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The band structure and electronic properties of pure and heavily doped polyacetylene (both as grown and
stretch oriented) have been investigated by a combination of optical-absorption and -reflection measurements
in the frequency range from the middle ir (0.1 eV) through the visible (4.0 eV). The absorption data are
consistent with a direct gap of approximately 1.4 eV in the trans-(CH),. A Kramers-Kronig analysis of the
reflection data has been carried out to obtain o(w) and €(w). We find that for the undoped semiconducting
polymer, the strong transition observed in the visible exhausts the oscillator strength sum rule for 7 electrons
consistent with an interband transition. The frequency-dependent conductivity obtained from Kramers-Kronig
analysis of the metallic polymer reflection data suggests “interrupted-strand” behavior. Application of
effective-medium theory implies an intrinsic dc conductivity for metallic [CH(AsFs)y 5], of o > 2 X 10* Q!
cm™!. The measured dc values have thus far been ‘limited by the low-density fibril morphology.

I. INTRODUCTION

The electronic structure of polyenes has been a
subject of interest for many years. The unsatur-
ated bonds which characterize the polyenes have
an important effect on their electronic structure
and the corresponding electronic properties. In a
polyene (see Fig. 1, for example) three of the four
carbon valence electrons are in sp? hybridized or-
bitals; two of the o-type bonds are links in the
backbone chain while the third forms a bond with
some side group (e.g., H in Fig. 1). The remain-
ing valence electron has the symmetry of the 2p,
orbital and forms a 7 bond in which the charge
density is perpendicular to the plane of the mole-
cule. In terms of an energy-band description, the
o bonds form low-lying completely filled bands,
while the 7 bond would correspond to a half-filled
band. The 7 bond could be metallic provided there
is negligible distortion of the chain, and an inde-
pendent-particle model proved to be satisfactory.

The possibility of a distortion of the molecular
structure intrigued the early investigators. Len-
nard-Jones,! in an early application of Hiickel
theory of molecular orbitals, investigated the elec-
tronic structure of polyenes. His conclusion, that
in the limit of an infinite chain the bonds tended to
a constant value of 1.38 A, was later supported by
studies of Coulson.? However, the theoretical
conclusions seemed less than satisfactory in view
of the experimental observations.} Using either -
molecular-orbital (MO) theory or a free-electron
model in which the 7 electrons are considered free
to delocalize along the chain, the energy for a

transition to the lowest excited state decreases
linearly with the reciprocal of the chain length.
This rule was observed to work rather well for the
short polyenes. However, experiments indicated
that for very long chains the transition energy
reached a limiting value of about 2 eV.® Later
Kuhn! demonstrated that bond alternation could
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FIG. 1. Molecular structure of cis and frans isomers
of polyacetylene, (CH),.

1589 © 1979 The American Physical Society



1590 C. R. FINCHER, JR. et al. 20

serve as a possible explanation of the energy gap
in long polyenes.

The first convincing analysis was that given by
Lounget-Higgins and Salem®; by assuming a well-
defined model they were able to carry out the cal-
culation without recourse to estimates of physical
parameters. Considering this simple model, we
begin with a chain consisting of 2N + 1 carbon
atoms. Although the binding energy of the polyene
will include contributions from both the 7 network
and o bonds, the two parts can be handled indepen-
dently by assuming o -7 separability and writing
the energy as

v=F,+8§,. (1)

The localized nature of the o electrons implies that
the term &, may be considered as a sum of contri-
butions from individual C-C bonds:

N
Fo=2 f0ry). (2)
1=
The energy of the 7 electrons is calculated accord-
ing to MO theory;
8(N) =+[B} + B3 + 288, cos(2mj /2N + 1)) /% |
j=0’ il’ iz,.'.liN! (3)
where By and B, (<0) are the transfer integrals be-
tween successive sites. In the absence of bond al-
ternation g; =pB,, and the energy eigenvalues form
a band of width 2Z¢=418|. On the other hand, if
one bond is longer than the other implying that 8

#f,, then a set of bonding and antibonding orbitals
are formed in the ranges

Bi+By< & <—By+8,,
Bi—By<s8E<-By-B,,

respectively. Since overlap integrals decrease
exponentially in the separation distance, a reason-
able assumption is that

@ty ~(a=x)
ﬁ]zﬁoe ax/xo’ B2=ﬁoe a=x /10, (5)

(4)

where x is a small displacement of the atomic
separation, x, is a typical radius of the 2p, orbital,
and B, is an energy (<0) with magnitude of the or-
der of the m-electron ionization potential, and a is
the uniform (undistorted) chain bond length. Using
these expressions for B(x) and Eq. (3), one obtains

L %x 1/2
é’,,=—2!BGIE(2cosh;—+2cosj9> , (6)
oy o

where |8, | =I8,le™/%0 is the transfer integral inthe
undistorted state and 6 =27/(2N +1). The condition
for equilibrium at x=0 (i.e., undistorted) is

2y
ax2

>0,

x=0

or
0
3°F, (418, j
—-—fax <_r_xo )§56c2N+1>0' (M

The bond alternation instability is now obvious in
that the first term is clearly proportional to the
number of ¢ bonds (2N + 1), while the second term
diverges like NInN as N-~«, Hence, for an in-
finite polyene the stable configuration is one of
unequal bond lengths. This result is no more than
a restatement of the one-dimensional (1-D) Peierls
instability® " for a special case. For long polyenes
where bond alternation becomes important the
electron is subject to a periodic potential with a
period of twice the original undistorted chain. Such
a potential introduces a gap at 2k causing a change
of character in the polyene from a metal to a semi-
conductor,

The importance of correlation in long chain
polyenes has been stressed by Ovchinnikov et al.b
and others.’ Ovchinnikov et al.® argued that the
electronic gap of ~2 eV seen in the long chain
polyenes is due almost entirely to correlation with
the Peierls effect playing little or no part. How-
ever, there is not general agreement on this point.
Grant and Batra!? estimated a somewhat larger
single particle energy gap, whereas Duke et alM
showed that a calculation including a combination
of bond alternation and Coulomb interaction yields
results in agreement with photoemission and op-
tical absorption data.

