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Temperature-Dependent Plasmon Frequency and Linewidth in a Semimetal
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High-resolution electron-energy-loss spectroscopy of the surface of graphite reveals a discrete loss
feature attributed to the excitation of a z-band plasmon polarized with Elle. The frequency of the
plasmon is found to be strongly temperature dependent. This arises from the contribution of thermally
generated carriers to the plasma frequency, as confirmed by explicit calculations using the graphite band
structure. From the observed temperature dependence of the plasmon width, we also obtain quantitative
details of the plasmon decay channel, which is found to be dominated by the low-frequency electron-hole
pair excitations characteristic of a semimetal. Similar effects are expected in other semimetals.

PACS numbers: 73.20.Mf, 71.45.6m, 79.20.Kz

High-resolution electron-energy-loss spectroscopy
(HREELS) has recently been used to make several im-

portant observations of new phenomena in the surface-
plasmon properties of metals. ' " Deviations from the
jellium model due to band-structure effects have been an
important theme of these studies. In this Letter we
demonstrate two novel eff'ects in the plasmon spectrum of
graphite. These effects are consequences of the unusual
semimetallic band structure and are quite different from
plasmons in metals. The first effect is that in semimetals
the energies of low-energy plasmons may be very strong-
ly temperature dependent. We have observed the energy
of the z-band Elle plasmon in graphite, first identified

by Boyle and Nozieres, s increase by a factor of 2 as the
temperature is changed from 150 to 400 K. Second, the
linewidth of the plasmon is also strongly temperature
dependent. We show that this is a consequence of the
low-energy continuum of electron-hole pair excitations
which exists in semimetals, and which causes strong
plasmon damping at all temperatures and wave vectors.
In contrast, plasmons in conventional metals only have
significant decay into electron-hole pairs if their wave
vector exceeds a certain critical value. ' These tempera-
ture dependences of frequency and linewidth have not
been observed in previous studies of plasmons in graphite
or other semimetals, nor have they been predicted theo-
retically, even though they are straightforward conse-
quences of the semimetallic band structure. We have
confirmed our interpretations of the temperature depen-
dences of both the graphite plasmon energy and the
linewidth by theoretical calculations, which are in quan-
titative agreement with our data.

HREELS spectra were obtained using a spectrometer
based on conventional single-pass hemispherical dispers-
ing elements, housed in a diff'usion and ion pumped
UHV chamber with a base pressure of & 2 x 10
mbar. The samples used were of highly oriented pyrolyt-

ic graphite (HOPG). The crystals were cleaved in air
with tape, mounted in a cryogenic sample holder similar
to one previously described, and cleaned in UHV by
resistive heating to 1100 K. The sample temperature
was measured with a Rh-Fe four-wire resistance sensor
in good thermal contact with the sample surface. The
H REELS spectra obtained below room temperature
were recorded as the sample holder slowly warmed up
after cooling with liquid N2, data taken at temperatures
above 300 K were obtained while the sample slowly
cooled down after resistive heating.

Figure 1 shows a series of HREELS spectra obtained
over a range of sample temperatures (152-384 K) with
an incident beam energy of 55 eV and in the specular
direction. A discrete loss peak is observed at each tem-
perature, superimposed on an intense sloping "back-
ground" caused by electron-hole pair excitations. Pre-
vious HREELS studies of graphite at lower electron im-
pact energy have observed only a shoulder in the loss
spectrum at room temperature. ' The loss peak in Fig. 1

can clearly be seen moving out to higher frequency in the
loss spectrum as the sample temperature is raised; at 310
K its frequency is 53 meV. In previous HREELS mea-
surements we have characterized both the phonon spec-
trum of graphite" and the electron-hole pair continu-
um, and neither of these can explain the discrete loss
feature in Fig. 1. Transmission HREELS data from
bulk graphite at (presumably) room temperature' show
two loss features assigned to plasmon modes, at 45 and
128 meV, and comparison with optical reflectivity mea-
surements leads to the conclusion that these are polar-
ized with E parallel and perpendicular to the c axis, re-
spectively. ' Thus we identify the temperature-depen-
dent loss peak in Fig. 1 with the plasmon mode polarized
with Elle. The small shift in frequency between our
data and the transmission HREELS results may arise
from the difhculty of accurately subtracting the loss
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FIG. 2. (a) Experimentally derived plasmon frequency co~

