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Plasmon-phonon strongly coupled mode in epitaxial graphene
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We report the dispersion measurements, using angle-resolved reflection electron-energy-loss spectroscopy,
on two-dimensional (2D) plasmons in single and multilayer graphene which couple strongly to surface optical
phonon (FK-phonon) modes of silicon carbide substrate. The coupled modes show discrete dispersion behav-
iors in the single and bilayer graphene. With increasing graphene layers on SiC(0001), a transition from
plasmonlike dispersion to phononlike dispersion is observed. For plasmonlike modes, the dispersion is strongly
damped by electron-hole pair excitations at entering single-particle continuum, while phononlike mode is
undamped. In the region free of coupling, the graphene 2D plasmon exhibits acoustic behavior with linear
dispersion with slope and damping determined by the Fermi-surface topology.
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The electronic properties of graphene, a two-dimensional
(2D) monolayer of carbon atoms connected in a honeycomb
lattice, has become the subject of much experimental and
theoretical interest since it became practical to produce
single sheets of this graphitic material.! Due to its high car-
rier mobility, graphene has the potential to substitute silicon
in current silicon-based microelectronics, and the growth of
large domain size was already reported on silicon carbide
(SiC) wafer.? The 2D graphene sheet is insolated from insu-
lating SiC substrate, sustaining a strictly 2D electron-gas
(2DEG) system where the collective oscillation (plasmon)
can propagate along the surface. The wave-vector-dependent
dispersion characterizes the dielectric response of 2DEG,
which is important in every aspect of electronic application
of graphene. Superior to optical excitation in momentum
transfer, angle-resolved electron-energy-loss spectroscopy
(AREELS) provides a unique tool to characterize the disper-
sion behavior at finite wavevector, where electron-electron
correlation effects become evident. The first observation of
coupling between surface optical phonon and surface plas-
mon was on the surface of doped GaAs,® the coupling
strength was about 20 meV. This dynamic property attracted
much attention due to the wide application of GaAs in high
electron mobility devices.

We report experimental observation of the coupling be-
tween the 2D sheet plasmon in graphene and “Fuchs-
Kliewer” (FK) surface optical phonon (FK phonon)* in SiC
substrate. The sheet plasmon is collective oscillation of the
m-valence charge density which propagates within the
graphene sheet. This low-energy 2D-plasmon mode is differ-
ent to the bulk 7 plasmon mode, which is a collective oscil-
lation of the 7r-valence electrons in bulk graphite’”’ and co-
existed in our spectrum measurements. The graphene sheet
plasmon mode is a strictly 2D mode whose energy decreases
continuously to zero in the longwavelength (classical) limit
g— 0.8 FK phonon arising from displacement of lattice ions
is normally observed at polar semiconductor surfaces, such
as GaAs and GaP.’

Our previous measurements'? showed a discrepancy at
small wavevector (¢<<0.05 A~'); the graphene sheet plas-
mon energy deviating strongly from acoustic behavior. Simi-
lar measurements on the base 6H-SiC(0001) substrate
showed the presence of a large-amplitude FK-phonon mode
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in this same energy-wave-vector range.>!! The suspicion was
that the two modes might be strongly coupled.

In an effort to resolve any coupling, we tuned the smallest
possible incident electron energy which was high enough to
excite plasmon and had a strong intensity for off-specular
measurement, so as to increase the momentum resolution of
our measurements. We observed an unusually strong cou-
pling about 130 meV between the sheet plasmon in the
graphene and the FK phonon in the SiC substrate. We report
these measurements here. Also, we compared the behavior
with that of increasing number of graphene sheets, 1-5
monolayers (ML), grown on the same SiC(0001) substrate.
The observed strong coupling carries over into each layer.
However, subtle changes in the damping and dispersion are
observed, due to a more complex Fermi surface, the topology
and carrier density changing from strictly 2D graphene to 3D
graphite.