Linear polyacetylene, (CH),, is the simplest
conjugated organic polymer (Fig. 1) and is there-
fore of special fundamental interest in the context
of the above discussion. From theoretical and
spectroscopic studies of short chain polyenes, the
m-system transfer integral can be estimated as
|B,1=2-2.5 eV. Such an estimate implies that the
overall bandwidth would be of order 8-10 eV; W,
=2Z18,l. However, the transverse bandwidth due
to interchain coupling is much less. The nearest-
neighbor interchain spacing!® of 4.39 A implies a
transverse bandwidth (W,) comparable to the band-
width (longitudinal) in molecular crystals like
tetrathiafulvalenium-~tetracyano-p-quinodimethan-
ide (TTF-TCNQ); thus W, ~0.1 eV. Weak inter-

“chain coupling is therefore implied, and the sys-

tem may be regarded as quasi-one-dimensional,
Consequently, although the 1-D Peierls instability
is not a full explanation of the electronic structure
of polyacetylene, it provides a useful starting point
of discussion for many of the electronic proper-
ties.

Interest in this semiconducting polymer has been
stimulated by the successful demonstration of
doping with associated control of electrical proper-

ties over a wide range!®'!*; the electrical conduc-
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tivity of films of (CH), can be varied over 12 orders
of magnitude from that of an insulator (o ~107° Q!
cm™!) through semiconductor to a metal (0 2 10° Q7!
cm™ 1) 1%71" yarious electron donating or accepting
molecules can be used to yield n-type or p-type
material, and compensation and junction forma-
tion have been demonstrated.!® Optical-absorption
studies indicate a direct band-gap semiconductor
with a peak absorption coefficient of about 3 x10°
cm™!at 1.9 eV.!® Partial orientation of the polymer
fibrils by stretch elongation of the (CH), films re-
sults in anisotropic electrical'® and opt:ical‘9 prop-
erties suggestive of a highly anisotropic band
structure.!® The electrical conductivity of partial-
ly oriented metallic [CH(AsF;). ], is in excess of
2000 Q7! ecm™.*® The qualitative change in electri-
cal and optical properties at dopant concentrations
above a few percent have been interpreted!®:17,2%21
as a semiconductor-metal transition by analogy to
that observed in studies of heavily doped silicon.

In this paper we present an experimental study
of the lowest energy interband transition in poly-
acetylene and the free-carrier effects which re-
sult from heavy doping. Initial results on the op-
tical properties were presented earlier in a brief
communication.!” The present work, a more de-
tailed study including both absorption and reflec-
tion by films of cis- and trans-(CH),, is presented
in an attempt to provide a more complete under-
standing of the electronic structure of this proto-
type semiconducting polymer. The experimental
techniques are described in Sec. II. For pure
(CH),, the experimental results are presented in
Sec. III; the results for the heavily doped (with
iodine or AsF;) metallic polymers are given in
Sec. IV. The absorption data for pure (CH), are
discussed in Sec. V in the context of the band
structure and the role of Coulomb correlations in
this quasi-1-D polymer. In Secs. VI and VII, we
present a Kramers-Kronig analysis of the broad
band reflectivity data to obtain the frequency-de-
pendent conductivity and dielectric function, o(w)
and ¢(w), for the pure (semiconducting) and the
heavily doped (metallic) polymers.

II. EXPERIMENTAL TECHNIQUES

Polyacetylene crystalline films were prepared
using techniques similar to those developed by
Shirakawa and Ikeda and collaborators? in the
presence of a Zeigler catalyst with polymerization
carried out at — 78 °C. Samples used in this study
were either ~90% cis (as grown at — 78 °C) or
95% trans (after thermal isomerization for 2 h at
200 °C). .

Visible absorption measurements utilized thin
films polymerized on the inner surface of a glass
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reactor apparatus and were made on a Cary 14
spectrophotometer after inserting shielding ma-
terial into the sample compartment to prevent

~ scattered light from reaching the detector. The

films were kept under vacuum during initial
measurements; doping into the metallic range was
carried out by subsequently introducing iodine or
AsF; vapor. In order to calculate the absolute ab-
sorption coefficient it was necessary to obtain an
accurate determination of the film thickness.
These thickness measurements were performed
after the completion of the optical measurements
either by examination of calibrated electron micro-
graphs or through use of an angstrometer. The
measurement of a series of films resulted in
thicknesses of about 0.1 pm; the resulting absorp-
tion coefficient was independent of the method used
to determine the thickness.

Reflection measurements utilized free standing
polymer films (thickness typically 0.05-0.1 mm).
Orientation was achieved by stretching cis-(CH),
films at room temperature with subsequent addi- ,
tional stretching during isomerization at 200 °C.
Details on the orientation techniques are presented
elsewhere.”® Reflectivity measurements in the
middle ir through the visible utilized single beam
spectrometers with the reflection from the sample
compared to that of a mirror to obtain the abso-
lute reflectance. All measurements were carried
out at room temperature.

III. EXPERIMENTAL RESULTS: PURE (CH),

Absorption data for undoped ¢{rans-polyacetylene
are presented in Fig. 2. The absorption coeffici-
ent begins a slow increase around 1.0 eV rising
sharply at 1.4 eV to a peak at about 1.9 eV. The
magnitude of the absorption coefficient (3 x10°
cm™!) at the peak is comparable with the peak val-
ue in typical direct gap semiconductors of about
10° ecm™!,
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FIG. 2. Absorption coefficient as a function of fre-
quency; trans-(CH),.
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Similar absorption data for the cis isomer are 06 T T T —
presented in Fig. 3. Note that the absorption max-
imum is blue-shifted by about 0.3 eV-2.1 eV.
There is also evidence of some structure around
the peak absorption. The peak absorption coeffi-
cient (~4x10° cm™! near 2.1 eV) is again compar-
able to that in typical direct-gap semiconductors.

