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A new first-principles self-consistent computational approach for determining the electronic prop-
erties of polymers is presented. The local-density —functional formalism in conjunction with a linear
combination of atomic orbitals approximation is used to determine the geometry (by minimizing the
total energy within a variational scheme) and electronic structure of periodic chain polymers. This
method is applied to all-trans-polyacetylene, and leads to a theoretically calculated geometry, x-ray
and ultraviolet photoelectron spectra, and dielectric function e(q, co) in good agreement with experi-
mentally determined values.

INTRODUCTION

Although the properties of wideband, quasi-one-
dimensional polymers have long been a subject of interest, '

a renewed concern (both fundamental and applied) in
such systems has occurred recently. Much of this work
has been stimulated by the growth of films of polyace-
tylene, polypyrrole, and polyparaphenylene that can be
chemically doped to give large changes in their conduc-
tivity. Polyacetylene represents the simplest member of
this family of electroactive polymers, and an extensive
number of quantum-chemical (both ab initio and
semiempirical) studies of this material have been undertak-
en. ' The previous work demonstrates that large-scale
Hartree-Fock (HF) calculations predict a reasonable
equilibrium geometry for polyacetylene. However, the
HF-based approaches have not produced a satisfactory
electronic structure for polyacetylene. Typically, when
compared to experimental data, the HF methods greatly
overestimate the band gap at the Fermi level and also
predict much too large a separation between the highest
and lowest occupied valence bands. By analogy, similar
problems are expected for related electroactive polymers.
In contrast, the methods that predict a better overall one-
electron spectrum' typically require knowledge of the
geometry of the system. This requirement is unfortunate;
due to difficulties in preparing single crystals, the details
of the intrachain geometry often are not well known in
quasi-one-dimensional polymers. For example, although
the amount of dimerization at equilibrium geometry uo
for trans-polyacetylene is crucial in understanding the sys-
tem, this quantity only recently has been suggested experi-
mentally. ' The questions of geoinetry and the electronic
structure in the vicinity of the Fermi level are linked in

any Peierls distorted system.
In this paper we outline a new first-principles method

for determining both the electronic structure and total en-

ergy of chain polyiners, where the system of interest is
considered an ensemble of essentially noninteracting
periodic chains. We have used this method to calculate
the total energy as a function of geometry, and the band
structure of trans-polyacetylene. A preliminary descrip-
tion' of our energy minimization results for trans-

polyacetylene has been given. In addition, we now report
and compare experimental x-ray-photoelectron spectros-
copy (XPS) and ultraviolet-photoelectron spectroscopy
(UPS) results to spectra theoretically calculated from our
electronic structure using first-principles photoelectron
cross sections. We find that our theoretically predicted
XPS and UPS spectra are in excellent agreement with ex-
perimental results. Also, we present theoretical results'
for the anisotropic dielectric function e(q, ro) of trans
polyacetylene and discuss these results in comparison with
experimental electron-energy-loss spectra' and optical
spectra. ' ' Our results for e(q, co) agree with the experi-
mentally observed plasmon dispersion relation observed by
Ritsko et al. ' These results also indicate that the electron
energy loss observed at -9 eV is due to polarizations per-
pendicular to the chain direction that result in n.-o. exci-
tations.

APPROACH

Our approach is based on a linear combination of atom-
ic orbitals (LCAO} local-density —functional (Xa)
scheme. 2~ This formalism is related to that introduced by
Mintmire et al. 2 for two-dimensionally periodic systems.
The Xa total-energy functional (in Hartree atomic units)
is given by

(E)=——,
' gn;(k) f d rP*;(r;k)V 4;(r;k)+Uc —Ux,

i, k

where 0 indicates integration over the appropriate unit
cell and n;(k) is the occupation number of the one-electron
wave function (|); in the ith band with wave vector k. The
total-energy functional is variationally minimized to yield
the usual secular equation that is solved self-consistently
to convergence. The one-electron wave functions P;(r;k)
are linear combinations of Bloch functions Xl(r;k) such
that

