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The resulis of an experimental study of the infrared absorption of the (CH), system, lightly doped

(< 0.1%) with acceptors and donors, are presented. Additional absorptions are observed near 1370 cm

(width ~ 50 cm~') and 900 cm~! (width ~ 400 cm™!) upon doping with iodine, AsFs, and sodium. The two
additional absorption maxima appear to be general features of lightly doped (CH), independent of specific
dopant or of cis (trans) content. Measurements on stretch-oriented films demonstrate that these absorption

maxima are polarized primarily along the polymer chains. The narrow.mode at 1370 cm™
molecular vibration made ir active by the doping. The broader absorption centered at 900 cm

!is attributed to a

=1 is discussed

in terms of quasi-one-dimensional donor and acceptor bound states along the (CH), chain. We include an
experimental determination of the room-temperature dielectric coustant in undoped (CH),; ¢ = 10-12,
with uncertainty arising from the incomplete orientation of the (CH), films. The bound-state energy is thus
consistent with a one-dimensional hydrogenic model in which the Coulomb potential along the chain is
reduced by €. Alternatively viewing semiconducting (CH), as a Peierls distorted one-dimensional metal, we
discuss localized domain-wall-like charged donor (acceptor) states induced by charge-transfer doping.

I. INTRODUCTION

Polyacetylene, (CH),, is the simplest linear con-
jugated polymer. Interest in this semiconducting
polymer has been stimulated by the successful
demonstration of doping with associated control of
electrical properties over a wide range'+?; the
electrical conductivity of films of (CH), can be

varied over 12 orders of magnitude from that of an.

insulator (¢ ~107° ' cm™!) through semiconductor
to a metal (02 10° Q" *ecm™).2"® Various electron
donating or accepting molecules can be used to
yield n-type or p-type material, and compensation
and junction formation have been demonstrated.®
Optical-absorption studies indicate a direct-band-
gap semiconductor with a peak absorption coeffi-
cient of about 3x10° cm™" at 1.9 eV.” Partial ori-
entation of the polymer fibrils by stretch elonga-
tion of the (CH), films results in anisotropic elec-
trical* and optical” properties suggestive of a_high-
ly anisotropic band structure.® The electrical con-
ductivity of partially oriented metallic
[CH(ASF,),,], is in excess of 2000 @ *cm™.* The
qualitative change in electrical and optical proper-
ties at dopant concentrations above a few percent
have been interpreted®:s as a semiconductor-metal
transition by analogy to that observed in studies of
heavily doped silicon.

Although it is clear from Raman studies®'*° that
charge transfer is involved in the doping process,
the nature of the donor and acceptor states in this
semiconducting polymer has not been studied in
detail. In order to understand the conduction pro-
cesses and the evolution from an array of isolated
impurity centers to a system exhibiting metallic
conduction, a thorough investigation of the impur-
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ity donor or acceptor states is necessary.

In this paper we present an infrared study of the
(CH), system lightly doped (<0.1%) with acceptors
and donors. We noted previously*! that additional
absorption appears around 0.1 eV with iodine.
These measurements have now been expanded to
include AsF, and Na; the 0.1-eV absorption ap-
pears to be a general feature. In addition, a sec-
ond molecularlike narrow mode is observed at 1370
cm™! on doping. The ability to achieve partial fi-
bril orientation through stretch elongation' has
made possible polarized transmission measure-
ments with the conclusion that the additional ab-
sorptions are polarized primarily parallel to the

. polymer chains, The experimental results are dis-

cussed in terms of donor and acceptor bound states
along the (CH), chains. Since a description of ex-
tended states in semiconductors involves an effec-
tive-medium approach, we include an experimental
determination of the room-temperature dielectric
constant in undoped polyacetylene. The experi-
mental techniques are described in Sec. II, and the
results in Sec, III. The data are discussed and
analyzed in Sec. IV in terms of a quasi-one-dimen-
sional hydrogenic model of the donor (acceptor)
state.