Figure 4 shows the polarized reflectance data
from oriented films (1/1,~2.5-3) of pure {rans-
(CH),, where [, and [ are the unstretched and
stretched lengths, respectively. The earlier data!® : 00 05 10 15 20 25 30
have been extended into the infrared down to 0.1
eV. The large optical anisotropy induced by or-
ientation is clearly evident. The reflection data FIG. 4. Polarized reflectance as a function of fre-
are consistent with a semiconductor model for quency from partially oriented (CH), (1/l,=2.5). R,

) L . and R, refer to light polarization parallel and perpen-
pure (CH), in qualitative agreement with the ab- dicular to the orientation direction.
sorption data described above. The interband
transition is apparent in R, in the region of 2 eV
with the reflectance decreasing to a low frequency
value of R, ~ 0.1, implying a dielectric constant
of ¢,~ 3-4, in agreement with the value measured?®’
at microwave frequencies [note that the low density
of fibrils in the (CH), films implies that the true
value of ¢, within a given fibril is ¢,~10-12]. The
perpendicular reflectance R, is small throughout
the measured range indicative of quasi-one-dimen-

REFLECTANCE (R)

hw (eV)

in good agreement with Fig. 2. Note, that the im-
plied quantitative agreement between the R, data
from partially aligned films and the absorption by
nonaligned films implies that the strong absorption
is polarized along the chain direction. We there-
fore conclude that the anisotropy is intrinsic and
is present on a single fiber scale in the nonorien-
ted polymer.

sional behavior and relatively weak interchain IV. EXPERIMENTAL RESULTS: DOPED METALLIC (CH),
coupling. The low frequency limiting value, R, .

~ 4%, implies ¢, =~ 1.5. The absorption data taken after various levels of

A quantitative comparison of the absorption and iodine doping are presented in Figs. 5 and 6 for
the reflectance spectra for tvans-(CH), is obtained both isomers. After doping with iodine, the vans
“by modeling the interband transition as a single isomer shows a small decrease in the magnitude

Lorentz oscillator centered at 2 eV. Thus assum- of the 2-eV transition, with additional absorption
ing ‘ appearing at lower frequencies. The same general

_— : features are apparent in the iodine-doped cis poly-
fw)=1+9¢/(w; -w* —iwT) (8) mer. Of particular interest is the observation of

leads to E,=7w,=2 eV, 7Q;~4.0 eV, and 7T =~ 0.54 a significant change in the position and line shape
eV, the latter two parameters being determined by

titting to ¢,(0) and R, (2 eV). From these one esti- ‘ ' ‘ ’
mates a peak absorption at 2 eV of =5x10° ¢cm™? ABSORPTION EDGE (CH),
30 —
T T T
OPTICAL ABSORPTION
a0} cis - (CH), - ~
n L)
€ 20} -
o
_ 30 | °
_‘E 3
§
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| | | | hw (eV)
o 1.0 20 30 4.0 . L.
E (ev) FIG. 5. Absorption coefficient as a function of fre-

quency; trans-(CH),. Curve I reproduces the data of
FIG. 3. Absorption coefficient as a function of fre- Fig. 2; curve II was obtained from the same film after
quency; cis-(CH),. doping with iodine.
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FIG. 6. Absorption
coefficient as a function
of frequency; cis-(CH),.
The various curves rep-
resent various doping
levels (iodine) as moni-
tored by the film resis-
tance; lowest resistance
corresponds to the
metallic limit. The solid
curve is from undoped
cis-(CH),.
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after doping the cis polymer with iodine. The ab-
sorption spectrum of the cis isomer after doping

is quite similar to that of the trans isomer. This
change suggests that isomerization occurs upon
doping. Isomerization during doping is interesting
in view of the fact that when the cis films are doped
they regularly reach higher conductivity (by a fact-
or of 2-5) than the (doped) frans films. Because
the {rvans isomer is obtained from the cis by a
thermally induced solid-state transformation, one
might anticipate a larger number of defects in the

3.0

4.0

tvans isomer than in the cis starting material, In-
deed, ESR studies??* have shown approximately
a tenfold increase in unpaired spins upon isomeri-
zation, consistent with localized defect formation.
Cis-tvans conversion during doping and the higher
conductivity with cis starting material would sug-
gest that the resulting tvans-(CH), has fewer de-
fects than that produced in the usual thermal iso-
merization.

In Fig. 7, absorption data for AsF;-doped cis-
polyacetylene are presented for several concentra-

FIG. 7. Absorption
coefficient as a function
of frequency; cis-(CH),.
The various curves
represent various doping
levels (AsF;) as moni-
tored by the film resis-
tance. The solid curve
is from undoped cis-(CH),.

4.0 T T : 1
OPTICAL ABSORPTION
As Fg DOPED cis~(CH)y
3.0+
MAX (~ 1 Q)
- 5000 -
T 2.0 N
£ AN
[$]
‘o 10 MQ
3 1.0
| | | |
o} 1.0 2.0 30 40
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tion levels of the AsF;. The AsF;-doped polymer
does not show any change in line shape other than
a decrease in intensity until the heaviest doping
levels. At these high dopant levels the absorption
is a simple monotonically decreasing function of
energy, suggestive of free-carrier absorption.
The absorption data of the AsF;-doped polymer at
the highest concentrations are quite different from
the iodine data, The m - 7* absorption decreases
significantly upon doping until only the slightest
trace of the transition remains at the highest con-
centration,

Polarized reflectance data from oriented films
of heavily doped metallic (CH), are shown in Fig,.

8 [(CH(ASFy),.,4)], and Fig. 9 [(CH(D, ,,)],- The
parallel reflectance R, is similar for the different
dopants with two features of particular interest.
First, the interband transition at 2 eV is clearly
evident after doping, although reduced in intensity.
Second, R, increases in the infrared consistent
with metallic behavior; at the lowest frequencies
R, approaches unity.

