case 1 though the eigenfunctions are
phase shifted passing through the defect. For the kink, two
bound modes are obtained; the lowest of these two at w =0
is the Goldstone mode, the second describes a width oscilla-
tion of the domain wall. The scattered states for the po-
laron configuration (case 3) again exhibit the same disper-
sion as those for the ideal chain. For the polaron there are
three bound modes in addition to the o=0 Goldstone
mode. The most interesting of these is the mode (47),
which has the same spatial symmetry as the translational
mode and can thus also couple to an external radiation field.
Figure 1 demonstrates that a universal feature of these
spectra (independent of the defect identity) is the Goldstone
mode at w=0. However, the nonlocal term in Eq. (2)
clearly governs the structure of the higher-lying bound
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FIG. 1. Vibrational excitations in the one-component theory;

case 1: ideal dimerized chain; case 2: charged soliton; case 3: sing-
ly charged polaron.
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modes, yielding a vibrational spectrum which depends expli-
citly on the topology and shape of the defect. It is striking
that the polaron which may be regarded as a bound kink-
antikink pair, binds twice as many modes as the soliton;
these may be approximately regarded as a linear combina-
tion of the bound kink vibrations.!?

To apply the observations to the practical case of a conju-
gated polymer like (CH),, two important questions remain:
at what frequencies are the new optically active vibrations
analogous to 4~ to be found in a realistic model, and how
strongly do these couple to the radiation field? To answer
these questions we apply the formalism outlined above to
the multicomponent model described in Eq. (1). Following
previous work!! we treat three structural degrees of freedom
which include intracell longitudinal stretching, transverse
stretching, and out of phase H bending. The bare frequen-
cies and coupling constants are listed in Table I. The exten-
sion of the one-component results of Fig. 1 to the three-
component problem turns out to be unexpectedly straight-
forward. Since the nonlocal kernel is expressed as
Cop(xy) =gul1(x,y)gg, where I(x,y) is the polarization
kernel in the one-component problem (2g2=mvpA02),
and II(x,y) can be reconstructed from the one-component
solutions as

M(xy)=3 [(wl—0))/28* 10, (x)P5(y) ,
k

where w; and wg are the dispersion relation and unscreened
Einstein frequency, respectively, for the problem with a sin-
gle displacement field, it follows that ®, can be decom-
posed as ®u(x)= (41 ux,A2u,A2u)Pr(x). With some
algebra we then find that the eigenvalues of the three-
component problem can be determined from w; and wg by
solving the following secular equation:
Aa (02)? wé

Dg(w)=2_ = - 2 (3)

2 0)2
- A wik——(wa wé——wk

Physically, the calculations leading to (3) demonstrate that
each solution of the one-component problem generates a
trio of solutions of the multicomponent problem with no
mixing of the spatial dependence of these states. It follows
that for the polaron we expect three bound modes seeded
by A~ of Fig. 1. It is worth noting that for the Goldstone
mode wy =0 for either the polaron or solitons, and that the
multicomponent solutions for this class of modes are then
identical, which is the central result of the AM formalism.
Solutions of Eq. (3) for the full spectrum of bound modes
of the one-component problem are listed in Table II.

To emphasize the experimental importance of these
results we have also calculated the real part of the infrared
conductivity due to the vibrational spectra. We calculate
2 78 (w—wy)

) 4

1
R =2 S|P
e lw) @ izkl * 2w

TABLE 1. Bare frequencies and coupling constants for the contin-
uum electron-phonon model.

o mg (cm) -1 )\a

1 1234 0.07
2 1309 0.02
3 2040 0.91




pling the true current j to the ion displacement field:
TGO = [ 00 (Lha(x0) @y dt ©

with ho(x,¢t)=0H/33,(x). In Fig. 2 we compare the ab-
sorption coefficients, a=4m Reo/c, calculated for the
charged soliton and polaron. The universal and nonuniver-
sal aspects of the spectra are apparent. The trio of sliding
modes (7T) are common to the two types of defects and are
strongly infrared active. However, in addition to these, the
polaron binds a trio of new modes seeded by 4~ which are
also infrared active. Two of these (4; at 1040 cm~! and
A5 at 1440 cm~!) have oscillator strengths comparable to
the 1279-cm~! sliding mode and should thus be observable
at experimentally realized defect densities. The additional
modes are unique to the polaron configuration, and thus
these features are essential for distinguishing between soli-
tonlike and polaronlike charged defects in (CH),. We also
note that the integrated oscillator strength in the polaron
spectrum substantially exceeds that of the soliton spectrum,
in agreement with previous work.®

