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Birming-
Plasmon Dispersion and Damping at the Surface of a Semimetal
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We have investigated for the first time the dispersion and the momentum dependence of the damping
of the surface plasmon of a semimetal, the low-energyp band plasmon of graphite, using high
resolution electron energy loss spectroscopy. The measured dispersion is positive. In contrast to
all previous studies on metals, the width of the plasmon loss decreases substantially with increasing
parallel momentum and appears to collapse to a residual value beyond a critical momentum. These
findings are explained in terms of the coupling to interband transitions in semimetallic graphite.

PACS numbers: 79.20.Kz, 71.20.Ps, 73.20.Mf, 79.60.Bm
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In recent years considerable progress has been m
in the understanding of the surface electronic excitati
spectra of metal surfaces [1–4]. The dispersion of surfa
plasmons on metal surfaces has attracted great interest
both experimentally [1,2,4–10] and theoretically [2,3,11
Moreover, an intriguing similarity has been identified be
tween the dispersion of the surface plasmon as a funct
of the wave vector and the size dependence of the pl
mon resonance frequencies in atomic clusters [12]. T
relationship has recently been verified in the case of t
simple metals [13], Ag [14] and Hg [15]. The surfac
plasmon dispersion of simple metals is now well unde
stood in terms of a model, which, in the long waveleng
limit, links the initial dispersion to the position of the cen
troid of induced charge associated with the plasmon fie
[3,11,16]. In contrast, there is still some controversy fo
noble metals, where deviations from this simple model a
observed due to band structure effects. Here we pres
the first study of the plasmon dispersion at the surface
a semimetal. Using high resolution electron energy lo
spectroscopy (HREELS) we have investigated the disp
sion of the low-energyp band plasmon on graphite, a
prototypical example of a semimetal whose band stru
ture is well known [17–20] and which should therefore b
a good model system for the examination of the intera
tion of the plasmon with interband transitions. The tem
perature dependence of the energy and linewidth of t
plasmon were recently studied by Jensenet al. [21]. Fur-
thermore, Li, Hock, and Palmer [22] and Hocket al. [23]
have used K and O2 adsorption on graphite to study the
effect of charge transfer on the energy of this surface pla
mon. In our measurements we find that the dispersi
of the graphite plasmon is positive over the momentu
range investigated. In contrast with all previous stu
ies of surface plasmons, we also find that the plasm
width decreases with increasing parallel momentumqk,
and collapses to a residual value beyond a critical wa
vectorqkc. We show that this behavior is a consequen
of the low-energy continuum of electron-hole pair excita
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tions characteristic of a semimetal, which dominates t
plasmon damping up to a critical parallel momentumqkc.

The HREELS spectra presented in this Letter were o
tained with a high resolution electron-energy loss spe
trometer (LK 2000) mounted in an ultrahigh-vacuum
(UHV) chamber with a base pressure of5 3 10210 mbar.
The measurements were carried out with an incident el
tron energy of 50 eV and an incident angle of 60± with
respect to the sample normal, while the scattering a
gle was varied in order to measure the dispersion. T
samples used were highly oriented pyrolytic graph
(HOPG). The crystals were cleaved in air before moun
ing on a rotatable, variable temperature sample holder a
cleaned regularly in UHV by electron bombardment hea
ing to ,1100 K. Sample cleanliness was monitored usin
HREELS. All HREEL spectra were recorded at a samp
temperature of 605 K, as at this elevated temperature
plasmon is shifted to higher energy and therefore is mo
clearly visible [21]. During these measurements the sa
ple was radiatively heated using a W filament mount
behind the sample. The sample temperature was m
itored by a Chromel-Alumel thermocouple mounted
close vicinity to the sample and was regulated to with
3 K by adjusting the filament current.