Graphene layers were prepared on a 6H-SiC(0001) crys-
talline wafer surface (0.1 () cm resistivity) by solid-state
graphitization.'? The sheet structure has been _well character-
ized and floating on a carbon-rich (643 X 63)R30° interfa-
cial superstructure.'®»'* AREELS measurements were per-
formed at room temperature and in ultrahigh vacuum (2
X 107! Torr base pressure), on graphene layers of four dif-
ferent thicknesses and on a bare hydrogen-etched 6H-
SiC(0001) surface. A medium energy resolution of 10 meV
was set to achieve strong signal, and the momentum reso-
lution was better than 0.01 A~',!'5 which is small enough to
resolve the concentrated peak profile of dipole scattering.'”
The wave vector g of each measurement at a particular scat-
tering angle 6, is calculated by following equation reflecting
the conservation of energy and momentum in plane,

\2mE

P [sin 6, — V1 — E}/E sin(6; — 6,)]. (1)

q:

where the loss energy E,,=E—E’ and other definitions of
variables are illustrated in Fig. 1(a). The step between each
measurement is determined by the impact energy E and the
scattering angle 6, which has a minimum step of 0.5°. A
smaller step of wavevector can be achieved with smaller im-
pact energy E, however the strength of spectrum signals also
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FIG. 1. (Color online) (a) Scattering geometry of AREELS ex-
periments, 6;=60°. (b) The extraction of loss peaks in spectrum
taken at 6;=1° on 1 ML graphene, which is comprised of two
Lorentz peaks and background. Loss spectra of (c) 1, (d) 2, (e) 3,
and (f) 5 ML graphenes dispersing with increasing scattering angle
Os. Black arrows indicate the position of loss peaks after the sub-
traction of background and the deconvolution of peak envelope
composing of two peaks

varies with impact energy E badly, so a considerable effort
on tuning is needed to find the optimum setting to not only
distinguish fine structures in ¢ space, but also to yield
enough signal strength at large off-specular scattering. In our
work, the optimum setting for our spectrometer is E
~8 eV.

Figure 1(c)-1(f) show the energy-loss peaks in the
AREELS spectrum of low-energy electrons backscattered
from graphene of various thicknesses on SiC(0001). The
black arrows in Fig. 1(c)-1(f) indicate the peak positions in
loss spectra, which are the superpositions of multiple loss
structures and the background, shown in Fig. 1(b). Generally
the loss peaks disperse with increasing scattering angle 6,
corresponding to increasing wave vector parallel to the sur-
face. The surprising spectroscopic structure is the splittings
of peaks at certain energy, which is not disclosed in measure-
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FIG. 2. (Color online) (a) Loss spectra on SiC surface at various
angles and normalized specular spectrum of 1 ML graphene. The
loss spectra on SiC show multiphonon loss peaks at 117, 236, and
351 meV (magnified in insert). (b) The Poisson distribution of in-
tensities of the specular spectrum

ments with larger step at higher impact energy. The substrate
of our samples, SiC, is a polarized ionic crystal with large
band gap, and has attracted much attention in last decades,
including researches on its surface excitation of various sur-
face structures.'® In order to clarify the origins of this unex-
pected splitting of graphene dispersion, we took measure-
ments on a bare 6H-SiC(0001) surface, which is different to
1 ML graphene only in top two layers, i.e., 643 buffer layer
and top graphene layer,'# so that, the polarization contributed
from SiC substrate can be identified separately and used to
analyzes measurements on graphene.

