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We have investigated the momentum-space-dependent behavior of plasmons on epitaxial graphene �EG�
using high-resolution electron energy-loss spectroscopy. There are significant differences in the � plasmon
behavior for single, bilayer, and 3–4 layer graphene which originate from differences in the in-plane and
out-of-plane modes, as well as the different band structures between single-layer and few-layer graphene. The
� and �+� surface plasmon modes in single-layer EG are recorded at 5.1 and 14.5 eV at small momentum
transfer �q�; these are redshifted from the values in multilayer EG. In single-layer graphene, a linear dispersion
of the plasmon mode is observed, in contrast to the parabolic dispersion in multilayer EG. The overall linear
� plasmon dispersion between 4.8–6.7 eV is attributed to the mixing of electronic transitions caused by local
field effects, which includes the linear dispersion features resulting from transitions within the “Dirac cone.”
We also observe that the intensity of the Fuches-Kliewer phonon of SiC and loss continuum of EG varies with
the thickness of epitaxial graphene.
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Graphene, a two-dimensional �2D� carbon atomic sheet
connected in a honeycomb lattice, has attracted significant
attention both theoretically and experimentally because of its
unique electronic structure, high carrier mobilities, and quan-
tum relativistic phenomena.1–3 2D graphene exhibits a linear
energy dispersion near K, K� points of the Brillouin zone for
the electron and hole bands which meet at a single symmetry
point. This is markedly different to the conventional 2D
semiconductor systems which show a quadratic dependence.4

Conceptually, useful insights have been obtained by compar-
ing the plasmon behavior of single wall carbon nanotubes to
that of graphene sheets especially in the limit when tube
radius→� where the plasmon responses of single sheet
graphene and single wall carbon nanotube �SWCNT�
converge.5,6 Moreover, it is instructive to consider how the
interlayer interaction affects the graphitic dielectric response.
As the interlayer separation increases, the energy-loss func-
tion can be viewed as the evolution of plasmon behavior
from multilayer graphene to single-layer graphene.7,8

High-resolution electron energy-loss spectroscopy
�HREELS� and electron energy-loss spectroscopy �EELS�
spectra have been collected on the graphitized surface of SiC
�0001� by several groups9–12 For example, Angot et al.9 re-
ported that the � plasmon dispersion of the graphite layer
grown on 6H-SiC �0001� was similar to the dispersion rela-
tion measured on highly oriented pyrolitic graphite in the
energy range of 6–7 eV. Recently, Liu et al.10 studied the
dispersion of low-energy sheet plasmon �0.2–2 eV� on
single-layer EG. However, the plasmon dispersion has not
been considered as a function of the evolution of the thick-
ness of EG. Here, we performed high-resolution electron
energy-loss measurements on EG to study how the plasmon
behaviors as well as the intensity of the Fuches-Kliewer �FK�
phonon of SiC and loss continuum varies with the thickness
of the EG. HREELS, which involves the scattering of graz-

ing incidence and low-energy electron from the surface, has
much higher surface sensitivity compared to transmission
EELS and optical absorption experiments.13 We select epi-
taxially grown graphene �EG� on SiC �0001� for study in this
work because the layer thickness as well as crystallinity of
the epitaxial graphene can be controlled readily by in situ
annealing. By measuring the angular distribution of the in-
elastically scattered electrons, the momentum space disper-
sion of plasmons and nonoptical interband transitions �q
�0� can be recorded. From the q dependence of the loss
function, the features arising from localized or delocalized
electronic states can be distinguished directly.14