P;(r;k) =g cl,.(k)X;(r;k),

where the Bloch functions are sums of atom-centered s-
and p-type Gaussian functions UJ( r },
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XJ(r;k) =g exp[imak]UJ(r m—az), (3)

and where the variable a is the unit-cell spacing. The
Coulomb energy Uc is defined by

Uc= i [p px—l p px—] ~

where

(4)

[p, ~
pb]= f d r, fd rqp, (r )ip b(rq)/r qi, (&)

and the interaction of a nuclear point charge with itself is

taken to be zero. The charge density p is defined as

p(r)=g n;(k)
~
P;(r;k)

~

i, k

(6)

and p~ denotes the lattice of nuclear charges. The ex-

change energy U» is defined (for non-spin-polarized sys-

tems) by

Uz ——9a(3/32m. )'~ f d r p (r) . (7)

The value of the exchange parameter a was set equal to
the canonical value of —', for all calculations.

The one-electron effective Hamiltonian matrix elements
are calculated in each iteration of the self-consistent pro-
cedure for the Bloch orbital basis set. These matrix ele-

ments were evaluated using fitting techniques related to
those developed by Dunlap et a/. for molecular LCAO
Xa calculations. We have used the same formalism for
fitting the Coulomb potential and exchange potential for
polymers as was derived earlier for two-dimensionally
periodic systems. Full details of this formalism may be
found in Ref. 23; note that a frozen-core approximation is

not used in our calculations. Owing to the long-range na-

ture of the Coulomb interaction, computational difficul-
ties typically are encountered in properly truncating lattice
sums involving Coulomb terms. These problems have
been handled by treating the electron and nuclear charges
concomitantly in the fitting procedure. We also have in-

corporated in our approach multipole-expansion tech-
niques based on the work of Piela and Delhalle so that
the Coulomb integrals contain all long-range multipole-
interaction contributions up to octopole-octopole interac-
tions. These techniques are important in decreasing the
amount of computer time necessary for evaluating the
Coulomb matrix elements as well as introducing long-
range multipole-interaction effects in the band energies.

molecule using the molecular LCAO Xa method, which
is closely related to our approach, For the 7s3p/3s basis
set these molecular calculations yielded an equilibrium

C—C bond distance of 1.35 A that compares favorably
with the experimentally determined bond distance of
1.34 A. For simplicity in these molecular calculations and
in our polyacetylene studies, all bond angles were con-
strained to equal 120' and all the C—H bond distances
were fixed at the generally accepted value" of 1.08 A.

We have determined the total energy per unit cell of the

polyacetylene chain at eleven different geometries speci-
fied in Table I. Atomic total energies for carbon and hy-

drogen were calculated for the same 7s 3p/3s basis set us-

ing the molecular LCAO Xa method. These calcula-
tions indicate a dimerized ground state for trans-

polyacetylene with an equilibrium unit-cell length of
2.435 A. The ground state is stabilized by 0.016 eV per
CH unit relative to the lowest-energy undimerized state.
This condensation-energy difference should not be con-

fused with the thermal energy kTz required to induce a
Peierls transition; kTP will be on the order of half the
band gap Eg. ' ' ' The calculated unit-cell length is in

good agreement with the experimental value' of 2.46 A
and we expect this agreement to improve slightly if we re-

lax the constraint of fixing all bond angles to a value of
120'. We obtain values of 1.377 and 1.434 A for the short
and long C—C bond distances occurring in the dimerized
configuration. We do not expect the value of the unit-cell

length to change more than a few percent in any larger
basis-set calculation. However, we are not as confident of
the accuracy of our predicted value of the equilibrium di-

merization coordinate ito-0.02 A [as defined by Su,
Schrieffer, and Heeger (SSH)]. We have found that the

energy difference between our ground-state dimerized

geometry and some appreciably more dimerized configu-
rations, up to u -0.03 A, is on the order of 25 lo of the