Figure 1(a) shows a series of HREEL spectra obtain
for five different scattering angles. In all cases a discre
energy-loss feature is observed, superimposed on
intense sloping “background” caused by electron-ho
excitations [24,25]. In line with previous studies [21
we attribute this discrete feature to the excitation of t
p band plasmon polarized withEkc. Since HREELS
is a surface sensitive technique, what we are seeing
the p band plasmon at the surface of graphite. Becau
graphite is a layered material, the distinction between t
“surface plasmon” and the corresponding “bulk plasmo
is blurred. The loss peak in Fig. 1(a) can be clearly se
to move to higher energy in the loss spectrum as t
parallel momentum transferqk is increased. Furthermore
its width appears to decrease with increasing moment
© 1996 The American Physical Society
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FIG. 1. (a) HREELS spectra of graphite obtained at differe
emission anglesu. The incident beam energy is 50 eV in
each case, and all spectra were recorded with an incid
angle of 60± with respect to the sample normal. During
these measurements the sample temperature was 605 K.
Plasmon peak after background subtraction for an emiss
angleu  58±. The solid line represents a Gaussian fit to th
peak.

transferqk. At qk  0 the peak is positioned at,86 meV
and has a FWHM of,65 meV.

In order to extract the position and the width of th
plasmon mode from the experimental electron ener
loss spectra [see Fig. 1(b) as an example] the ba
ground was interpolated into the region of the pla
mon loss feature and subtracted. The function us
for the interpolation of the background had the an
alytical form fsxd  asx 2 x0d 1 b 1 csx 2 x0d21 1

dsx 2 x0d22 1 esx 2 x0d23, which gave the best fit to
the shape of the background [26]. The loss feature th
obtained was fitted with a Gaussian [see Fig. 1(b)]. W
also checked that the kinematic factor in the dipole sc
t
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tering probability function [24,27] has a negligible effe
on the plasmon energy and width so derived.

The energy of the plasmon mode as a function
parallel momentum transfer is shown in Fig. 2 for valu
of qk from 0 to 0.4 Å21. In this momentum range
the plasmon energy increases from,86 to ,93 meV.
Within the experimental error bars, the energy ris
monotonically with increasing momentum transfer ov
this range, in particular, the initial dispersion seems
be weak, but positive. On closer inspection, the plasm
energy appears to level off at higher parallel moment
transfer.

Of particular interest in this study is the dependen
of the linewidth of the graphite surface plasmon on t
parallel momentumqk. In order to extract the linewidth
of the surface plasmon,DEP, the experimentally observe
loss width,DEloss, has to be corrected according to th
formula

DEP 
q

DE2
loss 2 DE2

exp , (1)

where DEexp is given by the transfer width of the
spectrometer.DEexp depends on the energy resolution
the spectrometer and its angular acceptance [1]. The l
term is connected to the slope of the plasmon dispers
and arises because the spectrometer samples a regi
momentum spaceDqk due to its finite angular acceptanc
(under the conditions used in this experiment we estim
Dqk  0.06 Å21). Since the plasmon dispersion is on
,6 meV over the whole momentum range investiga
s0.4 Å21d, the contribution due to the finite angula
acceptance can be neglected compared to the en
resolution of the spectrometer of,9 meV.

Theqk dependence ofDEP is shown in Fig. 3. We find
that the width of the graphite surface plasmon decrea
substantially asqk increases, from a FWHM of,65 meV
at qk  0 to ,32 meV for values ofqk ø 0.28 Å21, and
appears to remain constant for higherqk. This behavior
contrasts strongly to the behavior found on metals, wh

FIG. 2. Experimentally observed plasmon energy, derived
ter background subtraction, as a function of parallel mom
tum transferqk. The sample temperature during these m
surements was 605 K.
1953
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FIG. 3. Experimentally derived plasmon width (FWHM), a
a function of parallel momentum transferqk at a sample of
605 K.

slow an increase of the surface plasmon width [1,2,
which may be preceded by an initial small decrease
some cases [1,10].

We propose that the behavior observed for the graph
plasmon is a direct consequence of the semimetallic ba
structure of graphite. The origin of this effect can b
seen most simply in terms of the two-dimensional sing
layer graphite band structure. Thesp2-hybridized carbon
atoms form strong bonds within each layer, giving rise
the graphites bands. The remainingPz orbitals point
normal to the layer and overlap to form thep bands.
For a single graphite layer the symmetry group leads to
degeneracy of thep bands at the corner of the hexagon
Brillouin zone (theK point) [17,18]. Near theK point the
bands have a linear dispersion relation

´skd  6p0jkj , (2)

where k is the two-dimensional wave vector measure
from the K point. The band slope parameterp0 can
be calculated from interatomic dipole matrix element
yielding a value ofp0  4.17 eV Å [25]. The Fermi level
intersects thep bands at theK point, leading to a very
small density of states at the Fermi level and resulti
in the semimetallic behavior of graphite. The density
states rises sharply both above and belowEF .