II. EXPERIMENTAL TECHNIQUES

Polyacetylene crystalline films were prepared
using techniques similar to those developed by
Shirakawa and collaborators®® in the presence of
a Ziegler catalyst with polymerization carried out
at —-78°C. X-ray diffraction and scanning-electron-
micrograph studies show that films of any cis and
tvans composition are polycrystalline and consist
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of matted fibrils. As described by Shirakawa

et al.,*® the measured density is 0.4 g/em®, com-
pared with 1.2 g/cm?® as obtained by flotation
techniques, indicating that the polymer fibrils fill
only about one third of the film volume. This is
shown clearly in electron micrographs obtained in
our laboratory, in agreement with the earlier
studies.!® Samples used in this study were either
~90% cis (as grown at —-78°C) or 95%-98% trans
(after thermal isomerization for 2 h at 200C).
Typical polymer films were 60 ym (0.06 mm) in
thickness. Orientation was achieved by stretching
cis-(CH), films at room temperature with subse-
quent additional stretching during isomerization at
200C. Details on the orientation techniques are
presented elsewhere.!?'1*

Infrared transmission measurements were car-
ried out using both as-grown and oriented films
with varying light levels of doping. Doping tech-
niques are described in earlier publications.!™®
The maximum doping levels used in these experi-
ments were 0.1 mole% (~1.8%x10' c¢m™3) as deter-
mined by weight change of the sample. Lighter
levels of doping were monitored by measurement
of the electrical conductivity. The dopant concen-
trations appropriate to Figs. 2, 4, 5, and 6 were
obtained by normalizing the measured absorption
coefficient to that of the highest concentration
(~0.1 mole%). The absolute accuracies on the con-
centrations are estimated to be +50%. The ir
transmission data were taken with a Perkin-Elmer
225 spectrophotometer equipped with a AgBr polar-
izer. B

Dielectric-constant measurements on undoped
(CH), were performed using the cavity-perturbation
technique of Buravov and Shchegolev'® at a fre-
quency of 10 GHz. The experimental apparatus has
been described in detail in an earlier paper.!® A
long thin rectangular shaped sample consisting of
five layers of undoped oriented (CH), film (pressed
together) was placed at the center of a rectangular
transmission TE,;, cavity. The sample dimen-
sions were such that when the length was perpen-
dicular to the field, the depolarization factor (n)
was near unity so the external microwave field is
unperturbed. With the long axis of the sample ori-
ented parallel to the field, n was small (~1073),
and the internal microwave field induced currents
in the sample and thereby perturbed the cavity.
Since the losses were found to be negligibly small
in the undoped polymer, the dielectric constant
could be obtained directly from the shift in cavity
frequency,s1®
1 ) 5
T a/n -5 = 7“— ’ } (1)

since 8 < a/n where 6=(f, ~ f,)/f, is the fractional

g-1=
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shift and =2V /V, is the cavity filling factor (V,
is the sample volume, V, is the cavity volume). In
applying this result to (CH), we must recall that
because of the fibril nature of the films the density
is only one third the theoretical density. Thus the
true filling factor is approximately 3 that obtained
from the sample volume.

III. EXPERIMENTAL RESULTS

Figure 1 shows a series of curves of the mea-
sured transmission through an unoriented film
(thickness =60 m) at successively higher levels
(20.1 mole%) of the AsF, dopant. Two strong in-
frared absorption features develop in the doped
polymer: a narrow mode (width, '~ 50 cm™?)
around 1370 cm™! and a broad band (width about
400 cm™!) centered around 900 cm™?,

The narrower mode at 1370 cm™! (Fig. 1) is com-
parable in width and intensity to other ir-active
modes observed in the undoped polymer, suggest-
ing that it arises from a molecular vibration. A
comparison of the absorption to the C-H out-of-
plane bending mode (1015 ¢cm™? in the frans isomer
or 740 cm™! in the cis isomer) indicates that the
oscillator strength is quite large. We conclude
that doping at a level below 0.1% turns on an ir
mode to a strength comparable with the strongest
modes of the undoped polymer. The broader ab-
sorption near 900 cm™! (0.1 eV) appears qualita-
tively different from other modes in the spectrum.
The relatively large width distinguishes this ab-
sorption from a typical molecular vibration. Fig-
ure 2 replots the data of Fig. 1 in terms of the ad-
ditional absorption over the undoped sample.