E„,b value of 0.016 eV/CH unit. In view of this result,
we think that the present 7s 3p/3s basis set may provide

TABLE I. Calculated total energies per unit cell for all-

trans-polyacetylene. The values r& and rq denote short and long
carbon —carbon bond lengths, respectively. Binding energy is the
total energy per unit cell minus the sum of atomic energies of
two carbon atoms and two hydrogen atoms. Atomic energies for
carbon and hydrogen are —37.073 827 and —0.452 765 hartrees,
respectively.

POLYACETYLENE ELECTRONIC STRUCTURE
AND GEOMETRY

Because polyacetylene is a prototype system of consider-
able interest and much is known about this system, we
chose trans-polyacetylene for initial study. Experimental
evidence indicates that trans-polyacetylene is dimerized'
at its equilibrium geometry with a a-~* band gap of
1.4—1.8 eV (Refs. 26 and 27) and an estimated band gap
for isolated chains of 1.8 eV. In implementing our
polyacetylene studies we used a 7s3p/3s basis set and
ten evenly spaced wave vectors to describe the one-
dimensional Brillouin zone. As a preliminary to this
choice of basis set, we made calculations on the ethylene

r) (A)

1.35
1.35
1.36
1.36
1.36
1.3&

1.38
1.377
1.36
1.40
1.44

rp (A)

1.45
1.48
1.43
1.45
1.48
1.45
1.48
1.434
1.36
1.40
1.44

Energy
{hartrees)

—75.734 186
—75.733 267
—75.734 628
—75.734 561
—75.733 565
—75.734 747
—75.733 636
—75.734 907
—75.729 754
—75.733 614
—75.731 863

Binding energy
(eV)

—18.530
—18.505
—18.542
—18.540
—18.513
—18.545
—18.515
—18.550
—18.409
—18.515
—18.467
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FIG. 1. Calculated band gap Eg vs dimerization coordinate u.

only a partially converged answer to the value of up im-

plied by Eq. (1). This result also shows that pursuing this
question any further within the context of a single-chain
calculation may not be profitable. Owing to these small

energy differences, interchain interactions, for example,
might play a prominent role in any final determination of
up. However, extrapolating a comparison between the
present results and those obtained using a smaller basis set
(4s2p/3s) indicates that up will probably increase with a
larger basis-set calculation due to an improved description
of the bonding. In addition, the results of the 4s2p/3s
and 7s3p/3s calculations show that the total energy in-
creases rather rapidly for values of u a little greater than
0.03 A. These trends give us confidence that our present
results restrict the actual value of up implied by Eq. (1) to
a value in the vicinity of -0.02—-0.03 A due to intra-
chain effects. This range of values for Qp overlaps well
with the experimentally suggested range' 0.02 (up (0.04
A.

We calculate that the one-electron band gap Eg at the
Fermi level for our equilibrium geometry is 0.6 eV as
compared to an experimentally suggested range of 1.4—1.8
eV. However, we can partially account for underestimat-
ing the experimental energy gap at the Fermi level if the
u p of the actual polymer is somewhat larger than we
predict. For example, we have shown that the present
method yields an Eg of 1 eV if we assume that up=0. 03
A. Because the Xa method typically underestimates gaps
by 30—50% when compared to experimental data, we

would not expect the agreement between our predicted Eg
and experimental values to improve appreciably with fur-
ther Xa calculations. Indeed, this analysis suggests that
up for the polymer is probably closer to 0.03 than 0.02 A.
Thus, in the following sections we will use band-structure
results corresponding to our predicted unit-cell length and
up ——0.03 A in our calculations of the electronic properties
of trans-polyacetylene. As depicted in Fig. 1, we have
shown to an excellent approximation that our predicted Eg
obeys the linear relationship Eg ——yu, with @=32.4 eV/A,
and where u denotes the amount of dimerization. Also,

FIG. 2. Band structure and DOS resulting from this band

structure for trans-polyacetylene. Energy eF denotes the Fermi

level.

these band-structure results are consistent with those pre-
viously reported by Grant and Batra' using non-self-
consistent local-density —functional methods.