The absorption and reflection data for iodine~
doped samples are consistent; both clearly show
the interband transition at 2 eV and free-carrier
metallic effects in the infrared. For the AsF;-
doped system the experimental situation is less
clear. Examination of the reflectance data for
metallic oriented films of [CH(AsF;),], shows the
interband transition to be clearly evident, whereas
at this high doping level the absorption data show
little remaining of this transition. Moreover, as
indicated above, the reflectance data from the
AsFg-doped polymer is quite similar to reflectance
data from the iodine-doped polymer, Figs. 8 and 9.
From this comparison and the overall similarity
of properties of (CH), films doped with either
impurity, one would expect that the absorption

1.0 T T - T T
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0.2
0.1

T
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REFLECTANCE (R)
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1 | 1
0.0 05 1.0 1.5 20 25 3.0

. Aw (eV)

FIG. 8. Polarized reflectance as a function of fre-
quency from partially oriented (I/,=2.5) metallic
[CH(AsFy)g, 14)y. R, and R, refer to light polarization
parallel and perpendicular to the orientation direction.

1.0 T T T T T T
0.9
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FIG. 9. Polarized reflectance as a function of fre-
quency from partially oriented (I/7,=2. 5) metallic
(CHI 5),. R, and R refer to light polarization parallel
and perpendicular to the orientation direction.

data would be similar for either dopant, contrary
to the results presented.
Experience with doping both isomers has pro-

- vided some insight into the difficulties encountered

in these comparisons. We have observed that in
the case of AsF;, if the films are doped too quickly
or if unaligned films are used, then the result is
the appearance of a golden color implying decreased
reflectance in the blue part of the spectrum asso-
ciated with the interband transition, Carefully
doped oriented tvans-films do not show such a
color change. Since the absorption data were taken
using unaligned films by necessity, the result was
a golden appearance upon reflection. It is interest-
ing to note that these absorption data on the AsF;-
doped polymer are quite consistent with the results
of Grant,!® who used unaligned doped films. Experi-
iments are now in progress directed toward clari-
fying the source and nature of the uncertainties in
the case of [CH(AsF;),],. Primarily because of the
consistent results obtained from reflectance and.
absorption studies in the case of iodine doping,

we conclude that the 7-7* transition remains in-
tact in the high-conductivity metallic regime.
However, the optical properties in the metallic
regime may be sensitive both to the dopant and to
the precise doping concentration.

V. DISCUSSION OF ABSORPTION RESULTS FOR PURE (CH),

The transition rate for optical absorption from
valence (v) to conduction (c) band is given by?®

eZ

e mmiw dek 13y Peul(K) 128 (8 o (R) =Tiw) ,  (9)
1

cv

where the integral is over the Brillouin zone and
Eeo(R) =8 (k) =8 (k). Assuming that the main con-
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tribution comes from one part of the zone and that
the matrix element of the momentum operator
Peo(K) is slowly varying,

e [ ¢
) St 5088 - ) (10)

for one polarization of light.

This integral, often referred to as the joint den-
sity of states, simply counts the number of 2 val-
ues in the zone where the difference between the
valence- and conduction-band energies is 7Zw. Be-
cause the values of k have a one to one corres-
pondence in the valence and conduction bands, we
only need consider the density of states in one
band or the other. The integral can be written

p(gcv)z dekd3ko__.§ili_;l(J)_)_

1V, (k) iy © -

In the typical three-dimensional case we can ex-
pand the energy surface as

8oo(k) =8+ By} + By + By}, (12)
leading to
P(gcv) =(§ - 8‘:)1/2/4772(315233)1./2 . (13)

As anticipated, in a typical 3-D semiconductor the
interband absorption turns on as the square root
of the energy above the gap. However, as the
transverse bandwidths tend to zero (B8,,B;—~ 0) the
density of states diverges. As the transverse
bandwidth goes to zero we can treat the system as
a one-dimensional semiconductor and write the
dispersion relation for a one-dimensional tight
binding band [see Eq. (3)]. In this case, the den-
sity of states near the gap edge varies as

p(8)=N(0)/(1-8/8 )%, (14)

where N(0) denotes the density of states at the band
center in the absence of an energy gap. Such a den-
sity of states would imply that the optical absorp-
tion instead of monotonically decreasing to zero
rises toward the square root singularity indicated
above.

For real solids the important question is how
quickly the singularity is quenched for a small
amount of transverse bandwidth. A semiquantitative
demonstration of how the singularity is removed
follows from

1 das
p(é‘cv)Z(zﬂ)j-)T fflvgé’c,,(i)l ’ (15)

where the integral is over the constant energy
surface. Provided that the energy is greater than
8.+ W,, where W, is a transverse bandwidth, the
constant energy surface will extend out to the zone
boundary in the transverse directions. Thus the
area becomes approximately ¢ § dS= 2(27/b)(27/c),
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FIG. 10, (a) Schematic diagram of energy band
structure of (CH), showing the direct gap arising from
the bond alternation. An indirect gap may result from
interchain coupling, depending upon the precise inter-
chain phase relation in crystalline (CH),. (b) The joint
optical density of states corresponding to the band
structure of Fig. 10(a). The rounding of the square-
root singularity arises from interchain coupling .( W,).

where b and ¢ are transverse lattice vectors. The
gradient will be largely determined by 98 /9%, but
will include a small correction due to the trans-
verse dispersion

IV ~[8pa*(8/8,-1) +O(W))]'/2. (16)

This result implies that p(&,,) will diverge as
N(0)/[(8/8,-1) +O(WH]'/? until §~ §,+ W,. For
§-8,<w,, p(8,) decreases rapidly to zero at & .
To illustrate these points we sketch the band
structure of (CH), in Fig. 10(a). The dispersion
along the chain direction (a*) assumes a 7-bond
transfer integral of #,~2 eV, while along the per-
pendicular direction Fig. 10(a) assumes £, ~ 0,1 eV
consistent with the relatively large interchain
separation. In the figure we have assumed positive
dispersion on going from (1/2a,0,0) to (7/2a,7/
b,,0). As a result there exists a direct gap at
(7/a,0,0) and an indirect gap from (n/2a,7/b,,0)
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to (7/2a,0,0). Consideration of a nearest-neighbor
tight binding scheme shows that the detailed shape
of ¢(7/2a,k,0) and ¢,(n/2a,%,0) depends on the pre-
cise interchain phase relation in the crystalline
(CH)x'

The corresponding optical joint density of states
is indicated in Fig. 10(b). The dashed curve rep-
resents the 1-D limit where the (§ =§,)"!/? singu-
larity occurs at the band edge. Interchain coupling
removes the singularity as described above shift-
ing the maximum away from E $'"°°* by an amount
of order W,. The possibility of an indirect gap is
indicated by extending the curve below E$'™,
Note, however, that indirect gap absorption re-
quires phonon absorption or emission with a
characteristic temperature dependence.

