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The momentum-dependent dielectric functions parallel and perpendicular to the chain axis of
highly oriented nonfibrous crystalline trans-polyacetylene were determined by electron-energy-loss

spectroscopy in the energy and momentum range 0.2—30 eV and 0.05—1.2 A~

l, respectively. Infor-

mation on the electronic structure of 7 and o bands as well as on collective excitations was obtained.
In particular, a total width of the 7 bands of 4¢y=12.8+0.5 eV is derived. In addition, from the
sum rule for 7-electron excitations the ratio of the correlation energy U to the total width of the 7
bands U/4ty~0.7 is estimated. Most of the experimental results can be explained in a single-
particle picture. The momentum-independent absorption edge is most likely explained by excitonic

transitions.

I. INTRODUCTION

The recent interest in the electronic structure of conju-
gated polymers has been stimulated by their enormous
changes in conductivity upon doping. In particular,
polyacetylene, (CH),, has been the focus of most of the
experimental and theoretical work.! Therefore, the under-
standing of the electronic structure of undoped (CH), is
the basis for similar studies of doped (CH),. In addition.
the transconformation of (CH), is the prototype of infin-
ite polyenes, the electronic structure of which has been a
subject of controversy for decades.>~!° In particular, the
nature of the fundamental absorption edge is still under
discussion. The question is, whether the single particle
models are the appropriate theoretical framework to
describe elementary excitations in these quasi-one-
dimensional semiconductors or whether electron correla-
tions must be considered.

To clarify this question and to get more information on
the electronic structure of undoped trans-polyacetylene,
we measured the momentum-dependent dielectric func-
tions by electron-energy-loss spectroscopy (ELS) on highly
oriented nonfibrous crystalline (CH),. We have obtained
information on interband transitions and plasmons in a
large energy range (0.2—30 eV) and a large momentum
transfer range (0.05—1.2 A~ with polarization parallel
and perpendicular to the chain axis. We compare our re-
sults with band-structure calculations'!!? and with calcu-
lations of the dielectric functions'3—'¢ for trans-(CH),. In
addition, we analyzed our data by comparing them to
simple calculations of the momentum-dependent joint
density of states in a tight-binding scheme.

This work is an extension of previous studies on fibrous
trans polyacetylene by optical spectroscopy on less well-
oriented samples,!>!” by synchrotron radiation on
nonoriented samples,'® and by ELS on nonoriented sam-
p]es'l9,20
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II. EXPERIMENTAL

Fully oriented nonfibrous polyacetylene films with a
thickness of about 2000 A were prepared by a route
which is based on the synthesis of Edwards and Feast.??
The precursor polymer poly-7,8-bis-(trifluoromethyl)-
tricyclo-[4.2.2.0]-deka-3,7,9-triene [poly-(BTFM-TCDT)]
is produced by a ring opening metathetical polymerization
of the monomer BTFM-TCDT in solution with the cata-
lyst system WClg and (CH;),Sn. Films were cast from
solution of the precursor polymer and were converted to
oriented polyacetylene by applying an appropriate stress
at temperatures up to 120°C. During the conversion, an
elongation of the polymer film by a factor of 20 and a
simultaneous alignment of the polymer chains take place.
All reactions and also the transfer to the ELS spectrome-
ter were carried out under high vacuum or under pure ar-
gon atmosphere. Films prepared in this way are 100%
trans-(CH), as evidenced from the lack of the cis-C-H
out-of-plane vibration at 740 cm~!. The material exhibits
a compact, nonfibrous dense morphology and smooth sur-
faces as found by scannmg electron microscopy. The den-
sity is about 1.1 g/cm® whlch is close to the theoretical x-
ray density of 1.2 g/cm®. The degree of the orientation of
the chain axis was obtained from the rocking curve of the
(002) reflection, measured in the ELS spectrometer with
zero energy loss. The intensity of the (002) reflection was
recorded in transmission as a function of the angle be-
tween a certain direction in the polymer film and the
scattering plane. The full width at half maximum of this
rocking curve was taken as a quantitative measure of the
degree of the orientation of the chains. Typical values
were better than 5°, indicating highly oriented films.

The transmission ELS measurements and elastic elec-
tron diffraction measurements were performed using a
spectrometer?® with a primary electron energy of 170 keV
and an energy and momentum resolution chosen to be
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0.15 eV and 0.03 A‘l, respectively. The current density
on the sample was less than 10~ A/cm?. Therefore,
measurements on the same sample could be carried out
for several days before observing changes in the spectra
due to radiation damage. For doses of about 1 C/cm? a
broadening of the 7 plasmon and of the o—o™* transitions
as well as of the diffraction peaks was observed. Up to
now, we have not studied systematically the radiation
damage in trans-(CH),. In almost all measurements the
sample was kept at 80 K. To get information on the con-
tributions from phonon-assisted indirect transitions, some
measurements were performed at higher temperatures.