The two characteristic absorptions shown in
Figs. 1 and 2 for AsF,-doped (CH), appear to be
general features of the lightly doped polymer; sim-
ilar structures are observed for both acceptors and
donors including AsFy, iodine, and Na. For ex-
ample, Figs. 3 and 4 show the transmission and
absorption data obtained from an iodine-doped film
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FIG. 1. Transmission through an unoriented film
(thickness =60 pm) of cis-(CH), at successively higher
levels of AsF; dopant. The highest dopant concentra-
tion corresponds to about 0.1-mole % AsFj.
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FIG. 2. Additional absorption (over the undoped sam-
ple) as a function of energy (in eV) (<0.1%)AsF; in
cis-(CH), . The data were obtained from Fig. 1 (note
that 900 cm~1=0.11 eV and 1370 cm-1=0.17 eV). The
upper curve corresponds to approximately 0.1-mole %
AsF;, the other curves to 0.06% and 0.03%, respec-
tively.

at a similar doping level. The experimental curves
for the iodine-doped polymer are nearly identical
to those obtained with AsF, doping.. The absorption
data obtained after doping with Na (<0.1%) are
shown in Fig. 5. The same two features appear;
the results for donor and acceptor doping are es-
sentially indistinguishable.

The effect of variations in (cis {rans) content has
also been investigated. Figures 1-5 were obtained
using (CH), polymerized at —78 °C. The ir bands
indicate ~90% cis content. Figure 6 shows the ab-
sorption results obtained after light doping (<0.1%)
of a trans-(CH), film with iodine, The 1350~ and
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FIG. 3, Transmission through an unoriented film
(thickness =60 pm) of cis-(CH), at successively higher
levels of iodine dopant. The highest concentration cor-
responds to about 0.1-mole % iodine.

900-cm ™! absorption bands are again clearly evi-
dent.

The 900- and 1370-cm™! absorptions are polar-
ized along the polymer chains as demonstrated by
the results from oriented films, Figures 7 and 8
show the absorption around 900 and 1370 cm™! for
both polarizations, the electric field perpendicular
and parallel to the orientation direction. The ab-
sorption is much stronger for radiation with the
electric field along the chain. It is quite possible
that the absorption is entirely polarized and that
the observed absorption for the perpendicular po-
larization is due to the incomplete alignment of the
fibrils. As can be seen, the absorption maxima
occur at Zw,=0.11 eV with an approximate width
of 7Ty~ 0.05 eV and 7w, =0.17 eV with an approxi-
mate width of #I", ~ 0.005 eV. The peak absorption
for CH(ASF;), 00, COrresponds to an absorption co-
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FIG. 4. Additional ab-
sorption (over the un-
doped sample) as a func-
tion of energy (in eV) for
- dilute iodine in cis-(CH), .
The data were obtained
from Fig. 3 (note that-
900 cm™!=0.11 eV and
1370 cm*=0.17 eV). The
— upper curve corresponds
to approximately 0.1~
mole % iodine (or 0.03%I;),
the lower curves to 0.05%
(0.016%13") and 0.015%
0.005%I;~), respectively.
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FIG. 5. Additional absorption (over the undoped sam-
ple) as a function of energy (in eV) for dilute (<0.1%)
sodium in cis-(CH), (note that 900 cm~1=0.11 eV and
1370 cm~1=0.17 eV).

efficient of approximately o=~ 500 cm™ (sample
thickness =60 um).

The microwave cavity perturbation measure-
ments yielded a value for ¢,(10 GHz)=9.3 for ori-
ented films of (CH),. To obtain this number we
carried out the measurements on aligned films as
described in Sec. II using as the filling factor «
=% V,/V,, where the factor  results from the rel-
ative density of the (CH), films. Examination of
the fibrous structure of the aligned films by elec-
tron microscopy gives confidence that the depolari-
zation factor is small (s1072) for the electric field
parallel to the orientation direction (i.e., parallel
to the polymer fibrils) and large (~1) for the elec-
tric field perpendicular to the orientation direc-
tion. Incomplete orientation limits the accuracy;
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FIG. 6. Additional absorption (over the undoped sam-
ple) as a function of energy (in eV) for dilute iodine in
trans-(CH), (note that 900 cm-1=0.11 eV and 1370
cm-1=0,17 eV). The upper curve corresponds to approx-
mately 0.1-mole% iodine (0.03%Iy), the lower curve to
0.015% (0.005%1;7).
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FIG. 7. Polarization dependence of the 900-cm-1
(~0.11 eV) absorption for cis-(CH), lightly doped (< 0.1%
with iodine. || and L refer to ir electric field polarized
parallel and perpendicular to the orientation direction.