Collecting these results we can make a qualita-
tive picture of the optical absorption for a highly
anisotropic (quasi-1-D) semiconductor. The op-
tical absorption will begin once the photon energy
is larger than the indirect gap and then increase
rapidly to the quenched singularity, decreasing for
larger photon energies. Such a picture agrees with
the data for polyacetylene shown in Fig. 2. Taking
the absorption peak to be 1.9 eV, one estimates
the transverse bandwidth to be < 0.5 eV. This val-
ue for W, ~2z¢, is consistent with the intermolecu-
lar transfer integrals in other molecular crystals
such as TTF-TCNQ. This interpretation of the op-
tical absorption appears to be applicable to (CH),
as well as many other low-dimensional solids.

Using the above analysis as a guide one would
estimate from the data a direct gap of ~1.4 eV.
Experiments are planned to measure the onset of
absorption as a function of temperature both to
resolve the question of the existence of an indirect
gap and to provide a better measure of the direct
gap. The above discussion assumes the dominant
energy dependence near the gap edge arises from
the joint density of states. This should be a good
approximation for the initial rise in a(w) below 2
eV since in the case where the energy gap is small
compared to the overall bandwidth, the matrix
element of the momentum operator is maximum at
the gap edge and falls off as (E,/fiw)? for hiw >E,.
The decrease in a(w) above 2 eV may in part
arise from the energy dependence of (%).

Grant and Batra!? have calculated the band struc-
ture by use of Hiickel calculations and obtain an
energy gap of 0.7-1.0 eV using various degrees of
moderate bond alternation. These band calcula-
tions can be simply understood. In a tight binding
calculation, the band gap due to bond alternation
would be

68 =(0B/9x)q0x = (8x/x,) 18,1,

where 8x is the difference in bond lengths and x;

and |B,| are defined in Eq. (5) and (6). If we as-
sume Ox takes the maximum value, equal to the
difference in bond lengths between a single bond
(1.51 A as in ethane) and a double bond (1.34 A as
in ethylene), we estimate §,~ 0.6 eV. These simple
ideas also provide an explanation of the 0.3-eV
blue shift of the peak absorption in the cis isomer.
The increased steric repulsion of the neighboring
hydrogen bonds creates a slightly larger potential
of the correct periodicity to increase the gap by
the observed amount.

However, as indicated in the Introduction, this
viewpoint is not universally accepted. Ovchinnikov
et al.® have argued that the energy gap extrapolated
to infinite-chain polyenes is too large to be ac-
counted for by simple band theory of the dimerized
chain, and they therefore concluded that Coulomb
correlations play an important role. It has been
shown?® that the gap due simultaneously to corre-
lation and a Peierls dimerization is of the form

A (A +ak )2, )

corr

Various other theoretical studies have shown that
Coulomb correlation may be important in this sys-
tem. Duke ef al. use a complete neglect of differ-
ential overlap, spectroscopically parametrized,
version 2 (CNDO S2) calculation scheme on poly-
enes of varying lengths, Cy,. Hy,., (n=1,2,3,4) to
find an approximation to the band structure, elec-
tron photoemission spectra, and the lowest elec-
tronic transition energy. The ground state of the
molecules is a totally symmetric Ag orbital.
Using a configuration interaction analysis, Duke
et al. also calculate the lowest B, MO. The energy
difference is then the lowest singlet molecular
exciton, The exciton band is then extrapolated to
n— in order to predict the transition energy in
polyacetylene, obtaining AE ~ 2.0 eV. The agree-
ment between the extrapolated value and the ex-
perimental absorption edge is quite good.

It is clear that from this approach the r-7* in-
terband energy is much larger than the calculated
exciton energy (Duke ef al.!! estimate E * -E,
~5.5 eV). The 7* energy calculated is the energy

‘necessary to add one electron to the conduction

band, and the 7* energy minus the 7 orbital energy
is the photon energy necessary to excite an elec-
tron from the valence band to the conduction band.
This simple analysis neglects correlation of the
conduction electron and valence hole, In the tra-
ditional case correlation is added by using the
effective-mass theory to estimate the electron-
hole bound-state energy (exciton). Thus, as for
the case of impurity centers in semiconductors,
the problem can be reduced to a hydrogenlike so-
lution, except that in the exciton case the center-
of-mass frame does not correspond to the lattice
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frame. The work of Duke et al.!! would imply that
this exciton binding energy below the conduction
band is about 3.5 eV. Using a simple hydrogenic
model, the 3.5-eV binding energy would imply a
dielectric constant of ¢, ~2, This low value is in
sharp disagreement withthe value of €,~ 10-12 de-~
termined by microwave measurements at 10.6
GHz.?" The measured value of ¢,, on the other
hand, leads to an estimate of about 0.1 eV for the
exciton binding energy. However, this estimate
rests upon the implicit assumption of weak cor-
relations with the low frequency value of ¢, deter-
mined by the oscillator strength of the interband
transition at ~1.4 eV. An equally valid interpreta-
tion of the experimental results can be constructed
from the basis of a strongly correlated system,