The band-structure and effective one-electron density of
states (DOS) for the valence bands and the first few con-
duction bands, calculated by assuming our predicted unit-
cell length and up ——0.03 A, are presented in Fig. 2. We
have found that the band structure is rather insensitive to
the dimerization except at the zone boundary where gaps
appear. On the other hand, we have found that the band
structure is sensitive to the unit-cell length. The DOS
shown in Fig. 2 has been smoothed by convoluting our re-
sults with a 0.6-eV-wide Lorentzian. To calculate the
photoelectron spectra we use the first-order time-
dependent perturbation-theory result given by Smith,

eLkf 3
2 3

do;(kf ) = d r u'- (r)Vu;(r) dkf,
67TmCN Q kf

(8)

where u; is the initial state obtained from our self-
consistent calculations and u- is the final state. For the

kf
purposes of this analysis u is assumed to be well

kf
described using a plane wave with propagation vector kf
which satisfies energy conservation. We have spherically
averaged the photoelectron cross section in Eq. (8) to
describe experimental results that typically do not angular-
ly resolve the cross sections. Line-shape results for
incident-photon energies of 40.8 and 1254 eV, correspond-
ing to UPS and XPS photon energies, respectively, are de-
picted in Fig. 3. These results are compared with the raw
experimental XPS spectrum of Brundle reported by Grant
and Batra' and the raw UPS spectrum of Salaneck
et al. i The absorption edge of the XPS spectrum has
been shifted to match the theoretical threshold and the
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Eg =Sau. As mentioned, we find that our calculated Eg
obeys a relationship of the form Eg =pQ and therefore our
predicted value of the electron-phonon —coupling constant
a from the n band is 4.1 eV/A. The value of a is smaller
than the most recently suggested empirical value of this
parameter (7.1 eV/A). However, given the Xa model's
tendency to underestimate gaps, this difference is to be ex-
pected. Indeed, if we suppose that the actual gap is be-
tween 1.4 and 1.8 eV and is related to the Xa gap by the
relation Es PEs——, with P independent of u, then our pre-
vious result for Eg at the experimentally suggested di-
merization value implies that P lies between 1.4 and 1.8.
This analysis then leads to a predicted value of a between

5.7 and 7.4 eV/A.

DIELECTRIC RESPONSE PROPERTIES

—20
I

-15 -10 -5
ENERGY (BV)

FIG. 3. (a) DOS for a11-1rans-polyacetylene, (b) theoretical
and experimental XPS spectra for trans-polyacetylene, and (c)
theoretical and experimental UPS spectra for trans-

polyacetylene. Upper lines in (b) and (c) represent experimental
results and lower lines represent theoretical results. No back-
ground subtraction has been made for the experimental results.

H=g
I

i &~o&i
I +X I J & I'J &J

I

where eo is assumed independent of u, and V& ——Vo+2au
if i,j indicate nearest neighbors; otherwise V =0. A Ham-
iltonian of this form predicts that the Fermi level, as well
as the bottom of the m. band, is independent of u and that
the width of the occupied portion of the ~ band depends
only on the long bond distance. To a good approximation,
we find all three of these assumptions are satisfied over
the range of dimerizations of interest. The value of Vo
that we obtain from this analysis is —2.75 eV, in good
agreement with values that have been assumed for this
parameter. Within the SSH model, Eg is given by

UPS data have been aligned by assuming a work function
of 4.5 eV. If a straight-line background subtraction of the
experimental data is assumed, excellent agreement between
the theoretical and experimental line shapes is found for
both the XPS and UPS spectra. We believe these are the
first reported results obtained by using first-principles
methods to reasonably predict the location of the —17-eV
XPS peak.