In order to evaluate the dielectric functions from the
loss function Im(—1/¢), we closely followed the pro-
cedure described by Daniels et al.?* From the loss spec-
trum taken from —2 to 48 eV, the elastic line was re-
moved and contributions from double scattering were sub-
tracted. Furthermore, the spectrum was deconvoluted to
account for finite momentum resolution of the spectrome-
ter. The loss function was then normalized so as to repro-
duce the value of the real part of the dielectric function €,
at low energies, which can be deduced for zero momen-
tum transfer from the refractive index n =1"€,. These
refractive indexes parallel and perpendicular to the chain
axis were obtained by infrared measurements (E=0.25
eV) of the Fabry-Perot resonance periods. The values
n'=3.25 and n'=1.33 derived® for thin films (d <1
pm) are slightly different from values given in a previous
publication,?® since experimental improvement in the
preparation route results in samples with less variation in
thickness and thus in better pronounced multiple beam in-
terferences. For the analysis of spectra taken at higher
momentum transfer, theoretical models for the momen-
tum dependence of the refractive index have to be used.

From the normalized loss function Im( —1/€), the real
part of 1/€ can be deduced from a standard Kramers-
Kronig analysis. Once the real and imaginary parts of
1/€ are known, the dielectric functions €; and €,, the opti-
cal joint density of states, the reflectivity, and the absorp-
tion constant can be calculated.

III. RESULTS

In the case of an anisotropic crystal, the scattering cross
section for high-energy electrons is proportional to the
energy-loss functions’’ Im(—1/q-€-q) where &(q,0) is
the dielectric tensor. For a uniaxial crystal, this loss func-
tion can be written as Im(— 1/(€'lcos’0+ €'sin’0)) where
€/ and €' are the principal components of € parallel and
perpendicular to the symmetry axis and 6 is the angle be-
tween the symmetry axis and the momentum transfer.
Therefore, for well-oriented samples, a separation of the
loss function according to the two directions is possible.

In Fig. 1 we show typical loss spectra of trans-
polyacetylene for various angles 6 between the chain axis
and the momentum transfer. A small momentum transfer
q=0.1 A~! was chosen in order to avoid contributions
from surface losses and radiation losses.?* The loss func-
tions, derived for 6=0° and 90° as described in the preced-
ing section are shown in Fig. 2. For q parallel to the
chain axis, the most pronounced structures are the o+
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FIG. 1. Electron-energy-loss spectra of highly oriented
polyacetylene as a function of the angle between the momentum
transfer and the chain axis.

electron plasmon at 22.5 eV and the m-electron plasmon at
4.9 eV. These structures were already identified by Ritsko
et al.’® in an ELS study of nonoriented polyacetylene. In
addition, we observe several shoulders between the 7 and
the o+ plasmon. The spectrum clearly shows a thresh-
old at 1.4 eV. Below this threshold, the intensity of the
losses is less than 5% 1073 of that of the 7 plasmon. By a
Kramers-Kronig analysis, the real and the imaginary part
of the dielectric functions €| and €] were derived. These
functions are also shown in Fig. 2. There is a strong os-
cillator near 2 eV corresponding to a w— " transition.
At higher energy, additional oscillators due to o—o*
transitions are observed. With increasing angle 6, the
plasmon in the loss function moves to lower energies.
This can be well explained by calculating the 6-dependent
loss function for the given €| and € and with €5 << €4 and
€ =1.77. For q perpendicular to the chain axis (6=90°)
a considerable flattening and a shift of the 7 plasmon and
the o+ plasmon is observed. Similar changes of the 7
and w40 plasmon were reported for graphite by Chen
and Silcox.?® The residual maximum of the loss function
near 2 eV may be not only caused by the dielectric func-
tion € but also by contributions of €/ due to finite
momentum resolution or to misaligned chains. An esti-
mate of the magnitude of these contributions shows that it
is small and therefore causes only minor errors in
Im(—1/€'). From the Kramers-Kronig analysis of the
loss function Im(—1/€') we have derived the dielectric
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FIG. 2. Loss function Im( —1/€), real and imaginary part of
the dielectric function €, and €, for hlghloy oriented polyace-
tylene. Momentum transfer was ¢=0.1 A . Solid line: q
parallel to the chain axis. Dashed line: q perpendicular to the
chain axis.

functions €} and €}, also shown in Fig. 2. A strong aniso-
tropy of the m—7* oscillator is observed in the €, func-
tions. At higher energies, other oscillators related to o
bands appear.