In this model the exciton binding energy is deter-
mined by ¢(w) resulting from the 7 — 7* interband
transition at ~5 eV. The larger energy gap would
imply a smaller dielectric constant e~2 thus in-
creasing the exciton binding energy to a magnitude
consistent with the work of Duke et al.!! The large
low frequency dielectric constant would then be de-
termined by the oscillator strength of the singlet
exciton state at ~2 eV,

The data on absorption after doping is also im-
portant in the discussion. From Figs. 5 and 6 it
is clear that the 7 —7* transition remains visible
in the iodine-doped film even up to the highest
concentrations of iodine. The integrity of the
m—7* absorption is very important in considering
the effects of excitons in the polymer since ex-
citon lifetimes are extremely short in the pres-
ence of free carrier. This fact would imply that
the iodine data exclude the possibility of the ex-
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citon state in (CH),; however, the large binding
energy clouds the issue. If we take the binding
energy to be about 3.5 eV, using a dielectric con- -
stant of e ~2 the radius of the electron-hole pair
can be estimated to be on the order of 1 A. This
distance is significantly smaller than the Fermi-~
Thomas screening length of free carriers even at
the highest dopant concentrations. Thus on simple
grounds one cannot assume that the exciton state

should be completely damped out in the metallic

regime of polyacetylene.

We summarize by stating that at this point all
the optical data appear consistent with either of
two models for the electronic structure of poly-
acetylene. The first view is simple single-particle
(band theory) point of view, while the second view
models (CH), as a strongly correlated system
where single-particle ideas are invalid. Since
excitons may be viewed as bound electron-hole
pairs, whereas a direct 7-7* transition would cre-
ate a free electron and hole, direct observation of
electron-hole pair generation through photoconduc-
tivity studies may provide a resolution of the prob-
lem. Early attempts?®’ did indicate photoconductiv-
ity with onset below 1.5 eV consistent with a simple
band point of view. We shall return to this point
in Sec. VI through utilization of the oscillator
strength sum rule.

VI. KRAMERS-KRONIG ANALYSIS: PURE (CH),

The Kramers-Kronig analysis?® was used to
analyze the reflectance data for partially oriented
pure trans-(CH),. The results for o,(w) and ¢(w)
are presented in Figs, 11 and 12. The results are

4.0 T T T

CONDUCTIVITY (CH)y
FROM KRAMERS-KRONIG
ANALYSIS

o (10%a ™ " cm

FIG. 11. o0,(w) for

] trans-(CH), as obtained
from Kramers-Kronig
analysis of the R, reflec-
tion spectrum. '

5000 10000 15000
vicm™")

20000 25000
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trans-(CH), as obtained
from Kramers-Kronig
analysis of the R, reflec-
tion spectrum,

. 5000 10000

precisely as expected for a semiconductor; o(w)
rises from zero at low frequencies to a peak val-
ue of 4x10° @ 'em™! at about 16 000 cm™ !, The
structure of o(w) is similar to that observed in
other quasi-1-D semiconductors [see, for example,
the results and discussion on TTF-TCNQ (Ref. 28)
and K(TCNQ) (Ref. 29)]. ¢(w) is negative at high
frequencies crossing zero at about 16 000 cm™!,
At low frequencies ¢ approaches a limiting value
€1(0)~ 4 consistent with the values determined di-
rectly from R(w - 0) and the microwave data.?’

The oscillator strength sum rule can be used to
obtain independent information on the optical effec-

tive mass, m*;
8-[0 U(w)dw=wi=(wg)2%: (18)

where w, is the m-electron plasma frequency, wi
=47Ne?/m* and m is the free-electron mass.
From the measured density®? of (CH), (0.4 g/
cm3) we can estimate the number of 7 electrons
per unit volume of the medium, N~2x10% c¢m™3,
implying (w))?~6x10%, The experimental oscil-
lator strength can be obtained by integrating Fig.
11; 8/, o(w)dw ~(3£1)X10*, The agreement is
satisfactory. Moreover, we are certainly under-
estimating the experimental oscillator strength as
a result of incomplete alignment of the polymer
fibrils (x-ray®® and electron microscopy'® studies
imply ~75% alignment). We conclude that nearly
all the m-electron oscillator strength is contained
in the 2-eV transition and that the effective mass
is nearly unity, 1<m*/m <1.5. Note that the ob-
servation that the 2-eV transition exhausts the
oscillator strength sum rule implies that it results

|
15000 20000 25000

—0.40%- v lem™

from the m-7* interband transition rather than
from an exciton transition, as discussed above.
From the values for k(w) determined through
the Kramers-Kronig analysis of R(w), we can cal-
culate the absorption coefficient a(w)=2(w/c)k.
The calculated absorption coefficient is plotted in
Fig. 13. Since the Kramers-Kronig analysis util-
ized polarized reflectance data from oriented
films, the calculated a(w) is divided by 2 in Fig.
13 for direct comparison with the absorption data
of Fig, 2. The good agreement indicates that o(w)
and €(w), as obtained from the Kramers-Kronig
analysis of the reflectance, are accurate.

1 T T T
ABSORPTION (CH)X
—— CALCULATED
3.0 /N ~—— OBSERVED
—~ ! \\
1 \\
TE | N
] S
© 20+ ! Y —
n i ~
(@) I
- ]
~ ]
i
8 |.0OF / 7]
0 | | | 1
0 1.0 20 30 4.0
hw (eV)

FIG. 13. Absorption coefficient of trans-(CH), calcu-
lated using the optical constants obtained from Kramers-
Kronig analysis of the R, reflection spectrum. The
calculated a(w) was divided by 2 for direct comparison
with the experimental absorption coefficient as ob-
tained from nonoriented films.
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VII. KRAMERS-KRONIG ANALYSIS:
METALLIC [CH(ASF5)g.13] x