To date the cleanest experimental investigations of the
defect-induced ir activity in these systems have examined
charged defects produced by photoexcitation. The observed
photoinduced infrared spectra resemble those plotted of the
soliton in Fig. 2 (except for the pinning of the lowest-
frequency mode which can be easily imposed on this model)
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TABLE II. Frequencies of bound vibrations of bond-alteration I.O( T T T T T T T
defects in polyacetylene. Soliton
0.8 Tz
a=1 a=2 a=3 -
‘e 061 -
Soliton 2 T, (100)
T, 0 1279 1354 S oar N 7
A, 965 1289 1412 2
02 -
Polaron | | | |
T, 0 1279 1354 IOAOO l 4?0 : 8([)0 IZPO 1600
B, 776 1285 1379 Polaron
A} 965 1289 1412 80 ’
Ag 1040 1291 1440 —
‘e 60
= 1T(:100)
z 4o0F "
where the matrix elements Py are obtained from the projec- v
tion 20 L
Pi= 3, Aau J dx () ax) ®) N |
« (o} 400 800 1200 1600
Here J,(x) is a generalized current density which is ob- Aw (cm™)
tained (in the adiabatic approximation) from the zero- FIG. 2. Defect-induced absorption coefficient for a density
frequency Fourier transform of the correlation function cou- n=10' cm~3 of free solitons and polarons in polyacetylene.

and over the frequency range examined do not possess the
extra sharp structure associated with the polaron. This ob-
servation provides a clean spectroscopic confirmation that
the long-lived photocarriers are trapped at solitonlike
centers, a conclusion which to date has hinged on the
results of photoinduced ESR studies.!? A natural, further
test of the theory is to devise an experimental situation in
which polarons are the preferred charged centers, and
search for the extra modes predicted here. A number of
useful extensions of the theory also suggest themselves:
analysis of the vibrational spectra for polarons and bipo-
larons in nondegenerate systems, and extension of the
theory to a high-density, possibly phase-disordered, soliton
lattice to address the elusive question of the presistence of
these features through the observed insulator-to-metal tran-
sition in (CH),.

Work at the University of Pennsylvania was supported
under National Science Fountation Grant No. DMR 84-
05524. One of us (E.J.M.) gratefully acknowledges addi-
tional support from the Alfred P. Sloan Foundation. J.C.H.
wishes to acknowledge helpful discussions with G. A. Blais-
dell and thank the Naval Ocean Systems Center Indepen-
dent Research program for funding a theoretical effort in
conducting polymers.

IC. R. Fincher, Jr., M. Ozaki, A. J. Heeger, and A. G. MacDiarmid,
Phys. Rev. B 19, 4140 (1979).

2S. Etemad, A. Pron, A. J. Heeger, A. G. MacDiarmid, E. J. Mele,
and M. J. Rice, Phys. Rev. B 23, 5137 (1981).

3Z. Vardeny, J. Orenstein, and G. L. Baker, Phys. Rev. Lett. 50,
2032 (1983).

4G. B. Blanchet, C. R. Fincher, T. C. Chung, and A. J. Heeger,
Phys. Rev. Lett. 50, 1938 (1983).

SE. J. Mele and M. J. Rice, Phys. Rev. Lett. 45, 926 (1980).

6B. Horovitz, Solid State Commun. 41, 729 (1982).

TH. Takayama, Y. R. Lin Liu, and K. Maki, Phys. Rev. B 21, 2388
(1980).

8D. K. Campbell, A. R. Bishop, and K. Fesser, Phys. Rev. B 26,
6862 (1982).

9J. C. Hicks and G. A. Blaisdell, Phys. Rev B 31, 919 (1985).

10Similar results for the lower-lying bound modes in the one-



RAPID COMMUNICATIONS

2706

component theory have been recently reported [for the soliton:
H. Ito, A. Terai, Y. Ono, and Y. Wada, J. Phys. Soc. Jpn. 53,
3520 (1984); J. R. Schrieffer and S. Jeyadev (unpublished); for
the polaron: A. Terai, H. Ito, Y. Ono, and Y. Wada, J. Phys. Soc.
Jpn. 54, 196 (1985)]. A third weakly bound mode for the soliton
and a fifth for the polaron are obtained in these references. We
have noticed that this particular detail of the spectra [i.e., whether
the third (fifth) solution of Eq. (2) for the soliton (polaron) is a
weakly bound state or a scattering state] is sensitive to the way
that the integral over the electronic spectrum in the evaluation of
Cag(xy) is carried to the continuum limit. Our scheme sums

E. J. MELE AND J. C. HICKS 32

over the allowed k states on a ring (periodic boundary conditions)
of circumference L =18 (soliton) or 26 (polaron) coherence
lengths (vy/A). This detail of the phonon spectra has no conse-
quences for the absorption spectra since the additional mode has
negligible coupling to the current fluctuations described by Eq.

(6.

11B. Horovitz, Z. Vardeny, E. Ehrenfreund, and O. Brafman, Synth.

Met. 9, 215 (1984).

12 D. Flood, E. Ehrenfreund, A. J. Heeger, and A. G. MacDiar-

mid, Solid State Commun. 44, 1055 (1982).