In order to obtain more information on the electronic
structure of polyacetylene, we have also taken loss spectra
at higher momentum transfer. Figure 3 shows the 7
plasmon as a function of momentum transfer parallel to
the chain axis for ¢=0.1 to 1.2 A~!. The linear disper-
sion of the 7 plasmon, already observed by Ritsko et al.!’
in a smaller momentum-transfer range, can clearly be
recognized. The spectra also reveal a strong decay of the
m plasmon near ¢g=1.0 A~'. The threshold of the loss
function shows no dispersion. In all spectra the onset of
the loss function is very close to 1.4 eV.

For various momentum transfers ¢ > 0.1 A~! we have
also performed the Kramers-Kronig analysis of the loss
function. For the momentum dependence of the refrac-
tive index n, which is needed to obtain the absolute value
of the loss function (see previous section), we have used
two different theoretical models. For q parallel to the
chain axis, we have taken n(gq) from the RPA calculations
of Drechsler and Bobeth!® taking into account the slightly
smaller n(0) of our samples. For q perpendicular to the
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F 1G. 3. Momentum dependence of the loss function for q (in
D) parallel to the chain axis. A linear dispersion of the 7
plasmon and a strong decay near g=1 A" are observed.

chain axis, we have used the Thomas-Fermi theory of
Resta?® for an isotropic semiconductor, which gives only a
weak momentum dependence of the refractive index.
From the derived momentum-dependent dielectric func-
tions we show the momentum-dependent optical joint
density of states (OJDS) which is defined as

Ee,(q,E)

J(q,E)=
1 %frEIf

’

where E, is the free electron plasma energy

1172

4me“N
mV

N is the number of valence electrons per unit cell, V is the
volume of the unit cell, and m is the free electron mass.
Figure 4(a) shows the OJDS with momentum transfer
parallel to the chain axis. The curves show the strong
linear dispersion of the w—m* oscillator for ¢ <0.7 A™".
Also for the oscillators at high energies, a dispersion is ob-
served. For q perpendicular to the chain axis, the
momentum-dependent OJDS is shown in Fig. 5. Besides
a small change in the energy range 1.4—6 eV, there is no
dispersion of the interband transition. The small max-
imum which appears near 5 eV in the OJDS for higher
momentum transfer (g >0.7 Ah originates probably
from a double-scattering process due to a quasielastic
scattering with momentum transfer g and an excitation of
a 7 plasmon or a surface 7 plasmon with ¢g=0. This as-
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FIG. 4. (a) Momentum dependence of the optical joint densi-
ty of states (OJDS) for q (in A™') parallel to the chain axis.
Curves were derived from a Kramers-Kronig analysis of the loss
function. Arrows indicate the position of the 7 plasmon. (b)
Momentum-dependent joint density of states of 7 bands (q
parallel to the chain axis) calculated in a simple tight-binding
scheme. Matrix element effects which suppress the higher parts
of the joint density are not included in the calculations.

signment is supported by a rough estimate of this intensi-
ty using the spectrum for g=0 and the momentum depen-
dence of the quasielastic intensity. This type of double
scattering which strongly increases at higher momentum
transfer, makes measurements at higher momentum
transfers more and more difficult. Spectra taken at g=2
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FIG. 5. Momentum dependence of the optical joint density
of states (OJDS) for q (in ATH perpendicular to the chain axis.
Curves were derived from a Kramers-Kronig analysis of the loss
function.
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A~ show almost the loss function for zero momentum
transfer. Therefore, measurements of the dielectric func-
tions at momentum transfer g > 1.2 A~ are not feasible
with samples of thickness =2000 A. However, a strong
reduction in thickness of these oriented polyacetylene
films seems to be very difficult at present.

Finally we mention that measurements of the loss func-
tion for ¢''=0.1 and 0.7 A~! at two higher temperatures,
i.e., T=290 and 390 K show almost no changes compared
to the low-temperature results.

IV. DISCUSSION

First, we discuss the dielectric functlons measured at
small momentum transfer ¢=0.1 A~ which should be
close to those dielectric functions derived from optical
spectroscopy. The imaginary part of the dielectric func-
tion € (see Fig. 2) shows an onset at 1.4 eV and a max-
imum at 1.9 €V followed by a continuum of excitations at
higher energies. The shape of the spectrum is close to cal-
culations of €4(0,E) in a tight-binding scheme, predicting
a square-root singularity.’® Of course, in the experiment
the singularity is broadened due to local field effects, ex-
change,15 finite energy resolution, finite chain length, dis-
order, and interchain coupling. The energy positions of
the maxima in €} (1.9 eV), in the #! (1.95 eV) and in the
absorption p!' (2.3 €V) are slightly higher than values ob-
tained by optical spectroscopy on fibrous low-density
Shirakawa material. Fincher et al.!” report a maximum
at 1.8 eV for the optical conductivity, derived from a
Kramers-Kronig analysis of reflectivity data and the max-
imum for the absorption lies near 1.9 eV. These small
discrepancies can be explained by the fact that the ELS
spectra were taken at a small but finite momentum-
transfer value ¢=0.1 Al The extrapolation to zero
momentum transfer for €, £, and y! is not straightfor-
ward, as the momentum dependence of the m—7* oscilla-
tor is not clear for small g. From the calculation of the
joint density of the 7 bands, which will be discussed later
in detail (see also Refs. 15 and 16), a parabolic g depen-
dence of the energy of the m—7* oscillator is expected for
small momentum transfer. This will result in a decrease
of the energy position of the maximum in the #'' by
about 0.15 eV to a value of 1.8 eV now in excellent agree-
ment with the results from optical spectroscopy.!’