A Kramers-Kronig transform has been used to
analyze the reflectance data of metallic
[CH(ASF5)g.15],. The data of Fig. 8 have been ex-
trapolated to zero assuming a Hagen-Rubens be-
havior of the reflectance below 0.1 eV. Because
the results of a Kramers-Kronig transform are
very sensitive in the far infrared to the precise
manner in which R(w)-1 as w -0, an accurate de-
termination of o(w) in this frequency region is ex-
tremely difficult. However, we find that in the
middle ir (above 1500 cm™!) o(w) is insensitive to
the details of the low frequency extrapolation. The
results for o(w) are shown in Fig. 14. The broad
peak in o(w) centered around 16 000 cm™ results
from the interband transition. The conductivity
then begins to fall at lower frequencies until 11 000
cm'l, where it again rises as one might expect
for a system with free carriers. However, a
somewhat surprising result is that below 6000 cm’
the conductivity again decreases. This behavior
is markedly different from the simple Drude be-
havior where o(w) is a monotonically decreasing
function of frequency [0p e =0o/(1 +w?7))]. The
slow drop in o(w) continues until 1500 cm™!, which
is the lower limit of the present analysis. Be-
tween 1000 and 1500 cm™! we find a weak depen-
dence on the low frequency extrapolation with the
behavior below 1000 cm™! strongly dependent upon
the extrapolation. Above 1500 cm™! the results
are independent of the extrapolation except for
minor adjustments of the values in the third or
fourth significant digit, details beyond the resolu-
tion of this analysis. The value 04,~2%10% @ !'cm
found through direct dc measurements!® on heavily
doped (AsF;) oriented samples of (CH), is indi-
cated in Fig, 14, Thus, the low frequency limit of
this Kramers-Kronig analysis is quite consistent
with other independent measurements. We conclude

1

-1

50001 — T T T
4000F [CH(AsFs) 513 x

30001~ 7

a,
2000 % 4

o, (w) (Q-cm)”!

d

L 1 1 I
(o] 5000 10000 15000 20000 25000
v (em™)

FIG. 14. 0, (w) for heavily doped metallic
[CH(AsFj)g 3], as obtained from the R, reflection
spectrum.
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that the decrease of 0 below 6000 cm™! is a real

feature of o(w) and not an artifact of the extrapola-
tion procedure.

Useful information can also be extracted by ap-
plying the sum rule relaticns to the data from the
metallic state (Fig. 14). The effective number of
electrons per molecule participating in the free-
carrier optical transitions for energies less than
the interband transition is given by

47Ne?
m *

w
[ ot do =T ) (19)
where 74(w,.) is the fractional number of carriers
contributing to the metallic conductivity. Using
v,=11000 cm™!, we find for the oscillator strength
8 f :Co(w)dw ~4x10%, i.e., approximately equal to
the total m-electron oscillator strength in the poly-
mer. The large oscillator strength therefore
suggests that heavy doping removes the bond al-
ternation leading to a uniform bond length polyene;
a quasi-one-dimensional broad band metal with
all 7 electrons contributing to the transport, i.e.,
Negr=1. Such a picture is consistent with the small
value of the density of states at E as inferred
from magnetic susceptibility and thermopower
studies.?! On the other hand, after doping, Raman
data continue to show the two carbon-carbon
stretch frequencies (diminished in intensity), 3%
and optical studies continue to show evidence of
the unshifted interband transition (no Burstein
shift), both characteristic of the bond alternated
semiconductor. A possible explanation is an in-
homogeneous metallic state (possibly resulting
from inhomogeneous doping® within the fibrils)
with undistorted metallic domains coexistent with
regions of bond alternated semiconductor. Such a
picture is consistent with all the data and explains
the apparent absence of a Burstein shift upon dop-
ing, the residual Raman lines, and the observed
sensitivity of the strength of the interband transi-
tion (after doping) to the different dopants.

The low frequency decrease in o(w) extrapolating
toward the dc value cannot be understood in terms
of a simple Drude-Lorentz model of the conductivi~
ty. However, it is intuitively clear that the fibril
nature of the polymer will have a very strong ef-
fect on the dc¢ transport properties. Moreover, if
the metallic system is highly anisotropic on a mi-
croscopic scale as suggested by dc and optical
studies of partially oriented films, impurities and
defects will have an especially strong effect; in
one dimension disorder leads to localization of
states. Thus we anticipate that the low frequency
transport will be limited by the imperfect polymer
structure. '

Electron microscopy photographs of (CH), films
show a fibril structure with typical fibril diame-



1600 C. R. FINCHER, JR. er al. 20

ter of about 200 A.!#?? The individual fibrils form
a multiply coupled array through branching. Typi-
cal length to diameter ratio for the fibrils appear
to be in the range of about 5-10. Therefore the
polymer can be viewed as an effective medium
made up of (CH), fibrils at a volume filling factor
of about f=%. For the as-grown films, the fibrils
are randomly oriented in the plane; stretch orien-
tation leads to partial alignment. From examina-
tion of the electron micrographs’s'22 and related
x-ray data®® we estimate approximately 75% align-
ment, i.e., the alignment factor, o =~0.75.

Within the doped (CH), metallic fibrils the in-
trinsic frequency-dependent conductivity and di-
electric functions are denoted 0y(w) and ¢(w).

The bulk properties of the metallic polymer can
be related to oy(w) and €;(w) through effective-me-
dium theory. The problem of a composite medium
was solved for isotropic spheres in an insulating
matrix by Maxwell-Garnett®® and has been recently
discussed by Genzel and Martin,3* by Barker, ®
and by Tanner, Sievers, and Buhrman.®® The the-
ory was extended to include anisotropy in shape
and the conductivity and to include the effects of in-
teracting particles by Tanner, Jacobsen, Garito,
and Heeger.? Applying their results to the pres-
ent case, we find the average medium conductivity

. - afo(w)
Owh =77 [4n0(w)/(1.o]2g2(1 —-af)?’

(20)

where f is the filling factor, « is the fractional
alignment factor, and g is the typical depolariza-
tion factor (g=(b/a)*[1n(2a/b) - 1]) for an ellip-
soid of revolution, where b/a is the ratio of minor
to major semiaxes. In writing the above expres-
sion, we have assumed that, consistent with the
metallic behavior, 4mo,/w > leyl . Moreover, as a
result of the observed dc and optical anisotropy,
we consider only the response to components of
the applied field parallel to the (CH), fibrils.

