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Plasmon dispersion and anisotropy in the metallic polymer (SN), were investigated
directly by electron-energy-loss spectroscopy. A positive dispersion relation was ob-
served for plasmons propagating along the polymer-chain & axis. As the plasmon wave
vector changes from parallel to perpendicular to the b axis, the plasmon energy de-
creases from 2.5 to 1.5 eV consistent with the view that (SN), is a poor conductor in the
perpendicular direction rather than a quasi~one-dimensional metal.

In studies of one-dimensional metallic materi-
als, a question of some considerable importance
is that of distinguishing between such a system
and an extremely anisotropic two- or three-di-
mensional conductor. A convenient attack on this
problem can be made via electron-energy-loss
experiments which can readily be exploited to
give optical-anisotropy information. We report
here such observations on polymeric (SN),, a
material initially thought to be quasi-one-dimen-
sional'™® but which more recent optical-reflec-
tivity measurements? have suggested is rather an
anisotropic two- or three-dimensional conductor.
Our observations, being direct measurements of
the plasmon anisotropy and dispersion by high-
energy (75-keV) inelastic electron scattering,
provide further support for the latter view. In-
deed some useful analogies have been made be-
tween the present studies and recent observations
on graphite, 5° a uniaxial-layer-type crystal.

Bulk (SN), single crystals were prepared as
described previously.®*’ Single-crystal films
were obtained by cleaving the bulk crystal with
sticky Teflon tape. The Cornell Hitachi-electron-
microscope, Wien-electron-spectrometer sys-
tem® was used to determine the energy-loss spec-
tra with the microscope operated in the normal
selected-area-diffraction mode. One advantage
is that large-area specimens were not required:
A sample area of linear dimension about a few
thousand angstroms is sufficient for this arrange-
ment with an energy resolution of ~0.5 eV and a
momentum-transfer resolution of ~0.95 A"Y, Ex-

amination in the electron microscope revealed
the characteristic fibrous structure of (SN),
while the single-crystal diffraction pattern indi-
cated that both the b axis (the conducting axis)
and the a axis lie in the plane of the film.* By
rotating the diffraction pattern, electrons being
scattered into different azimuthal planes are al-
lowed to pass through the entrance slit of the
spectrometer. Hence, energy-loss spectra can
be recorded as a function of momentum transfer
|g| for different directions of the excitation wave
vector a; i.e., El can be varied from a direction
parallel to the conducting b axis to a perpendic-
ular direction. The energy-loss spectra were
recorded on photographic plates, and a Joyce-
Loebl microdensitometer was then used to trace
out the intensity maxima of the loss spectra on
the plates.

Figure 1 shows the photograph of energy-loss
spectra for g parallel to the b axis. The horizon-
tal line at the bottom arises from electrons scat-
tered by elastic collisions and by phonons. The
sharp dispersive peak at ~2.5 eV corresponds to
the plasma excitations observed in the optical-re-
flectivity measurements which showed a well-de-
fined plasma edge near 2.5 eV for the same polar-
ization.** Two weaker peaks located at 6.6 and
8.7 eV are associated with interband transitions.
These two peaks which occur only at small g are
not clearly visible in Fig. 1 largely due to the
rising instrumental background caused by elec-
trons scattered off the entrance slit of the spec-
trometer; however, the microdensitometer
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FIG. 1. Energy-loss spectrum of (SN), (g parallel to
the b axis) recorded on electron photographic plates.
The spectrum shows intensity I(w,q) as a function of en-
ergy loss 7Zw and momentum transfer. The horizontal
line at the bottom contains electrons scattered by elas-
tic collisions and by phonons.

traces show these peaks easily. The optical-re-
flectivity measurements®#!! also indicated that
higher-energy interband transitions occur above
the plasma edge. These interband transitions
significantly affect the plasmon observed at 2.5
eV. A large broad peak near 23 eV is also ob-
served. This is the plasmon involving all valence
electrons (eleven electrons per SN molecule and
four SN molecules per unit cell) in the (SN), crys-
tal, analogous to the 7 +0 plasmons observed in
graphite.>® Assuming the plasmon energy ex-
ceeds the interband transitions, the free-electron
approximation can be used, wp=(41m62/m)1/2 with
n=3.3x10% cm™3. The plasma energy, #uw,=21.3
eV, is close to the large peak observed near 23
eV. These values reflect the wide energy sepa-
ration between the valence plasma excitations and
the lower-energy interband transitions which lead
to only a relatively small shift of w,. We note
that the intensity profile of this 23-eV peak is not
symmetric with the steeper slope on the high-en-
ergy side. This is probably caused by some un-
resolved broad excitations on the lower side of
the peak.