Finally, we were interested to see to what extent our re-
sults for the riband are consistent .with some of the as-

sumptions made about this band in the SSH model. The
SSH model supposes that this ~ band can be described by
a Hamiltonian of the form

Several recent experimental studies using techniques
such as electron-energy-loss spectroscopy' (EELS) and
synchrotron-radiation-reflectivity measurements have
yielded extensive information on the electronic response
properties of trans-polyacetylene. These properties are
described theoretically by the dielectric function e(q, oi).
In a preliminary report of this work' we presented a
theoretical first-principles description of the longitudinal
dielectric function for polarizations parallel to the
polyacetylene-chain axis. The anisotropy of this system
requires, however, that a full treatment of the dielectric
function include the response to polarizations perpendicu-
lar to the chain axis. We have examined these anisotropic
effects, in addition to the dielectric response due to polari-
zations parallel to the chain axis, and describe our results
below.

In our calculation we use the self-consistent longitudinal
dielectric constant e(q, co) derived by Ehrenreich and
Cohen,

4ire y 1(m, k
~

m', k+q) )'
e q, co =1+

q'0 k ~+E

X[fo(E,k+q) —fo(~, i )]

(10)

where 0 is the volume per C2H2 unit and all notation is as
that used by Adler. The sums over m and m' refer to
sums over both filled and empty bands. To evaluate Eq.
(10) at q =0, we use the identity '

f@(m,k
~ [p+fik+fiq) ~

m', k+q)
I m (E k+q E~ k)I—

for the case of all vectors along the chain axis.
For the one-electron wave functions

~
m, k) and band

energies used in Eq. (10), we calculate the longitudinal
response for polarizations parallel to the chain axis in an
ideal one-dimensionally periodic chain of polyacetylene
using the same LCAO Xa self-consistent, one-dimensional
band-structure results used to obtain Fig. 2. Our calcula-
tions do not include interchain or disorder effects within
the crystalline geometry reported by Fincher et a/. ' In
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FIG. 4. Calculated optical dielectric function e(0,co) vs ener-

gy for all-trans-polyacetylene. 2-

evaluating Eq. (10) all occupied bands have been shifted
down by 0.8 eV to yield a one-dimensional band gap in
agreement with experiment of 1.8 eV. This level shift
corrects the previously mentioned well-known tendency of
local-density —functional models to underestimate the
band gaps

' and is an ansatz which simulates the effect of
introducing a self-interaction correction in an appropri-
ate manner for the purposes of this analysis. For the
volume per C2H2 unit (0) in Eq. (10), we use the value
corresponding to the measured bulk density of 0.4
g/cm . Using this value corresponds to calculating the
macroscopic response of the system and incorporates the
effects of voids between polyacetylene fibrils. Because we
are interested in energies for e(q, co) under 15 eV, we con-
sider only the m. and n' bands at the Fermi level as well as
the two highest occupied and two lowest unoccupied o
bands. These bands describe all interband excitations less
than 15 eV which cross the Fermi level. As a result of our
numerical methods, the imaginary part e2 of the calculat-
ed e(q, co) has been broadened by a Gaussian smoothing
function of half-width 0.35 eV to damp oscillations arising
from the numerical algorithms used. Calculations using
less broadening indicated that the major features of our re-
sults [e(0,0) and the plasmon dispersion relation] are rela-
tively insensitive to this amount of broadening. The real
part ei of the dielectric function was calculated from
E2(q, co) using a Kramers-Kronig analysis.