The important feature of Eq. (20) is that at low
enough frequencies, the electric field within an
“interrupted strand” is screened by the depolari-
zation field due to the charge buildup at the
boundary. The characteristic cutoff frequency w,
is given by

[4ﬂ01(wc)/wc]g(1 —af):l ) (21)

and corresponds to the condition when the depolar-
ization factor in the denominator of Eq. (20) ex-
ceeds unity. From Fig. 14, we estimate w, >~ 7000
cm™! at which point the (maximum) medium con-
ductivity is approximately 3x10° @ 'em™!, Taking
af=~0.25 as described above, Eq. (20) yields g
~10"%, or b/a=10"!, in good agreement with the
fibril morphology. We therefore conclude from

the Kramers-Kronig analysis, that the fibril struc-
ture of (CH), leads to metallic polymers which may
be viewed as interrupted metallic strands.’” The
finite dc conductivity results from a combination

of barrier penetration and phonon-assisted hopping®®
and will be considered in more detail in a subse~
quent publication. From the magnitude of the cut-
off frequency we infer strand dimensions consis-
tent with fibril dimensions observed in electron
microscopy studies. Therefore the interrupted
strands are tentatively identified with the branched
fibrils; localization due to microscopic disorder
appears to be relatively unimportant in these crys-
talline polymers.

We can obtain an estimate of the intrinsic con-
ductivity within the individual metallic-doped (CH),
fibrils by inverting Eq. (20). At w,., the denomin-
ator is ~2, so that assuming af= 3§, we find oy(w,)
~2.4x10* @ 'em™!, The intrinsic dec conductivity
is undoubtedly higher. If we assume a Drude de-
pendence, 0,(w)=0,/(1 +w?7}), where 7, is the
Drude scattering time for the metallic state. It
is difficult to obtain a direct measurement of 7,
from the available data. However, the decrease in
(04(w)) observed from 7000 to 11000 cm™! in Fig.
14 implies that w,7y>1. Thus from this analysis
we are able to estimate the intrinsic dc conductiv-
ity within a single fibril of metallic (CH),; 0 rinsic
22x10* Q" 'em™!,

VIL. SUMMARY AND CONCLUSIONS

In summary we have presented in this paper a
detailed study of the optical and ir properties of
semiconducting polyacetylene, (CH),, and the
heavily doped metallic derivatives (CHIy,5,), and
[CH(AsFy).15)x. The reflection and absorption
measurements when analyzed by means of the
Kramers-Kronig relations provide detailed exper-
imental information on 0y(w) and ¢(w) for both the
undoped semiconducting and the heavily doped
metallic polymer.

The principal results for undoped semiconducting
(CH), are summarized as follows:

(a) Absorption data for cis-(CH), and frans-
(CH), yield a peak absorption coefficient of approx-
imately 3x10° cm™! at 2.2 and 1.9 eV, respective-
ly. Polarized reflectance data for the {rvans-iso-
mer are qualitatively and quantitatively consistent
with the absorption data.

(b) Kramers-Kronig analysis of the reflectance
data for trgns-(CH), (polarized parallel to the fi-
bril and chain orientation direction) yields o(w)
and ¢(w) typical of an interband transition in a
semiconductor.

(c) Application of the oscillator strengths sum
rule to 0,(w) for (CH), indicates that nearly all the
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m-electron oscillator strength is contained in the
2-eV transition and that the effective mass is near
unity, 1<m*/m<1.5, The observation that the
2-eV transition exhausts the sum rule implies that
it results from the 7-7* interband transition
rather than from an exciton absorption.

(d) Analysis of the absorption data indicate a
direct band gap of 1.4 eV and suggest an indirect
gap at about 1.1 eV. From the shape of the absorp-
tion curve we estimate the transverse bandwidth
W, <0,5 eV, consistent with a highly anisotropic
band structure.

The principal results for heavily doped metallic
(CH), are summarized as follows:

(a) Transmission studies reveal the onset of
free-carrier absorption in the infrared, consistent
with metallic behavior.

(b) The 7-7* transition remains observable in
the highly conducting metallic regime with no shift
in frequency upon doping. However, the results
appear to be sensitive to the dopant and to details
of film preparation (e.g., as grown or partially
oriented). For the iodine-doped polymer, absorp-
tion and polarized reflectance studies demonstrate
that the 7-7* transition remains after doping.
Similar results are obtained from reflectance
studies of carefully doped oriented (CH), after
doping with AsF;. However, transmission studies
through thin films (nonoriented) of the AsF;-doped
polymer show only the slightest trace of this trans-
ition after doping. Inhomogeneous doping may be
involved as indicated by x-ray photoemlssmn stud-
ies.

(c) Absorption studies as a function of iodine
concentration using cis-(CH), starting material are
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consistent with cis-frans conversion during dop-
ing, suggesting that the metallic polymer is the
trans form.

(d) Kramers-Kronig analysis of the polarized
reflectance data yields oy(w) and ¢(w) consistent
with interrupted strand behavior resulting from
the interconnected fibril morphology of the (CH),
films. In particular, oy(w) decreases in the infra-
red (below 6000 cm™!) toward the dc value.

(e) Application of the oscillator strength sum
rule to 04(w) for the doped metallic polymer yields
results which indicate that the total nm-electron

.oscillator strength contributes to the free-carrier

reflectance in the heavily doped polymer. This
large oscillator strength suggests that heavy doping
leads to an inhomogeneous metallic state with
metallic domains coexistent with regions of bond
alternated polymer.

(f) Analysis of the metallic o(w) with effective-
medium theory implies an intrinsic dc conductivity
for metallic [CH(AsF;)y.1,), of 0 >2X10* @ 'em™t,
The measured dc values have thus far been limited
by the low-density fibril morphology.

These optical studies have thus provided impor-
tant information leading toward a more complete
description of the electronic structure of long chain
polyenes and a better understanding of the elec-
trical transport in this emerging class of organic
polymer conductors.
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