The important feature in the parallel loss spec-
tra (Fig. 1) is the 2.5-eV plasmon peak, some-
what analogous to the 7 plasmons observed in
graphite.®® The measured dispersion of this peak
for g parallel to the b axis is shown in Fig. 2.

As is commonly observed in ordinary metals,

the dispersion relation is positive, in contrast to
recent plasmon-dispersion measurements of the
quasi-one-dimensional metal TT F-TCNQ (tetra-
thiafulvalene-tetracyanoquinodimethane) where a
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FIG. 2, Dispersion of plasmons in (SN), . Plasmons
propagating along the conducting b axis are represented
by closed circles and plasmons propagating at 50° to the
b axis by open circles.

negative plasmon dispersion was reported.’? The
plasmon dispersion (Fig. 2) starts with Zw=2.48
eV at ¢=0 and extends to 3.4 eV at ¢ ~0.55 A™L,
The measured dispersion curve follows closely
the well-known relation w = w, +a(%/m)q? with
Biw,=2.48 eV and o =0.62 for ¢<0.3 A™%, At
larger g, (where local-field effects'® may no
longer be negligible), the measured data points
fall below this simple theoretical expression. We
note that the plasmon-dispersion coefficient «
for (SN), is significantly larger than the corre-
sponding « values observed in most metals («
~0.4).'* The plasmon energy at g =0 also agrees
with the value obtained from optical measure-
ments®** which correspond on a best-fit basis to a
point where €(w) =0, i.e., hw,=2.5eV. Assuming
that there is only one 7 electron per molecule
participating in the plasma oscillation, the free-
electron plasmon energy should be 6.43 eV. The
major contribution to the shift of the plasmon en-
ergy from its free-electron value can be attrib-
uted to the two interband transitions located at
6.6 and 8.7 eV. It is well known that interband
transitions which are higher in energy than the
free-electron plasmon energy will act to move
the plasmon down to lower energies, whereas
those which occur at lower energy act to push the
plasmon energy up.'’ In the early reflectivity
study of (SN),, 2 interband effects were suggested
and subsequently verified by further extensive
optical measurements,*!!

The width of the plasmon at 2.48 eV obtained by
optical measurements is about 0.3 -0.5 eV. In
the present studies, the observed plasmon peak
is at least as narrow as the experimental energy
resolution (0.5 eV).

Direct measurements of the optical anisotropy
were obtained by recording energy-loss spectra
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FIG. 3. Angular dependence of plasmon energy in

(SN), (represented by closed circles). The plasmon en-
ergy at each angle 0 is measured atge~1 A~!. The pre-
cision with which the position of a “stand-alone” peak
can be determined is ~+ 0.1 eV. For comparison, plas-
mon anisotropy is also calculated for TTF-TCNQ (tri-
angles) and KCP (open circles) using the dielectric con-
stants obtained from reflectivity data (Refs. 16 and 17),

for (’1 at an angle to the polymer-chain b axis, but
still in the a-b plane. The energy-loss spectra
for q perpendicular to the b axis were obtained by
collecting those electrons scattered along the a
axis, Comparisons with the loss spectra for a
parallel to the b axis show that the plasmon en-
ergy and dispersion are anisotropic. Specifically,
the sharp strong plasmon peak at 2.48 eV for a
parallel to the b axis is now shifted to 1.5 eV and
is considerably weakened and broadened. No sig-
nificant anisotropy was observed for the higher-
energy excitations. We believe that the 1.5-eV
peak is a plasmon since it can be followed as a
continuous function of 6, the angle between a and
the b axis, from the b-axis plasmon to the a-axis
plasmon (see Fig. 3). Both the parallel and per-
pendicular data are consistent with the plasma-
like edges observed optically.* The plasmon dis-
persion also varies continuously with 6 de-
creasing to little or no dispersion at 90°. We
show dispersion for 6§ =50° in Fig. 2. The broad
plasma edge observed in the transverse optical
reflectance is broadened by scattering because of
the fibrous and disordered structure character-