All the measurements were performed using a HREELS
spectrometer �SPECS Delta 0.5� mounted in an ultrahigh
vacuum �2�10−10 Torr base pressure�. The energy reso-
lution of the elastic peak was set at 10–15 meV to maximize
the signal-to-noise ratio at the spectral regions corresponding
to the plasmon loss. With a fixed angle of incidence �i
=53 °C with respect to the surface normal, we calculated q�,
the parallel momentum transfer to graphene plane from ki-
nematic expression �1�, where Ei is incident electron energy,
Eloss is the measured loss energy, and �s is the different
scattering angle. The momentum slit resolution is in the
range of 0.03–0.06 Å−1,

q� =
�2mEi

�
�sin �i − �1 − Eloss/Ei sin �s� . �1�

EG graphene sample was prepared on a Si-terminated 6H-
SiC �0001� crystalline wafer surface by solid-state
graphitization.12,15 First, annealing the silicon-enriched SiC
sample at 1100 °C produced a carbon-rich surface layer re-
ferred to the literature as the carbon nanomesh.16,17 After
annealing at 1200 °C or higher, monolayer �1200 °C, 2
min�, bilayer �1250 °C, 2 min�, and 3–4 layers �above

PHYSICAL REVIEW B 80, 113410 �2009�

1098-0121/2009/80�11�/113410�4� ©2009 The American Physical Society113410-1

http://dx.doi.org/10.1103/PhysRevB.80.113410


1300 °C, 2 min� EG films form on top of the carbon na-
nomesh. The epitaxial graphene thickness was independently
verified by low-temperature scanning tunneling
microscopy.15

Figure 1 shows � and �+� plasmons for graphene layers
with different thicknesses recorded under identical condi-
tions with the momentum transfer parallel to surface �q
=0.1 Å−1�. As shown, the frequencies of the two collective
excitation modes shift to higher energies with simultaneous
broadening of the peak as the thickness of the EG layers
increases. Here, the � and �+� plasmons are presented
separately for comparison. In Fig. 1�a�, the plasmon spectra
taken at q=0.1 Å−1 show that the � mode, at 5.1 eV in
single EG, shifts to 5.6 eV for the bilayer and 6.3 eV for 3–4
layers EG. The frequency of the � mode for single-layer EG
agrees with the previous EELS data of SWCNT and free-
standing graphene film.5,6 The 6.3 eV loss peak for the 3–4
layer G, which is close to the � plasmon energy of
graphite,5,8,18 indicates the graphitelike nature of multilayer
EG. Accompanying the blueshift, the peak width broadens
with increasing number of graphene layers. The width of
energy-loss peak for the 3–4 layer EG is 1.71 eV, �2 times
the value of single-layer EG �0.94 eV�. The �+� mode
shown in Fig. 1�b� shifts from 14.5 eV in the single-layer EG
to 26 eV in 3–4 layer EG. The width of the �+� loss energy
peak also becomes broader as the thickness of the epitaxial
graphene increases, similar to that of � mode. The � plas-
mon of 3–4 layer EG contains the out-of-plane loss peak �4.6
eV for free-standing multilayer graphene sheets�, which is
forbidden in single-layer EG. In addition, the in-plane mode
does not occur for single-layer EG or bilayer EG with AB
stacking.5 For the �+� mode, the analysis of the plasmon
behavior of carbon nanotube provides a good source of
reference.19 The intensity of the out-of-plane mode becomes
weaker as the graphene sheet become thinner. Thus, the
lower �+� plasmon energy centered at 14.5 eV for single-
layer EG �similar to SWCNT� can be described as a limiting
case when the out-of-plane mode vanishes and only the in-
plane mode remains. The broad plasmon peak width in
multilayer EG can be explained by responses contributed
from both the out-of-plane and in-plane excitations of gra-
phitic origin. The presence of vertical decay channels in

multilayer EG causes additional damping of the plasmons,
which result in a more diffuse shape for the loss spectrum.8,20