Regarding the absolute value of the dielectric function
in the energy range of the 7—7* transitions, again differ-
ences appear between the present ELS data and optical
data on Shirakawa material, which may be caused by the
different degree of orientation and by the different density
of the material used in optical investigations. The max-
imum values for the dielectric functions of the 7 system
derived from ELS data are for the optical conductivity
0'=9.5x10° (@ cm)~!, for the absorption u!!=8.5x 10°

=1 for the reflectance R!'=0.60, and €{=28, while
those obtained by optical spectroscopy for oriented
Shirakawa films are,'” o/!=4x10° (Qcm)~ !, u'=3x10°

—1 R1=0.48, and €/=18.5. Taking into account a
factor of 3 due to the three times higher density of our
polyacetylene compared to that used in the optical investi-
gations, the optical absorption is almost the same as that



5324

derived from the ELS data.

Information on the optical effective mass m* of the 7
electrons for q parallel to the chain axis can be obtained
by using the oscillator strength sum rule:*!

Neff m
* ’

EC
[, J(a.EdE=

where n. is the effective number of electrons per CH
group contributing to the optical properties for E <E,, n
is the number of valence electrons per CH group, and m
is the free electron mass. Taking E.~6 eV, the 7—7*
oscillator strength is almost fully exhausted, no contribu-
tions from o electrons are expected, and therefore
Negg/n = % With these parameters, the evaluatoion of the
sum rule for several spectra taken at g=0.1 A~ yields
the average result m*/m=1.7+0.1. It is remarkable that
the same effective mass was also, obtalned for higher
momentum transfer up to ¢ <0.7 A~'. On the basis of
the Su-Schrieffer-Heeger (SSH) Hamlltoman,3° Baeriswyl
et al.’® have calculated the effective mass
m‘zﬂ*ﬁz/4toa2, where a is the lattice constant in the
chain direction and 4t is the total width of the 7 bands.
Using a=1.2 A and 4t,=12.8 eV as derived from the
momentum-dependent measurements, which will be dis-
cussed later, we obtain m*/m=1.3. The deviation from
the experimental value m*/m=1.7 may be caused by
electron-electron correlations, not taken into account in
the SSH Hamiltonian, as these correlations tend to in-
crease the effective optical mass.3? According to a calcu-
lation of the sum rule in the framework of the one-
dimensional Hubbard model the ratio of the correlation
energy U divided by 4¢, can be calculated from the sum
rule.>* For small U/4t,, the ratio of the single-particle ef-
fective mass m* to the effective mass mj in the Hubbard
model is given by m* /mf;=1—0.21 (U/4t,). Using the
exact relation for higher U/4t, as given by Eq. (6) of Ref.
33, we obtain U/4t,=0.9. The dimerization, not taken
into account in this model, slightly reduces this value. A
rough estimate of this reduction®* on the basis of calcula-
tions by Baeriswyl and Maki*® yields that the present ex-
perimental results of the sum rule can be explained by
U/4ty~0.7. From this we derive a correlation energy
U~9 eV. These values, which demonstrate the impor-
tance of electron-electron correlations in trans-(CH), are
in excellent agreement with previous estimates of the
correlation energy by Baeriswyl and Maki.* On the other
hand, our rather large U disagrees with U=3 eV derived
from electron nuclear triple resonance spectroscopy*® and
with estimates U/4t, < 0.45 by Kivelson and Heim.?’

As shown in Fig. 2, the real part of the dielectric func-
tion €l has a zero crossmg with positive slope near 4.6 eV.
Since at this energy €} is small, the 7 plasmon appears in
the loss function nearby at 4.9 eV. This energy position is
slightly higher than those given in previous ELS inves-
tigations on nonoriented Shirakawa material. For ¢
=0.1 A~! Ritsko et al.'® as well as Zscheile et al.?° ob-
served the 7 plasmon near 4.2 eV. The lower density of
the Shirakawa material compared to that of our polymer
leads to a lower m—m* oscillator strength and thus to a
zero crossing of €, at lower energies.