istic of (SN), samples in the transverse direction
in addition to normal scattering processes, In
itself, this observation indicates metallic behav-
ior for (SN), in the transverse direction and,
therefore, is evidence that (SN), is an anisotrop-
ic three-dimensional metal rather than one di-
mensional.

The significance of the data given in Fig. 3 can,
however, be explored further. The observed an-
gular variation is less than the cosine dependence,
w(0) =Kw(0) cosh, predicted by a recent random-
phase-approximation calculation of the frequency-
and wave-vector-dependent dielectric function for
a quasi-one-dimensional metal.’® In the case of
an anisotropic crystal, the scattering cross sec-
tion for high-energy electrons is proportional to
the energy-loss function’® Im(1/q-€-q) where
€(g,w) is the dielectric tensor. For a uniaxial
crystal this loss function can be written in terms
of the principal components in the parallel and
perpendicular directions, €, and €,, and 6, as
Im(e, cos?6+€,8in%0)"%. " In the present case ¢, is
clearly metallic and the question is whether ¢, is
metallic or insulating. For example, in both
TTF-TCNQ ' and K,[Pt(CN),]Cl,,*3H,0 (KCP), *
€,(w) is positive and slowly varying in the energy
range of interest, behavior which has been inter-
preted in terms of diffusive electron hopping be-
tween individual chains.!® The simplest model is
€ =1-w,*/w®and €,=1+P(w), where P(w) is
-w,?/w® for a metal, -w, 7%, where w,?7%<1,
for an overdamped metal (with a mean free path
much less than a lattice constant), or a (a posi-
tive constant) for an insulator. Taking the plas-
mon energy as the root, w(8), of €, cos?d +¢€,sin%f
=0, we find that for the metallic form Zw(6)
=T(wy? c0s%6 +w,, sin%0) Y2 >Hw,, cos6 and for the
insulating form Zw(6) = hw, cos6(1 + o sin2g)™ V2
STHwy cosf. This suggests that the Williams and
Bloch expression'® 7iw(6) =7w(0) cos§ marks the
transition between metallic and insulating behav-
ior. This clearly has to be treated with some
caution for real materials which are apt to be

- somewhat more complex but nevertheless can

generate useful insight. We have evaluated the
energy-loss function for both TTF-TCNQ and
KCP from dielectric data (including damping) ob-
tained from reflectivity measurements®1” (see
Fig. 3). For both TTF-TCNQ and KCP the values
for the plasmon peak lie surprisingly close to the
cosf curve.?® The plasmon peak for TTF-TCNQ
as determined from Re(€) =0 lies below cosf. In
both materials, structure occurs in the ¢, for

w << w, which results in modification of the simple
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model given above. Nevertheless, the contrast
between (SN), and the two other one-dimensional
candidates is marked.

In conclusion, we have presented direct meas-
urements of the plasmon dispersion and optical
anisotropy in single crystal (SN),. The observed
data confirm the good metallic behavior along the
chain direction. In the perpendicular direction,
(SN),c has the dielectric function of a poor metal
in contrast to TTF-TCNQ where the transverse
optical properties show no sign of metallic behav-
ior. Thus, the energy-loss experiments sug-
gest that (SN), should not be viewed as a one-di-
mensional metal but rather as an anisotropic two-
or three-dimensional conductor.
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FIG. 1. Energy-loss spectrum of (SN), (¢ parallel to
the b axis) recorded on electron photographic plates,
The spectrum shows intensity I(w,q) as a function of en-
ergy loss fiw and momentum transfer. The horizontal
line at the bottom contains electrons scattered by elas-
tic collisions and by phonons,