We calculated e(q, co) for polarizations parallel to the
chain axis (e~ } over a range of co between 0 and 15 eV and
for the discrete set of q values (where q is the magnitude
of the momentum-transfer vector parallel to the chain
axis} of 0.0, 0.26, 0.52, and 0.78 A '. Our results
for e~~(O, co) are depicted in Fig. 4. The calculated value of
4.0 for the dielectric constant e(0,0) agrees well with ex-
perimental results obtained from optical-absorption data
on oriented trans-polyacetylene having a density equal to
the density we used in our calculations. The shape of
e(O, co) in Fig. 4 for energies less than 4 eV is consistent
with those from previous experimental data and earlier

0 I

5 10
ENERGY (eV)

FIG. 5. Predicted electron-energy-loss spectra as a function

of electron momentum q for the following values of q: (a) 0, (b)

0.26, (c) 0.52, and (d) 0.78 A

tight-binding approaches.
Figure 5 presents our calculated results for the energy-

loss spectra of polyacetylene obtained from e~~ at these

values of q. As can be seen from Fig. 4, the peak in

&m[lie(O, co)] at 4.0 eV [Fig. 5(a)] can be interpreted as a
plasmon because e~ is zero and e2 is small and decreasing
in this region. This is also true of the peaks in Figs. 5(b}

and 5(c), where q is equal to 0.26 and 0.52 A ', respective-

ly, but not so for q =0.78 A ' in Fig. 5(d}. Our results

imply that ei for this value of q (not shown) is positive for
all energies under 15 eV. A comparison of our calculated
plasmon positions with those of the experimental energy-
loss spectra' is depicted in Fig. 6. Except for q=0.78

', this figure illustrates the excellent agreement be-
tween our predicted linear relationship for the plasmon
peaks and experimental results. Because our results are
dependent on the volume per CH unit, the exact amount
of agreement with experiment, as indicated in Fig. 6, is
somewhat fortuitous. However, for values of Q within
20% of the above-mentioned value, good agreement is
maintained with experimental data. Our results indicate
that the linear plasmon dispersion is primarily due to the
m and m' bands being basically parallel in the region of the
energy gap, which is the region having most effect on Ei
By being parallel we mean in the sense of being collinear
across the Brillouin-zone edge at m/a in an unfolded Bril-
louin scheme. This is consistent with the previous inter-
pretation of this mechanism based on a tight-binding
analysis. '

Our calculated results indicate only two major peaks in
ImE'~t. At q =0 these peaks correspond to a m-~' transi-
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FIG. 6. Calculated and experimental plasmon peaks from

electron-energy-loss spectra vs electron momentum. Cross

marks (g) indicate the experimental results of Ritsko et al.
(Ref. 19) and open circles (0) indicate our calculated plasmon-

peak locations as a function of q.

FIG. 7. (a) Imaginary component of theoretically calculated

average dielectric function e(0, co), and (b) imaginary component
of experimentally derived average dielectric function e observed

by Ritsko et a/. Note experimental results are for the minimum

reported momentum transfer of 0.1 A

tion at about 2 eV and a transition between o bands at
about 12 eV. Ritsko' reports an essentialjy dispersionless
peak at about 9 eV and a peak at about 2.4 eV with small
dispersion, which is apparently hidden by the m.-m. transi-
tion at small q. %e believe that the 2.4-eV peak results
from three passible causes. The first possibility is an exci-
tonic enhancement of the absorption edge as described by
Ritsko. ' This process will not be described within an
interband-transition model, such as we are using, although
our results are consistent with this process. The second
process is a broadening of e2 due to lack of orientation of
the crystallites. This causes e2 to be a spatial average over
all orientations of q where the effective value of q is given

by the component of q parallel to the chain axis. Ritsko'
indicates this as a possible mechanism but points out that
this mechanism would require very strong matrix-element
effects to describe the experimental data. Our results,
however, indicate the matrix elements for excitations
across the fundamental gap are indeed large and may well
be another source of the 2.4-eV peak in addition to exci-
tonic enhancement. The third possibility arises from the
strong electron-phonon coupling expected in trans-
polyacetylene. This coupling should result in a general
broadening of any electronic transitians. The phonon-
assisted transition discussed in our preliminary report'
would result in a general broadening of Im[e(q, co)) toward
that expected from the joint DOS.