Because of this semimetallic band structure vertic
interband electron-hole pair excitations are allowed at
energies, even at small wave vectors. Jensenet al. [21]
showed that the plasmon lifetime is dominated by dec
into these excitations [see Fig. 4(a)]. The behavior
this decay channel is thus qualitatively different from
that in conventional metals, where plasmons can on
decay through single electron-hole excitations if the
wave vector exceeds a certain critical value [6,28]. F
a finite parallel momentum transfer,qk fi 0, the allowed
transitions in k space are no longer vertical. For
given qk this can be represented by shifting the ban
below EF rigidly by qk and then looking for vertical
transitions [Fig. 4(b)]. It is easy to see that transition
1954
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FIG. 4. Schematic diagram of thep bands of graphite
showing interband transitions, for (a)qk  0 and (b) finite
parallel momentumqk fi 0 and minimum energyEc. In (b)
the excitations are represented as vertical transitions betw
shifted bands.

can only occur if they exceed a critical energyEc 
p0qk, where p0 is the minimal band slope paramete
[25]. This simple cutoff condition is modified when
the more complicated three-dimensional band structu
which allows for interlayer interactions, is included
Because of this interaction thep bands are split into
four discrete bands of theK point [18]. The cutoff
condition now becomesE , Ec  p0qk 2 2g1 where
2g1  0.8 eV corresponds to half the width of thep
bands at theK point [25].

As the parallel momentum of the surface plasmon i
creases, the number of decay channels decreases, s
only interband transitions above the critical energyEc

(which rises with increasingqk) are permitted. On this
basis we expect the lifetime of the plasmon to in
crease, and therefore its linewidth to decrease, with
creasingqk, in harmony with our observations (Fig. 3)
From the cutoff condition we estimate a value ofqkc 
0.22 Å21, above which the plasmon can no longer d
cay into interband electron-hole pair excitations. Th
value is broadly consistent with our experimental da
(Fig. 3), where the width appears to “bottom out” be
yondqk ø 0.28 Å21. We believe that the residual damp
ing of the plasmon at higherqk arises from other mech-
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anisms, such as phonon scattering and multiple elec
excitations.

We believe that the observed dispersion of the plasm
can be accounted for by the same model. It is well kno
that interband transitions not only influence the width
the surface plasmon, but also its position. Examples
such an influence can be found in many metals, e.g.,
where the plasmon frequency is strongly shifted by t
presence of thed ! s transitions [29]. In graphite, a
qk  0, interband electron-hole pair excitations rangi
from energy E  0 to several eV exist, as describe
above. In contrast to Ag, where only one transition
a well defined energy exists, this whole band of interba
transitions can influence the plasmon and shift its ener
It was shown by Venghaus [30] that the influence of the
interband transitions leads to a redshift of the plasm
energy atqk  0. For largerqk, as explained above, a
lower cutoff energyEc exists and interband transition
with energies below this critical energyEc are not
permitted. With increasingqk (and therefore increasing
Ec), the band of allowed interband transitions therefo
shifts in energy further away from the plasmon ener
resulting in a smaller influence on the plasmon ener
For very largeqk, where this band will be energeticall
well separated from the plasmon excitation, the ene
of the plasmon is therefore expected to converge to
value determined by the free carrier density and
static polarizability of the bound electrons. One therefo
expects an initial positive dispersion of the plasmon wh
levels off for higher values ofqk. This is consistent with
our observations (Fig. 2).

In summary, we have, for the first time, measur
the dispersion and the momentum dependence of
damping of the surface plasmon of a semimetal,
low-energyp band plasmon of graphite. We find tha
the dispersion is positive over the momentum ran
investigated. In contrast to metals, the width of t
plasmon decreases with increasingqk and appears to
collapse to a residual value beyond a critical wave vec
of qk ø 0.28 Å21. We believe that both findings ar
results of the semimetallic band structure of graphite a
can be explained in terms of the low-energy interba
electron-hole pair excitations, which not only constitu
the main damping channel for the plasmon at lowqk,
but are also responsible for the observed shift in plasm
energy.
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