in graphite, after background subtraction, as a function of tem-
perature (points). The solid line shows the plasmon frequen-
cies calculated from the graphite band structure, using
= I.25. (b) The experimentally observed (points) and calcu-
lated (solid line) plasmon linewidths as a function of sample
temperature, showing the marked increase in peak width as the
temperature is increased.
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FIG. 1. H REELS spectra of graphite obtained at a series of
sample temperatures. The incident beam energy is 55 eV in

each case, and the spectra were all recorded in the specular
scattering direction (0; =of =60'). The discrete loss feature,
assigned to a x-band plasmon, shifts upwards in frequency as
the temperature is raised.

background in Ref. 12.
In Fig. 2 we plot the frequency of the plasmon mode

as a function of sample temperature. The frequency we
plot is extracted from experimental loss spectra, of which
those shown in Fig. 1 are examples, by subtracting a
background given by the loss spectrum obtained at 20
K, ' where no discrete loss peak is visible, and fitting the
loss feature thus obtained with the dipole scattering

HREELS loss function ' using a Drude dielectric func-
tion for the plasmon. The plasmon frequency plotted in

Fig. 2(a) is seen to rise distinctly and monotonically with
temperature. Indeed, the plasmon frequency changes by
a factor of 2 on raising the temperature from 150 to 400
K. This effect has not been observed previously in any of
the previous measurements of this plasmon. ' ' ' Previ-
ous calculations' ' of the plasmon frequency neglected
the substantial effects of finite temperature demonstrated
in Figs. 1 and 2.

At the qualitative level, a consideration of the band
structure of graphite is helpful in forming a physical pic-
ture that can account for the observed temperature
dependence. Graphite has a layer structure, and sp hy-
bridization of the carbon 2p orbitals leads to two sets of
bands (cr and rr). To first approximation the rr and rr*

bands meet at the K point in the Brillouin zone, through
which the Fermi level passes, leading to a very small
density of states at the Fermi level, n(EF). The density
of states n(E) rises rapidly both above and below EF,
yielding the familiar semimetallic behavior of graphite. '

The plasmon frequency is small (40-100 meV) because
of the smallness of n(EF). Thermal excitation of elec-
trons from the valence band and into the conduction
band is expected to radically alter the population of car-
riers (electrons and holes) involved in the rr-band plasma
resonance. This thermal population of electrons in the
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conduction band is directly evident in the energy-loss
spectrum, as a temperature-dependent energy-gain wing
corresponding to the annihilation of electron-hole pairs
generated thermally at high temperature. ' Thus, at
higher temperature, we expect the density of carriers to
rise and with it the plasma frequency, qualitatively ac-
counting for the eAect so graphically illustrated in Figs.
1 and 2(a). Thermal excitation of carriers is, of course,
well known in doped semiconductors, and in those ma-
terials this eAect can also lead to temperature-dependent
dielectric properties.

In order to test this explanation of the observed tem-
perature-dependent plasmon energy quantitatively, we
have carried out calculations of the graphite plasrnon
frequencies (for Elle) as a function of temperature, as
also shown in Fig. 2(a). The plasmon occurs at a fre-
quency co~ where the c-axis dielectric function e(co) van-
ishes. In the random-phase approximation (RPA) the
c-axis dielectric function can be written as

e' l'"
d&

df(E)
2 Q —oo dE

d 2I (2)

Here v is the band velocity, and the wave-vector integral
is over the constant-energy surface with energy E. In
this equation, temperature dependence arises both be-
cause of the width of the Fermi distribution f(E) [i.e.,

f(E) is an explicit function of kT] and because f(E) de-
pends upon the chemical potential which also varies with
temperature, results which can be physically interpreted
in terms of a thermal population of carriers involved in
the plasma resonance. The theoretical curve in Fig. 2(a)
was calculated by numerical evaluation of A~ from the
integral in Eq. (2). We used the Slonczewski-Weiss-
McClure parametrization of the band structure near the
Fermi surface with the ab initio parameter values ob-
tained by Tatar and Rabii. ' As a check, the low-
temperature limit of our results agrees with the zero-
temperature value obtained by Tatar and Rabii. ' As-
suming that the Elle interband dielectric function is a
real constant, e, over the frequency and temperature
ranges of interest, the calculated plasmon frequency fol-
lows from Eq. (1). ' Values of e present in the litera-
ture vary widely, ' ' so we treat it as a free parameter.
The full theory curve in Fig. 2(a) was obtained by taking
e =1.25, which gives excellent agreement both in the
temperature dependence and in the absolute values of
the plasmon energy.