the above value is a lower limit. From a combina-
tion of the anisotropy in the optical reflectance
data plus electron microscopy we estimate 70%—
90% alignment in the bulk of the film, implying ¢,
~10-12. Note that ¢, in (CH), is expected to be
anisotropic. The above value represents the value
appropriate to electric fields parallel to the (CH),
chains, €!=10-12; we currently have no measure-
ment of €1

IV. DISCUSSION

The simplest model of the donor or acceptor
state follows the traditional semiconductor appro-
ach and pictures the electron or hole, with an ef-
fective mass determined by the band structure,
loosely bound to the charged center by Coulomb
forces in a dielectric medium.'?'*®* This model re-
sults in simple hydrogeniclike orbitals for the don-
or and acceptor states. The binding energy of the
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FIG. 8. Polarization dependence of the 1350~-cm~?
(~0.17 eV) absorption for cis-(CH), lightly doped
(< 0.1%) with iodine. || and L refer to ir electric field
parallel and perpendicular to the orientation direction.
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most tightly bound orbit with 1s character is
€5 =—(€%/2a,)[(m*/m)(1/€?)],

where a, is the Bohr radius. The radius of such an
orbit is a*=aem/m*. In the case of silicon €,
=0.04 eV; for germanium €,=0.01 eV. The radius
of the 1s-like state in silicon is a*=~25 A. The ob-
served small values for €5 are consistent with the
relatively large values obtained for the dielectric
constant.

The 0.11-eV absorption described in Figs. 1-8
is a possible candidate for the ionization of the
donor or acceptor states in doped (CH),. The width
of the mode argues against the possibility that the
absorption has its origin in a molecular vibration
associated with the introduction of the dopant into
the polymer. More importantly it would be diffi-
cult to understand why the absorption mode should
be at the same energy for several different dopant
species.

In an attempt to apply the traditional approach
to donor (acceptor) states in semiconductors we
assume the following model for the impurity states
in lightly doped (CH),. Instead of substitutionally
replacing the host as in silicon, the impurity re-
sides very close to the polymer chain, either on
the surface of the 200-A fibrils and/or between
individual chains. At the light doping levels studied
here we assume isolated impurities interacting
with a single polymer chain. At heavy doping lev-
els impurity interactions will become important.
However, at the doping levels used in the present
experiments this should not be a problem.

We consider then a model system of an impurity
interacting with a polymer chain as sketched sche-
matically in Fig. 9(a). The impurity could either
donate an electron to, or accept an electron from,
the chain. In the donor case, the electron on the
chain would be in an empty conduction band free to
delocalize if it were not for the Coulomb binding to
the impurity [Fig. 9(b)]. The expected absorption
would correspond to the ionization of this weakly
bound state. The binding energy of such an impur-
ity state is the same as for donors and acceptors
in traditional semiconductors scaled to the proper
dielectric constant. The resulting localized state
energy levels are in the gap as indicated in Fig.
9(c). Note that these localized states are not
charge transfer states; the ionic species, e.g., I,”
or Na*, are stable in (CH), with energy levels be-
low the top of the valence band or above the bottom
of the conduction band, respectively. The local-
ized states of Fig. 9 are bound states of the elec-
tron or hole on the polymer chain in the vicinity of
the charged donor or acceptor ion. Because the
carriers are restricted to the polymer chains, in
the case of weak interchain coupling, one would
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FIG, 9. (a) Schematic diagram of donor (or acceptor)
ion near a (CH), chain. (b) The resulting electron
(or hole) on the polymer chain is bound by the
Coulomb potential [ V(7)] to the region of the chain near
the donor (or acceptor) ion. “The envelope function of
the wave function is F(7). (c) The resulting donor (or
acceptor) bound states are in the energy gap (see text).

¢

expect to observe strong polarization effects. This
qualitative picture is in general agreement with the
experimental results. ‘
Although it is somewhat surprising that a simple
hydrogenic model should be applicable in this case
of reduced dimensionality, the impurity states in
(CH), can be treated in direct analogy to donor and/
or acceptor states in conventional semiconduc-
tors.'™!® In the case of (CH),, we approximate the

‘polymer chain by a one-dimensional chain and use

the effective-mass equations to solve for the mod-
ulation envelope of the Wannier functions in the
presence of a slowly varying Coulomb potential as
a perturbation. Writing

