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Plasmon dispersion and damping in electrically isolated two-dimensional charge sheets

Yu Liu and R. F. Willis
Department of Physics, The Pennsylvania State University, University Park, Pennsylvania 16802, USA

K. V. Emtsev and Th. Seyller
Lehrstuhl fiir Technische Physik, Universitdit Erlangen-Niirnberg, Niirnberg 91058, Germany

(Received 1 February 2008; published 5 November 2008)

Using high-resolution reflection electron-energy-loss spectroscopy (HREELS), we compare experimental
results for the wave-vector-dependent behavior of plasmons in a graphene sheet on SiC(0001) with that due to
a filled band of surface states on semiconducting silicon. There are significant differences in behavior between
the two systems and the behavior predicted for a classical two-dimensional sheet of electrons. In particular, the
damping increases with wave vector independent of any obvious inelastic scattering channel. The results
illustrate the importance of finite-momentum, nonlocal potential effects for the dynamical behavior of electri-

cally isolated charge sheets.
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The electronic properties of graphene, a two-dimensional
(2D) monolayer of carbon atoms connected in a honeycomb
lattice, have become the subject of much experimental and
theoretical interest' since it became practical to produce
single sheets of this graphitic material.> This is due to a
unique characteristic of the dispersion of its 77 bands, which
meet at a single symmetry point, the K point of a hexagonal
Brillouin zone.? In conventional 2D electron-gas systems, in
which charge is trapped in semiconductor inversion layers,*
heterostructure,’ or surface states,® the single-particle energy
E(k) varies with the momentum k quadratically in parabolic
bands at the Fermi energy, E. In graphene, the charge car-
riers propagate in 7 states which are linear through Ep with
energies, E=|fiklvy (h-reduced Planck’s constant) and ex-
tremely high Fermi velocity, v~ 1/300c (c=speed of light).
The effective mass, m*=fikp/vy, is much lower than that of
particles in a parabolic band, such that electron-electron col-
lisions are more likely to occur, creating conditions for in-
triguing relativistic electrodynamics in a weakly interacting
2D electron system.’

We report experimental results for the wave-vector-
dependent behavior of the frequency of the two-dimensional
7 plasmon, w,(q), a collective oscillation of the -band
charge density which propagates within the graphene sheet.
This low-energy “sheet-plasmon” mode is different from the
bulk m-plasmon mode, which is a collective excitation of the
m-valence electrons in bulk graphite.® The graphene
m-plasmon mode is a strictly 2D mode whose energy de-
creases continuously to zero in the long wavelength (classi-
cal) limit ¢ — 0. Recent calculations of the dynamical dielec-
tric function (g, ) (Ref. 9) indicate that the 2D graphene
polarizability is very different from that of systems studied to
date with parabolic band dispersion.'” Accordingly, in this
Rapid Communication we compare and contrast the “sheet-
plasmon” dispersion and lifetime characteristics of graphene
on SiC(0001) with that of a 2D electron gas, of similar
charge density n~ 10'3 free-carriers cm™2, trapped in a sur-
face state on semiconducting silicon.® In both cases, the 2D
charge layer is isolated from its substrate charge by a charge
inversion layer and Schottky potential barrier. The reduced
screening of the sheet-charge electric field produces strong
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nonlocal field effects, increasing with increasing wave vector
g.'! In the case of graphene, the onset of Landau damping is
not observed at g~ kj, the sheet plasmon continuing to dis-
perse at large wave vectors, g > kp.

A single layer of graphene was prepared on a 6H-
SiC(0001) crystalline wafer surface (0.1  cm resistivity)
by solid-state graphitization.'> The sheet structure has been
well characterized as weakly coupled to_the substrate SiC,
floating on a carbon-rich (6y3 X6y 3)R30° interfacial
superstructure.'>'% As a comparison, a 2D electron gas of the
same charge density was prepared by first depositing one
monolayer of silver atom onto a Si(111)-(7X7) recon-
structed surface of an n- type si silicon wafer (15 ) cm resis-
tivity) to form Si(111)-(y3 X 3)R30° -Ag and following cer-
tain silver adatom deposition at elevated temperature around
600 K. Measurements were performed in ultrahigh vacuum
(2% 1071 Torr base pressure), using a high-resolution
angle-resolved reflection electron-energy-loss spectrometer
(HREELS) with a setting of medium energy resolution of
~10 meV to obtain a strong signal. The momentum (slit)
resolution is better than 0.01 A~1.15

Figure 1 shows the energy-loss peak in the HREELS
spectrum of low-energy electrons backscattered from
graphene on SiC(0001), increasing and dispersing with in-
creasing momentum transfer parallel to the surface g given in
A-1. All data are shown for positive momentum transfer at
300 K. Comparing with dramatic energy dispersion (0.2
~2 eV), the nondispersing low loss peaks P1 (~67 meV)
and P2 (~159 meV) were superimposed on the background
and sheet-plasmon peak loss profile. They become visible as
the steep intensity drop at increasing off-specular angle 6.
Peak P1 was reported previously in the HREELS study of
graphitic surface as low-energy 7 plasmon.!®!7 Also the
peak P2 originates from Fuchs-Kliewer (FK) optical phonons
of both graphitic structures on the SiC substrate!”-'® and SiC
surface itself.!%2°