Above 5 eV, €] as well as the £l [see Fig. 4(a), g=0.1
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A~!] show a series of additional excitations. There is a
small peak near 6.6 eV which also appears in the absorp-
tion spectra of Baeriswyl et al.!> The intensity of the
peak is changing from sample to sample. The origin of
this peak is not clear. Near 8 eV, an increase in eQ is ob-
served. At 12 and 14.6 eV two maxima and near 19 eV a
weak shoulder are observed. Within the approximation of
noninteracting zig-zag planes, the situation is very similar
to that of two-dimensional noninteracting graphite
planes.®® With q in the plane, transitions are allowed only
between states of the same parity with respect to a reflec-
tion in the plane, i.e., 7—7* and 0—0o* transitions are
allowed. Transitions between states of opposite parity
with respect to a reflection in the plane, i.e., 7—0o* tran-
sitions, are allowed for q perpendicular to the plane. As
there is no macroscopic orientation of the zig-zag planes
perpendicular to the chain axis, €' has contributions from
equal and opposite parity transitions whereas €' is entirely
due to equal transitions. Following these simple selection
rules, the 12 eV transition is assigned to a c—o* transi-
tion at the I' point in agreement with the calculations by
Mintmire and White'* (MW). The 14.6 eV transition as
well as the 19 eV shoulder must be ascribed to o—o*
transitions probably at the boundary of the Brillouin zone.

For momentum transfer perpendicular to the chain axis
the imaginary part of the dielectric function in the 7—7*
transition range is much lower than that for q parallel to
the chain axis. Near 2 eV a strong anisotropy of about
170 is found for €,. As outlined before, no m—7* transi-
tions for q perpendlcular to the zig-zag plane are allowed.
For q m the zig-zag plane, Baeriswyl et al.!> have calcu-
lated €. They obtained a narrow square-root singularity
at the gap energy. Above 2 eV, their €; reaches a value of
0.5, for q in the zig-zag plane which results in a value

$~0 25 for random orientation perpendicular to the
chain axis. This value is in good agreement with €3 ~0.2
in this energy range, derived by the Kramers-Kronig
analysis of the loss function. Due to the small weight, the
narrow singularity proposed in the calculations is not ob-
served. In addition, the same mechanism discussed for
the broadening of the square-root singularity for q paral-
lel to the chain axis will also lead to a broadening for q
perpendicular to the chain axis.

At higher energlm, e; as well as the #* (see Fig.
5, ¢=0.1 A=) increases above 8 eV. A first maximum
appears near 10 eV. According to the calculations of MW
(Ref. 4) this peak should occur at 9 eV and is assigned to
a 7—0o* transition. A large joint density of states should
appear for this transition, as the 7 and the lowest o* band
are effectively parallel for a large portion of the Brillouin
zone. Additional transitions are observed in €} at 16.5 eV
and a broad shoulder near 23 eV. Unfortunately, no cal-
culations of the transition matrix elements at these ener-
gies are available. Therefore, an assignment of these tran-
sitions which may be 7—o*, o—7*, or 0—0c* transi-
tions, is not possible at present.

Only few results on the dielectric functions at higher
energies have been obtained by optical spectroscopy.
Baeriswyl et al.!* have measured the optical absorption
on oriented Shirakawa material up to 10 eV. They ob-
served no anisotropy in the energy range 5—10 eV which



34 MOMENTUM-DEPENDENT DIELECTRIC FUNCTIONS OF . . . 5325

may be explamed by an mcomplete alignment of the poly-
mer chains in their samples.’® Mitani et al.'® have mea-
sured the reflectivity of nonoriented Shirakawa polyace-
tylene by synchrotron radiation in the energy 1 to 25 eV.
Besides the m— 7* transition, the derived €, shows a series
of excitations at energies above 8 eV.

In the following we discuss the momentum dependence
of the dielectric functions of polyacetylene The =
plasmon shows a linear dlsperswn in momentum transfer
in the range ¢ =0.05—1.1 A™" as can be seen in Figs. 3
and 6. The slope (3.3 eV/A™Y) is slightly smaller than
that reported by Ritsko et al.'® (3.6 éV/A~"). This result
is in line with the prediction of MW (Ref. 14) that materi-
al with higher density should exhibit a smaller plasmon
dispersion. Above g=1 A“ there are deviations from
the linear dispersion and a sudden decrease in the intensi-
ty appears. Both facts can be explained by damping of
the plasmon by interband transmons as will be discussed
later in more detail. Below 0.05 A~ (not shown in Figs.
3 and 6) a sudden decrease in the energy of the 7 plasmon
is observed. For ¢=0, the maximum is observed near 4.3
eV. This deviation from a linear dispersion was already
observed in measurements on fibrous Shirakawa trans-
polyacetylene by Zscheile et al.”® Recently, Drechsler
and Bobeth® have explained this fact by an effective
medium approximation for the dielectric function of the
polyacetylene fibers. The polyacetylene used in the
present investigation had a dense nonfibrous morphology.