Hoo(r)=€zp,(r), (2)
where
Pn=AY FR,)x,r-R,) ®3)

and x () is the Wannier function, A is the normal-
ization constant, and F(R,) is the envelope function.
Using the orthogonality of the Wannier functions,
one obtains (in the continuum limit)

[(1/2m*)pzy—ez/e,,lyl]F(y)=€BF(y). (4)

In this equation €, is the binding energy of the
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electron or hole in the Coulomb field screened
along the polymer chain by €, the dielectric con-
stant along the chain (taken to be in the § direc-
tion). Only the effective mass for motion along the
y axis appears because we have assumed weak in-
terchain coupling and thus approximated the trans-
verse mass as infinite. This appears to be a rea-
sonable assumption given the observed transport?
and optical” anisotropies and the fact that estimates
of the ratio of longitudinal to transverse bandwidths
are as large as 10%.5:® Equation (4) was simplified
by ignoring the finite size of the donor or acceptor
ion and assuming (y? +d?)Y2~|y|, where d is the
perpendicular distance from the impurity to the
chain, Although not exact, this approximation will
not lead to serious error so long as the ion size
and the distance d are small compared to the
bound-state dimension as discussed below. The
equation for F(y) is the Schrodinger equation for a
one-dimensional atom. The solutions to this prob-
lem have been discussed extensively with the im-
portant result that the spectrum of energy eigen-
values is the same as in the three-dimensional
case except that only ¢, is involved:

€p=—(€%/2q,)(m*/me?) . (5)
The envelope function is of the form
F(Rn)z([Rnl/aoell)exp(_anl/aoQ.‘)- . (6)

If we take the 2p, atomic orbitals for carbon as the
approximate Wannier functions, the bound-state
wave function [Eq. (3)] describes an electron (or
hole) in the 2p, orbitals of carbon atoms near the
dopant impurity with a probability distribution de-
fined by the square modulus of the envelope func-
tion [Fig. 9(b)]. Photoionization of the bound state
would occur at Zw=|ez|=13.6/€3 eV assuming a
free-electron effective mass along the chain. Tak-
ing the measured dielectric constant to be ¢,=10-
12 and assuming m*/m ~1, we estimate the ab-
sorption to occur in the vicinity of 0.10-0.14 eV,
polarized along the chain direction. The above
analysis is clearly oversimplified, We have as-
sumed three-dimensional screening even though
the anisotropy is known to be large. Although in-
clusion of anisotropy will introduce numerical cor-
rections to the screening length, it should not
change the order of magnitude.

Within this simple theory, the bound-state ener-
gy would be independent of dopant (donor, acceptor,
etc.) as observed experimentally. However, such
a general feature is expected only if the size of the
bound state, ~2¢,a,, is much greater than the size
of the ionic impurity (e.g., I,7, etc.). Since 2¢,q,
~ 10-15 A for (CH),, the identical absorptions ob-
served for iodine, AsF,, and Na are somewhat
surprising.

The strength of the absorption can be estimated
from standard theory. Burstein et al.!® give the
approximate cross section for a photoionization of
the bound state near threshold energy:

0=(8.28 %1071 /e Ve ) (m/m*) ez /Hwl/?,  (T)

where €5 is in eV. Since @=on, where # is the
concentration of impurity centers, the estimated
absorption coefficient for #=0.1% is a~ 5.4 X10?
cm™!, The measured value of the peak absorption
observed in the polarized data (Fig. 7) is approxi-
mately an order of magnitude smaller. In addi-
tion, the shape of the absorption curve is not typi-
cal of a photoionization process where one expects
a relatively sharp onset with a slower falloff at
higher energies. However, local variations in the
polymer, for example in ¢, due to incomplete ori-
entation and only partial crystallinity would tend to
smear the shape and decrease the peak amplitude
of absorption.