Figure 2 displays the k-space positive dispersion of �
plasmon energies for graphene of different thicknesses. It can
be seen that single-layer graphene exhibits a linear disper-
sion of the � plasmon energies, as opposed to parabolic dis-
persion for 3–4 layer graphene. A series of EELS spectra of
� plasmons for single-layer EG recorded at different scatter-
ing angles is shown in Fig. 2�a�. The loss peak can be seen to
move to higher loss energy with increasing parallel momen-
tum transfer. From the q dependence of the loss function, it is
judged that the dispersive response belongs to a plasma os-
cillation of delocalized states propagating along the graphene
sheet plane. The � plasmon for single-layer EG disperses
strongly from 5.1 eV at q=0.1 Å−1 to 6.7 eV at q
=0.4 Å−1. The extrapolation of the corresponding � plas-
mon position to the optical limit �q→0� predicts the values
to be around 4.82 eV, which agrees with the previous data of
SWCNT �Ref. 21� and our experimental result shown in Fig.
3. At q→0, the energy-loss peak measured at 4.80 eV
matches well with UV adsorption peak at 4.78 eV. Further-
more, linear dispersion of the � plasmon in single-layer EG
up to 0.4 Å−1 was observed. The plasmon dispersion in the
small q limit is predicted to be quadratic in q in the case of
the interacting electron gas,22 namely, Epl�q�=Epl�0�
+��2 /mq2, where Epl is the q-dependent plasmon energy and
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FIG. 1. �Color online� �a� � plasmon peak after background
subtraction. The solid line represents a Gaussian fit to the peak. �b�
�+� plasmon of �i� single-layer EG; �ii� bilayer EG; �iii� 3–4 layer
EG. Incident electron energy Ei=110 eV; incident angle �i

=53 °C.
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FIG. 2. Measured loss function of �a� single-layer EG, �b� bi-
layer EG, and �c� 3–4 layer EG from q=0.05 Å−1 �bottom� to
0.4 Å−1 �top� and the dispersion curve for the corresponding EG
sample shown in �d�, respectively: �i� single-layer EG, �ii� bilayer
EG, and �iii� 3–4 layer EG.
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� is the dispersion coefficient. The experimental result in
Fig. 2�d� shows that the parabolic dispersion in 3–4 layers
EG is similar to the � plasmon dispersion for graphite. The
linear dispersion of single-layer EG may originate from the
linear dispersion of “Dirac electron” in graphene. Although
the features observed �4–8 eV� are outside the energy range
of the linear cone, previous calculation by Kramberger et al.6

reveals that the linear � plasmon dispersion along the verti-
cally aligned SWCNT axis is related to the unique band
structure of graphene near the K point. The EELS spectrum
can be interpreted as a sum of independent transitions from
occupied bands to unoccupied bands which are directly re-
lated to the band structure within the bare random-phase ap-
proximation �RPA�. In the bare loss function, the strong
structure due to transitions within the Dirac cone displays the
linear dispersion up to 4.0 eV from the K point at 0.5 eV,
while the energy-loss peak arising from the transitions near
the edge of the Brillouin zone shows quadratic dispersion.
Upon the inclusion of crystal local field effects, the quadratic
dispersion was transformed into a near linear dispersion as
the plasmon response is corrected by considerable contribu-
tions from vertical transitions in the Dirac cone. Therefore,
the almost linear dispersion for single-layer graphene can be
explained by a superposition of the dispersion of the main
structure in the bare RPA loss functions, including that re-
sulting from the Dirac cone.

A similar dispersion trend toward higher energy with in-
creasing parallel momentum transfer is observed for single-
layer as well as few-layer EG shown in Figs. 2�b� and 2�c�.
The energy-loss peak at small q recorded on single and few
layers EG presents an obvious tail on the high-energy-loss
side. The asymmetry of the loss peak may be due either to
the excitation of the bulk plasmon or the electron-hole pairs.
Even in the q→0 case, the plasmon sustains a small degree
of damping in contrast to the case of the homogenous elec-
tron gas where a finite q is needed for the onset of the
electron-hole pair excitation region.