ENERGY (eV)

1 2
MOMENTUM TRANSFER (A™)

FIG. 6. Possible excitations of 7 electrons in polyacetylene
with momentum transfer parallel to the chain axis. B: Experi-
mental data on the 7 plasmon. ®: Maxima of 7— 7* interband
transitions as derived from the optical joint density of states.
Vertical bar indicates a broader distribution of interband transi-
tions. Hatched area indicates the region of possible interband
transitions calculated in a tight-binding scheme. Dashed lines
show maxima in the calculated joint density of states. If matrix
elements were included, transitions near the dashed line starting
at E=12.8 eV and ¢=0 and ending at 1.8 eV and ¢=2.6 A~
would be strongly suppressed.

Therefore, another explanation is necessary for the low ¢
dispersion of the 7 plasmon. It is well known that at
small momentum transfer, surface plasmons are excited
when electrons are transmitted through thin films.*! The
intensity of surface plasmons decreases with g ~°, while
that of volume plasmons decreases with ¢ ~2. The cross
section for surface excitations is proportional*' to
Im[ —1/(e+1)]. Thus, the surface 7 plasmon should ap-
pear at ;= — 1, i.e., at an energy smaller than the volume
m plasmon. A calculation of the surface loss function
Im[ —1/(e+1)] yields a maximum near 4.2 eV which is
close to the observed energy position E=4.3 eV. This
analysis clearly demonstrates that for small momentum
transfer (g <0.05 A~ the spectra are dominated by sur-
face losses. Therefore, no information on the dispersion
of the volume 7 plasmon in this momentum-transfer
range can be obtained from the present measurements.

For the understanding of the momentum dependent
I, we have performed a simple calculation of the joint
density of states of the 7 bands. Similar to previous stud-
ies,'”!° we have calculated the 7 bands by a simple tight-
binding model. In this model the energy bands along the
chain are given by

E(k)=+[B}+B%+2B,Bcoska)]'/?

where B, and f3, are the transfer integrals between succes-
sive sites, and a is the unit cell length. For the transfer
integrals we used 31=3.64 eV and B,=2.75 eV. As will
be explained later in more detail, this choice gives the best
agreement with our experimental data. These values of
the transfer integrals correspond to a gap energy
E, =2(B8;—pB,)=1.8 €V and to a total bandwidth between
the bottom of the valence band and the top of the conduc-
tion band 4¢y=2(f;+3,)=12.8 eV. Using a simple sam-
pling procedure,” we have calculated the momentum-
dependent joint density of states as shown in Fig 4(b). A
broadening of 0.2 eV was included for comparison with
the experimental data. For ¢=0.1 A , two singularities
at 1.9 eV and at 12.7 eV are realized. Calculations'®!516
for the transitions probability between 7 bands indicate
that transitions at the zone center are strongly suppressed,
i.e., the singularity at 12 eV is hardly detectable. With in-
creasing momentum transfer the width of the JDOS de-
creases, in particular, the &ap increases linear in momen-
tum transfer for ¢>0.1 A~!. Above ¢=0.8 A~ the
slope for the lowest singularity decreases and a splitting is
observed. The positions of the singularities in the Bril-
louin zone are shown as a function of momentum transfer
in Fig. 6 by broken lines. The same curves are obtained
using the analytical RPA expression given by Drechsler
and Bobeth!® as they have used the same band structure
for the m-electron system. The hatched area indicates the
region of possible m—7* transitions neglecting matrix
element effects. Disregarding the lme coming from 12.8
eV at g=0to 1.8 eV at g= 26 A aswellasthegapof
1.8 eV, the curves are very similar to those calculated by
Williams and Bloch*? for a one-dimensional metal.

We now compare the theoretical results with our exper-
imental data of the #!' shown in Fig. 4(a). The momen-
tum dependence of the measured maximum of the m—m*
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transitions is shown in Fig. 6 by black circles. A strong
dispersion of this maximum is observed in good agree-
ment with the theory. The input parameters of the tight-
binding calculations (or RPA calculation) were changed in
such a way as to reproduce the experimental data. Thus,
it was possible to derive the above given parameters
E;=18¢V and 419=12.8 eV. These experimental values,
in particular the total bandwidth depend, however, on the
momentum dependence of the refractive index, which is
needed for the Kramers-Kronig analysis. For example,
using n(q) calculated for an isotropic semiconductor
model? yields 4t,=11.5 eV. However, we think that the
latter model is much less adequate for q parallel to the
chain axis than the RPA calculation by Drechsler and
Bobeth.!® Therefore, we give for the total bandwidth of
the -electron system the value 12.8+0.5 eV. This value
is slightly higher than 47,=10—12 eV denved from
band-structure calculations by Grant and Batra.!