From such a picture, the semiconductor-metal
transition can be understood. Starting from the
metallic (high-concentration) side, a decrease in
concentration of impurities results in a decrease
in the number of available charge carriers; thus
there are fewer carriers available to screen the
impurity potential, In the Thomas-Fermi approxi-
mation the screening length

A= (dm*e*nt/3/ e, %) V2

where we have assumed the medium to have a di-
electric constant equal to €, appropriate to the
chain axis; » is the electron density and m* is the

electron effective mass. When the screening

length has grown larger than the adjusted Bohr ra-
dius, it becomes energetically favorable for the
ionized holes or electrons to form bound states
with the charged centers. This further decreases
the carrier concentration while increasing: the
binding energy of the electron or hole to an impur-
ity. The result is a transition from delocalized to
localized states: a metal-to-semiconductor transi-
tion.2%?! There have also been attempts to de-
scribe the transition from the semiconducting side
by use of the Hubbard model.** As the concentra-
tion of impurities increases, the expanded wave
functions of the hole or electron begin to overlap
with those on nearby sites, thus increasing the
transfer integral {. At high enough concentrations,
the dimensionless quantity t/U grows larger than
the critical value needed for formation of delocal=
ized bandlike states (U is the on-site Coulomb in-
teraction) for the impurity electrons or holes. Nu-
merical studies indicate that the critical concen-
tration depends upon the choice of the coefficient
v, where the criterion for metallic behavior is
y(t/U)>1, but the results are relatively insensitive
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toy. For example Berggren?® has shown that {/U
increases rather slowly with concentration until the
critical region where it grows rapidly. Thus the
critical concentration depends only weakly on y.

Both the Thomas-Fermi approximation and the
Hubbard model lead to the rather general state-
ment known as the Mott criterion for the critical
concentration for the semiconductor-metal transi-
tion®*:

nY3 = (4ay) " (m*/me) . v (8)

This model has been used in the initial discussion
of the semiconductor-metal transition in (CH),c.3
However, prior to the data presented in this paper
there has been no experimental evidence of ex-
tended hydrogenic orbits for impurity states in
(CH),. Using Eq. (8), with ¢,~ 10 and m*/m~1,
we estimate n,~ 10°° cm™, in reasonable agree-
ment with the experimental value.?

In summary the simple hydrogenic model for the
isolated donor/acceptor states is only partially
successful in accounting for the experimental ob-
servations. The calculated binding energy is in
good agreement, and the theory based on this ap-
proach gives a correct estimate of the critical con-
centration at the semiconductor-metal transition.
However, the shape and intensity of the absorption
are quite far off. Moreover, the remarkable quan-
titative insensitivity of the energies of the absorp-
tion maxima to the dopant species is difficult to
understand within a realistic application of the
model. Finally, the intense, narrow, molecular-
like, absorption at 1370 ecm™ cannot be understood
within this model.

The analysis presented above assumes a rigid
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band structure along the lines of traditional semi-
conductor physics. However, the bond-alternation
energy gap in polyacetylene may be viewed as the
result of the 2%, instability in a quasi-one-dimen-
sional metal.?®:2® In this point of view,?” the effect
of charge-transfer doping would be to change k&,
=(n/2)n, where n is the number of carriers per
unit length along the chain in the undistorted metal-
lic state. In the pure polymer, there is one 7 elec-
tron per carbon atom corresponding to a half-
filled band so that n,=q"!, where g is the uniform
carbon-carbon bond length and k, =k% =7/2a. The
resulting charge-density-wave distortion occurs
with a superlattice period 5% =27/2k, =2a, implying
a dimerized bond-alternating structure as ob-
served in (CH),. Doping will change k.; kp=(n/
2)ny(1+c), where c is the impurity concentration,
and the plus or minus sign is appropriate for donor
or acceptor doping. We have assumed complete
charge transfer. The resulting superlattice period
will shift away from 2% =2a to a new value b, =2a/
(1+¢), incommensurate with the carbon-chain
polymer structure. However, the commensurabil-
ity energy strongly favors locking 2k, at the zone
boundary; a commensurate bond alternation with
period 2q places m-bond charge between carbon
atoms [Fig, 10(a)], whereas in the incommensur-
ate case, the charge-density maxima and minima
would not be related to the atomic positions.

The commensurate-incommensurate phase tran-
sition in the presence of a large commensurability
potential has been a subject of considerable theo-
retical interest in recent years.2®73® It is found®®~3°
that for small deviations from the half-filled band
case (i.e., for small concentrations c¢) the solution

H H H H FIG. 10. (a) Schematic
| | | | :
NP NP diagram of bond-alter-
7 7Y nated polyene. The m
H H H

charge density p(x) is
plotted below, showing the
buildup and depletion of
bond charge between suc-
cessive neighbors. (b)
Schematic diagram of
bond-alternated polyene
with a 27 phase-kink dis-
tortion caused by charge
transfer to nearby. accep-
Z z I tor. The missingm bond