In Fig. 2(b) we plot the width of the plasmon as a
function of temperature. The width is seen to rise mono-
tonically as the temperature increases. In principle, con-

e(o)) =~' —n p'/co',

where c is the contribution from interband transitions
and —t1~/rd is the contribution from intraband transi-
tions. ' It is straightforward to show that at finite tern-
peratures A~ is given by

tributions to the damping of the plasmon could arise
from various mechanisms, such as phonon scattering and
electron-hole pair excitation. Theoretically, the width
can be derived from the imaginary part of the dielectric
function, and Fig. 2(b) shows the width calculated by in-
troducing into Eq. (1) a term corresponding to the imag-
inary part of the interband dielectric function:

e(co) =eo+4zria(co)/ro —np'/co'. (3)

The interband optical conductivity cr(co) is calculated
from the graphite band structure using standard formu-
las. The EELS loss function, Im[ —1/s(rd)], calculat-
ed from Eq. (3) shows the plasmon peak at co„superim-
posed upon a background continuum due to interband
electron-hole pair excitations, which we have discussed
elsewhere. The plasmon-peak width derived from Eq.
(3) is plotted in Fig. 2(b), and agrees well with the ex-
perimental values. This leads us to the conclusion that
the plasmon lifetime is dominated by decay into inter-
band electron-hole pair excitations. In a normal metal
the decay of a plasmon into electron-hole pair excitations
is severely limited by energy-momentum conservation
laws, and plasmons may only decay through this channel
if their wave vector exceeds a certain critical value. '

Here, because of the semimetallic band structure, elec-
tron-hole pair excitations are allowed at all energies,
even at small wave vectors. The plasmon decay channel
in sernimetals, such as graphite, is thus qualitatively
diAerent from that in conventional metals.

Finally, we have calculated the plasmon frequency as
a function of doping the graphite with impurities which
move the position of the Fermi level. We find that as the
Fermi level is either increased or decreased away from
the minimum in the density of states n(E) the plasmon
frequency increases and its temperature dependence be-
comes weaker. This fact has some important implica-
tions. First, the experimental results in Fig. 2 are incon-
sistent with calculations for doped graphite, confirming
that our results represent intrinsic undoped graphite and
impurities are not a significant factor. Second, it implies
that the temperature dependence of the plasma frequen-
cy in a metal, where n(EF) is large, will be a tiny frac-
tion of the T=o value, whereas in other semimetallic
materials, where n(EF) is low, e.g. , As, Sb, and Bi, the
eA'ect is expected to be much more significant. The
plasmon mode recently observed in Sb films on GaAs-
(110) (Ref. 25) seems like an excellent candidate where
such behavior might be observed. In the case of graph-
ite, one can test the theoretical prediction by deliberately
adsorbing dopants (e.g. , alkali metals) on the surface to
act as charge donors, and experiments on K/graphite are
currently in progress.

In conclusion, we have demonstrated by experimental
measurements and theoretical calculations that in a typi-
cal semimetal, graphite, low-energy plasmons may be
strongly temperature dependent. The plasmon frequency
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is temperature dependent because of carriers thermally
excited from the valence to the conduction band. The
plasmon linewidth is dominated by decay into electron-
hole pair excitations, a decay channel forbidden in con-
ventional metals except at large plasmon wave vectors.
Finally, it is interesting to note that the band structure of
the Aux-phase model of high-temperature supercon-
ductors is remarkably similar to that of graphite near the
Fermi level, and one may speculate as to whether similar
temperature-dependent plasmon effects may be evident.
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