The splitting of the singularity above g,=0.7 A"l
predlcted by the tight-binding and the RPA calculations,
is clearly seen in the OJDS at g=1 AL However, the
splitting is considerably larger than that obtained from
the calculations. The origin of this dlscrepancy is not
clear at present. At g=12A" !, the maximum due to the
two m—m* singularities appears slightly broadened. This
may be caused by o—c* transitions in the same energy
range or by a hybridization of the 7 bands and the o
bands.

The linear dispersion of the m—#* interband transi-
tions causes the linear dispersion of the 7 plasmon. When
the m—7* oscillator moves to higher energies, the zero
crossing of €}, which leads to the 7 plasmon, also moves
to higher energies. The positions of the 7 plasmon are in-
dicated by arrows in Fig. 4(a). At low momentum
transfer, the 7 plasmon is in a region of small OJDS, i.e.,
the plasmon is almgst not damped by interband transi-
tions. Above g=1 A~! the OJDS increases at the energy
position of the 7 plasmon and thus the plasmon is strong-
ly damped by m—7* transitions. This can be seen more
clearly in Fig. 6. Since the slope of the plasmon disper-
sion is smaller than that of the #—#* transition, the
plasmon curves comes closer to the interband curve at
higher momentum transfers. Above g=1 A-! , the
plasmon approaches the region of higher single-particle
transition probability. Therefore, the damping of the 7
plasmon strongly increases. This result for the one-
dimensional semiconductor polyacetylene is different
from the theoretical calculations by Williams and Bloch*®
for the one-dimensional metal, where no Landau damping
is predicted for the free electron plasma.

Figure 4(a) also shows a strong dispersion of the c—o*
transitions for q parallel to the chain axis. At present, we
cannot analyze this dispersion and the appearance of new
maxima in the framework of existing band-structure cal-
culations. Nevertheless, we point out that MW (Ref. 14)
have also calculated a decrease of the gap for the c—o*
transitions, which is observed in the experimental data
shown in Fig. 4(a).

For q perpendicular to the chain axis, no dispersion of
the 7—o* transition at 10 eV in the £ is observed (see
Fig. 5) in agreement with the calculations of MW (Ref.
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14). Moreover, no dispersion is found for the higher ener-
gy transitions (probably o—o* transitions). Going to
higher momentum transfer, the changes of the #* for the
m—m* transitions between 2 and 6 eV are small. These
results are in line with the concept of a rather small
transfer integral perpendicular to the chains.

Up to now, all results could be well explained in a
single-particle model. There remains the problem of a
strong oscillator strength at higher g between the absorp-
tion onset at 1 4 eV for ¢=0 and the calculated gap which
is for g=1 A~ near 6 eV. The fact that the gap does not
increase with increasing momentum transfer was already
observed in nonoriented polyacetylene by thsko et al.”
In their investigation, they found for ¢> 0.5 A la disper-
sionless peak at 2.4 eV which is already present in the loss
function and a high oscﬂlator strength in the energy range
1.4—5 eV for 9= =0.7 A~! which is comparable with that
of the m—m* transition. The deviation from a single-
particle picture was explained in terms of an excitonic
enhancement of the absorption edge. However, as they
measured on nonoriented samples, it was not possible to
exclude that the oscillator strength in consideration was
caused by excitations with q transverse to the chain. In
our data for the £, the dispersionless peak at 2.4 eV does
not appear. Also in the loss function (see Fig. 3), there is
no indication of a shoulder at 2.4 eV at higher momentum
transfer. However, we observed an increasing oscillator
strength between 1.4 eV and the calculated gap at higher
momentum transfer. This intensity is already seen in the
momentum dependent loss function as shown in Fig. 3
and is therefore not an artifact of the Kramers-Kronig
analysis. An explanation by transitions with q perpendic-
ular to the chain axis can be ruled out as our
polyacetylene is almost perfectly oriented. As can be seen
from infrared spectroscopy and from electron diffraction,
there are no detectable chain segments perpendicular to
the orientation axis. The discussed oscillator strength
may also be caused by a double-scattering process, namely
a combination of an inelastic scattering at ¢g=0 and a
quasielastic scattering with the settled momentum
transfer. This would give rise to intensity in the measured
spectra near the surface 7 plasmon and the volume 7
plasmon for g=0 at energxes near 4 and 5 eV. Such peaks
slowly appear at g> 1 A" for our sample thickness. To
test the influence of this kind of double scattering, we
have measured spectra at g=1.0 A~ for two samples, the
thickness of which differ roughly by a factor of 2. Near 5
eV, there is a slight reduction in intensity of the thinner
sample. However, for lower energies, the intensity in the
loss function remains almost the same. Therefore, the
discussed intensity cannot be explained by a double-
scattering process. Furthermore, this statement is sup-
ported by the lack of a temperature dependence of this in-
tensity as outlined in more detail below. The quasielastic
scattering should be strongly temperature dependent. Fi-
nally, there may occur phonon-assisted transitions in this
energy range. In order to obtain more information on
such transitions, we have measured the dielectric func-
tions for ¢=0.7 A-lat T= 80, 290, and 390 K. Within
error bars we did not find any variation of the oscﬂlator
strength in the energy range 2—5 eV at ¢=0.7 Alasa
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function of temperature. This is a strong indication that
the transitions below the calculated gap for higher
momentum transfer cannot be explained by interband
transitions which are assisted by acoustic phonons. As
the energy of the optical phonons is much higher than the
energy corresponding to our measuring temperatures, we
also can exclude transitions assisted by the absorption of
optical phonons. Transitions assisted by the emission of
optical phonons cannot be excluded from our experimen-
tal data. However, we think we can generally exclude the
explanation by phonon-assisted transitions because it is
well known from optical spectroscopy on semiconductors
that these transitions are about 2 orders of magnitude less
intense than the direct transitions.