Figure 2(a) shows AREELS spectrum taken on a bare
6H-SiC(0001) surface before growing the graphene layer.
Each spectrum of SiC show equally spaced peaks and the
probability of multiphonon excitation follows the Poisson
distribution, shown in Fig. 2(b), which is the characteristic of
multiphonon process.!” The calculated FK-phonon frequency
wpk is 116.7 meV,>!! in good agreement with experimental
measurement of one-phonon excitation, 117 =10 meV and
its multiples in the process of multiphonon excitations. Un-
der our experimental resolution (~10 meV), those FK-
phonon peaks show little dispersion [straight dashed line in
Fig. 2(a)], in contrast to the large shifting of peaks on
graphene layers (energy shifting A~1 eV). As a compari-
son, Fig. 2(a) also shows a normalized spectrum (black)
taken on a single layer graphene in specular direction (6,
=0°) at the same impact energy, where a drastic change of
loss structure close to the elastic peak is due to the total
reformation of atomic structure in the SiC(0001) surface.
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FIG. 3. (Color online) The energy of Loss peaks plotted as a
function of wavevector q calculated by Eq. (1). The impact energy
is around 8 eV. The dashed curves are guidelines for two dispersion
branches. Two shaded areas are single-particle excitations (SPEs)
continuum due to intraband and interband transition. Insert: sche-
matic of the coupling at which plasmons disperse across FK-
phonon modes.

By using low-energy reflection electron-energy-loss spec-
troscopy with its shallow probing depth in the surface region,
the collected loss structure in spectrum reflects a long-range
dipole field decaying quickly in the bulk side. The excitation
of FK phonons on SiC surface is actually the oscillation of
induced field due to the displacement of positive and nega-
tive ions, which bears similar dielectric-response properties
to dipole field of 2D plasmons induced by collective oscilla-
tion of electrons. This dielectric similarity enables the cou-
pling in the region where the energy of FK phonons is com-
parative with that of 2D plasmon. But these two modes have
very different origins and causes different screening behavior
upon entering the single-particle excitation continuum (Fig.
3).

Figure 3 shows the dispersion behavior of the loss peaks
observed in the AREELS spectra taken on graphene of vari-
ous thicknesses. The distribution of SPEs due to intra- and
interband transition of 2DEG is also plotted with Fermi en-
ergy Ep=0.45 eV, and estimated Fermi wavevector kg
=0.079 A~ at electron density n=2x10"3 cm=2.!3 For 1
ML graphene (red dot in Fig. 3), instead of smoothly increas-
ing, the dispersion loses its continuity and jumps at g
~0.05 A" where crossovers occurs between plasmons and
FK phonons (wgg > 117 meV). The insert in Fig. 3 shows a
schematic change of dispersion curve where two modes
couple with each other. Like the damping of plasmon disper-
sion of classical 2DEG, the cutoffs at entering SPE con-
tinuum are also observed in both separated branches, indicat-
ing that the coupled mode is dominated by plasmon feature,
i.e., plasmonlike. Comparing with 1 ML graphene, 2 ML
graphene (green square) exhibits similarly in splitting loss
spectra and discrete dispersion. The slight difference comes
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FIG. 4. (Color online) Dispersion behaviors of 3 (triangles) and
5 ML (diamonds) graphene on SiC, in comparison with that of 1
ML (solid line) and 2 ML (dashed line).

from the second branch (0.05<¢<0.1 A~!), where the
trend of data points is not as predictable as that of 1 ML, and
cannot be analyzed effectively if no more points are obtained
with higher angular resolution of AREELS. The possible rea-
son for this deviation is that electrons participating collective
oscillation, which are also those electrons filled in Fermi-
level crossing 7 bands, are affected by a splitting of 7 bands
due to the formation of the second graphene layer.'8

With more graphene layers grown on SiC, the dispersion
exhibits dramatic change. In Fig. 4, the dispersion of 3 ML
graphene (pink triangles) and 5 ML (brown diamond)
graphene are plotted with that of single (red line) and bilayer
(green dashed line) graphene to show the difference. First,
the energy and energy shifting of the coupled mode in 3 and
5 ML graphene are much smaller than that of single and
bilayer graphene. The dispersions of 3 and 5 ML graphenes
are contained between one-phonon and two-phonon process
and much flatter. Second, the dispersion continues into SPE,
in contrast to the cutoffs observed in single and bilayer
graphene. This indicates a decreasing weight of plasmon fea-
ture in the coupled mode, consequently the dispersion turns
to phononlike which appears a much flatter dispersion and
free of damping from electron-hole pair excitation in SPE.
Accumulated with added graphene layer, the interaction be-
tween graphene layers increases, the characteristic of
plasmon-phonon mode transits from plasmonlike to phonon-
like. Basically this transition is due to the weakening of two-
dimensional confinement of electron gas.