The dispersion for EG with thickness less than five layers
is positive over the momentum range investigated
�0–0.4 Å−1�, which is different from surface plasmon dis-
persion for metals such as Ag and Hg. From the dielectric
response of graphite, with increasing q, the main trend of the
line shape of Im�	M� is a progressive shift of the oscillator
strength to higher energies.8 This behavior is accompanied
by a weakening of the electron screening as evidenced by the
reduced magnitude of Re�	M�. These observed changes in
	M�q� as a function of q have important consequences on the
energy-loss function and the plasmon dispersion. With in-
creasing q, the frequencies of both valence plasmons as well
as their effective widths increase. The positive dispersion
also can be interpreted by referring to the semimetallic band
structure of graphene and graphite. For a single-layer
graphene, the symmetry group leads to a degeneracy of the �
bands at the K point. The Fermi level intersects the � band at
the K point leading to a very small density of states �DOS� at
EF but sharp rise in the DOS above and below EF. For a
finite parallel momentum transfer q��0, the allowed transi-
tions in K space are no longer vertical, which can be repre-
sented by shifting the bands below EF rigidly by q.23,24 Thus,
the transitions in the energy below the critical energy �Ec� is
forbidden, whereas only the energy transition above the Ec is
allowed. The whole interband transition would lead to a red-
shift of the plasmon energy at q�. With increasing q�, �Ec
increasing� the band of allowed interband transitions there-
fore shifts away from the plasmon energy, resulting in a
smaller influence on the plasmon energy. Thus, the � plas-
mon energy is expected to converge to the value determined
by free carrier density, giving rise to the positive dispersion
observed here.

The unique band structure and density of states of
graphene are also reflected in the low-energy-loss range �0–2
eV� shown in Fig. 4. The intensity of FK phonons of SiC
decreases as the graphene thickness increases. An intense
loss continuum is observed in single, bilayer, and 3–4 layer
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FIG. 3. �Color online� The UV absorption of solution processed
graphene �inset� and EELS spectrum of single-layer EG at q
→0 Å−1.
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FIG. 4. �Color online� EELS spectra collected in specular direc-
tion �Ei=10 eV, incident angle �i=53 °C� for EG with different
thicknesses: �a� single-layer EG, �b� bilayer EG, and �c� 3–4 layer
EG. The right plot shows the FK phonons of SiC �0001�.
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EG. The main peak at 117 meV corresponds to the first FK
phonon that is typical for the SiC �0001� surface.11 The sec-
ond FK phonon peak at 235 meV and third FK phonon peak
at 345 meV are clearly resolved before the growth of thicker
graphene layers. As the first layer graphene grows on top of
the SiC, the intensity of the first FK phonon decreases and
the double and triple excitation of FK phonon merge with the
energy loss of electron-hole excitation or low-energy sheet
plasmon.10 The loss continuum for graphene is highly intense
compared to SiC �0001�. Due to the unique band structure
and zero band gap of graphene, vertical electronic transitions
from zero energy upward are allowed without parallel mo-
mentum transfer for small energy excitations in the specular
direction, giving rise to the intense loss continuum. Such
transitions are forbidden in semiconductors, insulators, and
metals. The intensity of loss continuum in 3–4 layers EG is
higher than that of single-layer and bilayer EG; this may be
due to the three-dimensional band structure of graphite

which allows for interlayer coupling and out-of-plane exci-
tation.

In summary, we have measured the wave-vector depen-
dence of plasmon dispersion on epitaxially grown graphene
on SiC. A number of intriguing differences are observed in
the plasmon loss energies for graphene of different thick-
nesses. The linear and positive dispersion of � plasmon in
single-layer EG reflects the linear dispersion of band struc-
ture near the K point in contrast to parabolic dispersion in
multilayer EG. In the lower energy-loss region, the intensity
of the FK phonon and loss continuum also provides finger-
print profiling of the thickness of the graphene layers. There-
fore, we demonstrate that HREELS measurement can be
used as a sensitive tool for the determination of the layer
thickness of graphene.
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