We also mention that 7—c* or c—0¢* transitions can-
not explain the oscillator strength below the calculated
gap in a tight-binding model, as band-structure calcula-
tions!" 114 reveal a direct or indirect gap for these transi-
tions of about 5 and 9 eV, respectively.

When we accept all the previous arguments against a
simple explanation of the oscillator strength below the
calculated gap then the most likely explanation is an exci-
tonic nature of this intensity. There are several theoretical
studies on polyacetylene, which point out that there is an
excitonic enhancement of the absorption edge®~!'° when
electron correlations are taken into account. Unfortunate-
ly, there exist, to our knowledge, no calculations on the
momentum dependence of excitons in these systems.
Thus, no information is available on the wave function
and on the transition matrix elements at finite momentum
transfer. It is interesting to note that polydiacetylenes
which have a very similar 7-electron structure and which
are also well oriented, show almost the same momentum
dependence of the loss function below 8 eV for q parallel
to the chain axis.** No momentum dependence of the ab-
sorption onset and a considerable intensity between the
absorption onset and the 7 plasmon was found. From op-
tical measurements,*>* there is some evidence that the
fundamental absorption edge is an exciton with a binding
energy of 0.5 eV.

For higher momentum transfers, the present investiga-
tion reveals an almost linear increase of the oscillator
strength between the onset of the absorption edge and the
calculated single-particle gap. The total amount of this
excitonic oscillator strength is slightly less than the
single-particle m—7* transition intensity. The reason
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why we do not see a sharp excitonic line at the absorption
onset is not clear at present. A possibility is that increas-
ing intensity of the excitonic oscillator strength may be
caused by an excitonic series which joins to the continu-
um. To fully understand the experimental facts, more
theoretical work on the momentum dependence of exci-
tonic transitions in these quasi-one-dimensional systems is
necessary.

V. SUMMARY

We have measured the momentum-dependent dielectric
functions parallel and perpendicular to the chains of high-
ly oriented polyacetylene in the energy range 0.2—3Q eV
and in the momentum-transfer range 0.05 to 1.2 A~
Thus information on single-particle and collective excita-
tions of the quasi-one-dimensional Peierls-semiconductor
polyacetyelene was obtained. Most of the experimental
data could be explained in the framework of a simple
tight-binding or a RPA calculation. By a comparison of
the theory with the experimental results, a total width of
the 7 band 4¢,=12.8+0.5 eV could be derived. From an
evaluation of the partial sum rule for 7-electron excita-
tions, the ratio of the electron-electron correlation energy
U to the total width of the 7 bands U/4t,~0.7 is es-
timated. This yields a rather high value for the correla-
tion energy U~9 eV which indicates the importance of
correlations for the 7 electrons in trans-(CH),. The mea-
surements give also detailed information on 7—o* and
o—c* excitations and thus on the band structure of the o
electrons.

Most of the results on the dielectric functions can be
explained in a single-particle picture. However, in this
model a strongly momentum-dependent gap is predicted,
which is not observed in the experiments. There, the on-
set of the absorption is found to be independent of the
momentum transfer and considerable oscillator strength
appears at higher momentum transfer between this onset
and the calculated single-particle gap. The most likely ex-
planation of this oscillation strength is that it is related
with transitions which are excitonic in nature.
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