Besides the discrete dispersion in low-g (g<<0.1 A=) re-
gion due to plasmon-phonon coupling, another interesting
observation is the linear dispersion in large-g (¢>0.1 A™").
For an ideal 2DES, its plasmon frequency w,p follows Vg
dispersion in the local-field approximation in the longwave-
length limit.!"” Stern?® derived a higher-order correction in-
cluding the effect of nonlocal field in a random-phase ap-
proximation,
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@2 = m*(1 + €)
where n, m*, and €, are the areal electron density, effective
mass and static dielectric constant of the medium, respec-
tively. The first-order correction expresses in terms of the
Fermi velocity vg. At finite ¢, this correction term is domi-
nant, plasmon disperse linearly. However, we note the recent
discovery on metal surface, a so-called acoustic surface plas-
mon also shows a linear dispersion with?!

wWop = QVEq, (3)

where coefficient @ depends on the electron density of sub-
strate and distance between 2D sheet and substrate. This lin-
earity of plasmon is due to out-of-phase oscillation between
electrons in 2D sheet and in substrate. In our case, the epi-
taxial graphene bears a similar structure, i.e., strictly 2D
graphene sheet floating on a doped semiconductor substrate.
We also notice the change of slope of dispersions for differ-
ent graphene layers in large-g region, corresponding to the
change of group velocity of plasmon propagation, vg. This is
due to the scattering from degenerate 7 bands induced by
extra graphene layers. Furthermore, the change of slope is
not monotonously decreasing, as the slope of 5 ML is larger
than 3 ML in Fig. 4, indicative of the existence of in-phase
and out-of-phase polarization between layers which can be
reflected in the oscillating charge distribution of multiple
graphene layers.?? The dispersion and damping in this region

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 81, 081406(R) (2010)

(g>0.1 A™") also reflects the changing topology of the
Fermi surface, evolving from 2D graphene to 3D graphite.

In conclusion, we have observed an unusually strong cou-
pling (~130 meV) between the dipolar electric fields gener-
ated by oscillations of the sheet charge of the 7 electrons in
graphene and the ionic charges in the substrate SiC. The
sheet-charge density n~10'3 cm™ is a result of charge
transfer out of surface states on the SiC into empty 7" states
in the graphene sheet. Fuchs-Kliewer surface optical phonon
modes in the SiC cause this charge transfer to oscillate. We
believe this to be the origin of the unusually strong splitting
observed. An usual feature, is that this coupling extends to
graphene multilayers, i.e., the multilayers are in noway
screened by the first layer, despite its very metallic character.
This suggests charge transfer/scattering between layers. Fur-
ther evidence is provided by changes in the plasmon disper-
sion of higher wave vectors ¢>0.1 Al However, the
single-particle damping of the coupled mode does show dif-
ferent behavior, the dispersion continuing into the single-
particle continuum in the case of the multilayers. This is
indicative of subtle changes in momentum space, i.e., change
in Fermi-surface topology evolving from 2D graphene to 3D
graphite, and changes in the screening properties.

We would like to thank Thomas Seyller for preparing
graphene samples. We also thank the Petroleum Research
Fund of the American Physical Society for funding this re-
search, Grant No. 43557-AC5.