NP4 SN /‘1\ 0 0 Y W isarbitrarily spread over
|

three lattice constants for
illustration, i.e., the do-
main-wall thickness d is
chosen as three lattice
constants. In general there
may be both an amplitude
distortion and a phase dis-
tortion within the wall,



19 - DONOR AND ACCEPTOR STATES IN LIGHTLY DOPED... 4147

consists of relatively large domains in which 2
=F% =u/2a separated by localized domain-wall-like
regions. Within the domain walls, the charge-
density wave is incommensurate; the phase is
stretched or contracted such that either one full
period (27) or one half period () is added or sub-
tracted within the width of the wall. Since each
full period or each 27 of phase in the charge-den-
sity wave corresponds to a charge of 2e, the do-
main wall is charged with ¢=2¢ (27 phase kink) or
g=e (r phase kink). Both the overall periodicity
and the average charge density are preserved.
Phase distortions will exist without associated
amplitude distortions provided the mean-field
transition temperature is high and the order pa-
rameter is well developed. In general, one can
expect, in addition, some reduction in amplitude
within the wall.

This phase-kink doping has a simple chemical
interpretation. Consider first the 27 phase kink as
sketched in Fig. 10(b). Acceptor doping would re-
sult in localized domain-wall-like positively
charged regions, in which two 7 electrons, in ef-
fect, one 7 bond, would be removed and the charge
transferred to nearby acceptor impurities. The
result would be a 27 phase kink distributed over a
group of carbon atoms in the domain wall along the
polymer chain. Although similar to the phase-soli-
ton excitations®® of the charge-density-wave
(CDW) condensate, these localized distortions
would be a property of the ground state of the doped
polymer, induced so that the perturbed bond-al-
ternation charge-density wave can continue to take
advantage of the large commensurability energy.
The 7 phase kink separates regions in which al-
ternating double and single bonds are shifted by
one carbon-carbon bond length (i.e., single-double-
single-double, etc., on the left, and double-single-
double-single, etc., on the right). For the 7 kink,
the resulting unpaired electron on the central car-
bon is transferred to a nearby acceptor and the
resulting positive charge is delocalized over the
width of the wall. Such charged regions would be
bound to the dopant impurity by the Coulomb inter-
action resulting in a polarized ionization absorp-
tion similar to that described above. An estimate
of the binding energy would require knowledge of
the charge, e or 2e, and the effective mass M
(currently unknown) of the phase-kink domain wall.

This type of ground state might also provide a
source for the strong absorption observed in the
infrared at 1370 cm™, Within the region of the
“phase kink,” the charge-density wave would be
incommensurate with the underlying polymer im-

plying an average bond order close to 1.5. It is
therefore tempting to suggest that the 1370-cm™
mode, which occurs at a frequency approximately
intermediate between a single-bond (C~C; ~950
cm™!) and double bond (C =C; ~1650 cm™!) vibra-
tion corresponds to a region of uniform bond
lengths characteristic of the uniform polyene .
chain. Although a detailed theory is not yet avail-
able, the locally incommensurate charge-density
wave breaks the inversion symmetry so that car-
bon-carbon stretching modes could become ir ac-
tive. The intensity of the observed absorption im-
plies an enhanced oscillator strength with a sub-
stantial electronic contribution perhaps resulting
from a combination of wall motion and molecular
vibration in response to the oscillating electric
field of the ir wave (wall motion can lead to an en-
hanced effective oscillating ir electric field in a
manner analogous to the radio frequency magnetic
field enhancement observed in nuclear-magnetic-
resonance absorption in the domain walls of ferro-
magnetes®). The induced ir activity would thus be
somewhat similar to that proposed by Rice®3:3 in
studies of the coupling of symmetric molecular vi-
brations to charge-density waves. Detailed calcu-
lations are required for quantitative comparison
with experiment.

V. SUMMARY AND CONCLUSION

In summary, we have shown that the impurity
states in polyacetylene can be analyzed in a man-
ner quite analogous to that used in the traditional
semiconductors. However, viewing (CH),r as a one-
dimensional metal driven to bond alternation by
the Peierls instability leads to a new type of donor
(acceptor) state similar to the phase solition ex-
citations of the charge-density-wave condensate.
The experimental ir absorption changes observed
upon doping are discussed in the context of these
models of the doping in this conjugated polymer.
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