From Eq. (10) we have calculated the dielectric response
at q=0 for polarizations perpendicular to the poly-
acetylene-chain axis ez(O, co). These results indicate a large
dielectric response (i.e., Immy is large) at about 9 eV for the
polarizations perpendicular to the plane formed by the
carbon backbone. This response arises from the interband
transitions between the occupied m. band and the lowest

unoccupied 0. band. From a tight-binding analysis one

can observe that these transitions include nonzero single-

site matrix elements (as opposed to nearest-neighbor ma-

trix elements being the leading nonzero contribution for
o-cr' and m-m' transitions) in Eq. (10). As a result, these

transition matrix elements are reasonably large. This fac-
tor, as well as the m. and o' bands being effectively parallel
for a large portion of the Brillouin zone near the band

edge, leads to a large contribution to the dielectric func-

tion near 9 eV by polarizations capable of exciting this
transition.

The experimental results reported by Ritsko et al. ' and
displayed in Fig. 6 represent an average response of the
system. These results for Im[s'(q, co)] were obtained from
a Kramers-Kronig analysis of the energy-loss spectra
which are proportional to 1m[1/E(q, co)]. Ritsko evaluated
the absolute magnitude of the experimentally derived e by
requiring the dielectric constant e(0,0) have a value of 10.
To compare our theoretical results with these experimental
results we calculated an average dielectric function e(0,co}
constructed according to the following method. First, we
calculated the theoretical energy-loss spectra (1m[1/e]}
for polarizations both parallel and perpendicular to the
chain axis. Next, we constructed an average predicted
energy-loss spectrum (1m[1/e]) from the spherical aver-

age of the theoretical Im[l/e] over all possible polariza-
tion orientations. Last, we calculated an average dielectric
function e [defined by I/Z=(Re[1/e])+i(1m[1/6])]
by using the same Kramers-Kronig analysis used for inter-

preting the experimental results by Ritsko et al. This
average dielectric response is shown in Fig. 7.

From these results we interpret the observed experimen-
tal peak at 8—9 eV as due to polarizations perpendicular
to the chain backbone. Although our current calculations
for polarizations perpendicular to the chain axis were only
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performed for q =0, the response due to these polariza-
tions should be relatively d~spersionless due to small
interchain-interaction matrix elements. This prediction is
in agreement with the experimentally observed lack of
dispersion in the EELS-derived e(q, co) peak at 8—9 eV
and our results provide a new interpretation of this peak.

SUMMARY AND CONCLUDING REMARKS

We have outlined a new self-consistent LCAO Xo. ap-
proach for predicting the properties of periodic-chain
polymers. Our work demonstrates for the first time the
utility of a LCAO Xa approach in obtaining the ground-
state geometries, XPS, UPS, and dielectric response of
these polymers. When compared to experimental data the
results we have reported for trans-polyacetylene provide
substantial evidence that the methods described can be
used informatively to study a wide range of properties of

other electroactive polymers. These methods are not re-
stricted to such polymers but can be used to study, for ex-
ample, piezoelectric polymers of current interest as we11 as
various insulating covalent chain polymers such as po-
lyethylene. When coupled with pseudopotential tech-
niques, our approach should also be useful in studying
higher-dimensional systems.
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Use of the crystallographic density of 1.1 g/cm (Ref. 16) re-
sults in less plasmon dispersion with the largest differences
occurring in the small-q results. The good agreement we ob-

tain by assuming the bulk density of 0.4 g/cm' may result
from screening from high-energy interband excitations not in-

cluded in this calculation. In addition, for small q the wave-

length corresponding to q and thus the plasmon wavelength
will be of the order of the fibril diameter and thus void effects
may need to be incorporated by assuming an effective medium
with a density close to that of the bulk density.