*Corresponding author. Present address: Department of Physics,
Rensselaer Polytechnic Institute, Troy, New York 12180, USA;
liuy15@rpi.edu
'A. K. Geim and K. S. Novoselov, Nature Mater. 6, 183 (2007).
2K. V. Emtsev, A. Bostwick, K. Horn, J. Jobst, G. L. Kellogg, L.
Ley, J. L. McChesney, T. Ohta, S. A. Reshanov, J. Rohrl, E.
Rotenberg, A. K. Schmid, D. Waldmann, H. B. Weber, and T.
Seyller, Nature Mater. 8, 203 (2009).

3R. Matz and H. Liith, Phys. Rev. Lett. 46, 500 (1981).

“4R. Fuchs and K. L. Kliewer, Phys. Rev. 140, A2076 (1965).

5T. Pichler, M. Knupfer, M. S. Golden, J. Fink, A. Rinzler, and R.
E. Smalley, Phys. Rev. Lett. 80, 4729 (1998).

°A. G. Marinopoulos, L. Reining, V. Olevano, A. Rubio, T.
Pichler, X. Liu, M. Knupfer, and J. Fink, Phys. Rev. Lett. 89,
076402 (2002).

7C. Kramberger, R. Hambach, C. Giorgetti, M. H. Rummeli, M.
Knupfer, J. Fink, B. Buchner, L. Reining, E. Einarsson, S.
Maruyama, F. Sottile, K. Hannewald, V. Olevano, A. G.
Marinopoulos, and T. Pichler, Phys. Rev. Lett. 100, 196803
(2008).

8The reason that we refer this 2D plasmon mode in graphite/
graphene as sheet plasmon is due to that it has all of the disper-
sion characteristics of a two-dimensional sheet of charge, similar
to that in surface states on partially metallized semiconducting
silicon (Ref. 10).

L. H. Dubois and G. P. Schwartz, Phys. Rev. B 26, 794 (1982).

10y, Liu, R. F. Willis, K. V. Emtsev, and T. Seyller, Phys. Rev. B

78, 201403(R) (2008).

I'H. Nienhaus, T. U. Kampen, and W. Mdoch, Surf. Sci. 324, L328
(1995).

121, Forbeaux, J.-M. Themlin, and J.-M. Debever, Phys. Rev. B 58,
16396 (1993).

13 A. Bostwick, T. Ohta, T. Seyller, K. Horn, and E. Rotenberg,
Nat. Phys. 3, 36 (2007).

%K. V. Emtsev, T. Seyller, F. Speck, L. Ley, P. Stojanov, J. Riley,
and R. Leckey, Mater. Sci. Forum 556-557, 525 (2007).

I5The instrument was a commercial LK2000-14-R spectrometer
(LK Technologies) with slits of 0.13 mm of two primary mono-
chromators. The angular acceptance « is 0.15°, the estimated
momentum resolution Ag is given by v2mkE;/h(cos 6
+V1—E},/E; cos 0,) . Typical setting for our spectrometer: the
impact energy E;=8 eV, 6,=60°, and loss energy Ej.
~200 meV around specular direction, the Ag=0.0038 A~' at
5° away from specular direction (6,=5°), Ag=0.0040 A~'.

16G. L. Harris, Properties of Silicon Carbide (INSPEC, Institution
of Electrical Engineers, London, 1995).

I7H. Ibach, Phys. Rev. Lett. 24, 1416 (1970).

18T, Ohta, A. Bostwick, J. L. McChesney, T. Seyller, K. Horn, and
E. Rotenberg, Phys. Rev. Lett. 98, 206802 (2007).

9N. H. March and M. P. Tosi, Adv. Phys. 44, 299 (1995).

20F, Stern, Phys. Rev. Lett. 18, 546 (1967).

21B. Diaconescu, K. Pohl, L. Vattuone, L. Savio, P. Hofmann, V.
M. Silkin, J. M. Pitarke, E. V. Chulkov, P. M. Echenique, D.
Farias, and M. Rocca, Nature (London) 448, 57 (2007).

22F. Guinea, Phys. Rev. B 75, 235433 (2007).

081406-4