In Fig. 2, the relative intensity of the sheet-plasmon loss
peak increases at small momentum transfer ¢ =<0.05 A~! be-
fore decreasing at larger ¢>0.05 A~'. This small-angle scat-
tering is characteristic of dipole scattering coupling to an
image-charge electric field [Eq. (2)] predominantly normal to
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FIG. 1. (Color online) Sheet-plasmon loss peaks of graphene
dispersing with increasing momentum transfer g. The lines in mag-
nified spectra at large momentum transfer (>0.5 A~') are
smoothed by averaging 3-5 nearest-neighbor points. The incident
electron-beam energy is 20.29 eV.

the 2D-sheet surface plane.?' Information on the sheet-
plasmon collective excitations is given by the imaginary part
of the surface response function,?

g(g,w) = f dff dr' eT*x(r,7, ) Ve (F , ), (1)
where the external “image-charge potential” has the form
- 2m I
Vel ) = = eteiareion 2)

for wave vector ¢ and position vector r in the sheet plane
(z=0) of excitations with energy loss, E=fiw. The polariz-
ability is expressed by the frequency-dependent charge-
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FIG. 2. (Color online) Scattering cross-section intensity varying
with g. The angular distribution profile (inset diagram, red line) of
loss intensity is strongly peaked around 1.5° to specular direction
(green line). Scattering angle (0° = 6,<5°) is magnified by three
times in polar coordinates to ensure visibility.
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density response function x(r,7’,w), the imaginary part of
which is a peak in the recorded energy-loss spectrum.?? The
loss peak, Fig. 1, sits on a Drude background continuum of
single-particle excitations (SPEs), which has an analytical
form!®

fx)=alx—xq) +b+clx—x0) ' +dx—xp) 2+ ..

N E))

where the spectrum intensity, f(x), is the function of energy
x, and a,b,c,d,x, are coefficients to extrapolate the spec-
trum background. Subtraction of this background gives the
loss-peak position as plasmon energy plotted in Fig. 3.

The Fermi energy of the graphene layer is raised 0.57 eV
above the Dirac-energy crossing point of the 7 bands, with
kp~0.08 A~! corresponding to a 2D charge density n~2
X 10'® cm™. The Fermi level is pinned within the ~3 eV
bulk band gap of the substrate and effectively decoupled
from charge excitations in the substrate.>*

Figure 3 compares the dispersion behaviors of the plas-
mon losses observed in the HREELS spectra from both sur-
faces. The data for the sheet plasmon due to a metallic
surface-state band in the band gap of the silicon substrate,
Fig. 3(b), are in agreement with published data.’ The differ-
ent band structures (inset diagrams) produce different distri-
butlons of SPEs, plotted for both cases, Fig. 3, in relation to
the Vg dispersion predicted for a 2D charge sheet of free
electrons of the same number density. The first thing we note
is that the plasmons in both cases have exactly the same Vg
dispersion as that for a classical 2D electron gas in the local-
field approximation in the long wavelength limit.>> Stern?
expressed this, and higher-order, nonlocal field effects in a
random-phase approximation:

12

47me?
lq| + qu +- : (4)

wWop = m* (1 + € )

The first term (indicated by blue dashed lines, Fig. 3) is
dependent on the areal charge density n, effective mass m”,
and static dielectric constant €, of the medium. The Fermi
momentum and the Fermi energy of graphene are given by
kp=(41n/g.g,)"? and Er=hv pky, where g,=2 and g,=2 are
the spin and valley degeneracies for graphene.” The data for
graphene have only one best-fit parameter: effective mass
m*=0.077m, where a constant value €,=10 for SiC and n
=1.9%x 10" ¢cm™ from photoemission measurements are
used in ﬁttmg The data for the 2D surface state on
Si(111)-(v3 X 3)R30°-Ag were fitted in the same way in
Ref. 6, giving n=1.9X 10" cm™ and m*=0.24m, with a
constant value €,=11.5 for silicon.?’

The second thing we note is that even though the long

wavelength plasmons have almost 1dentlca1 dispersion at
small ¢, the data deviate strongly from \q dispersion behav-
ior with increasing finite g. Also, this dev1at10n is different in
the graphene, the data falling below the \q curve for 0.1
=q/kr=0.5, while that for the 2D surface state shows an
increasing plasmon energy, E, relative to the Fermi en-
ergy, Er, in Fig. 3. This behavior is surprising, given Stern’s
result [Eq. (4)] for the dispersion of a 2D electron gas within
RPA, including finite wave-vector nonlocal higher-order cor-
rections. Equation (4) expresses the first-order correction in
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FIG. 3. (Color online) Plasmon dispersion for (a) graphene of similar charge density, (Ef=0.57 eV) n~2X 10" ecm™2 and (b)
Si(111)-(v3 X y3)R30°-Ag surface-state band (Ez=0.19 eV), n~2x 103 cm=2. The respective band structures (inset diagrams) show the
origin of SPEs (1) intraband and (2) interband. Graphene is ambipolar with electron and hole carriers in separate 7, 7* bands. g, indicates
the onset where plasmon enters the damping region. The blue dashed curves correspond to Vg dispersion of free 2D electron gas with the
same electron density, and the red full curves correspond to best fits to experimental results.

terms of the Fermi velocity vy, which is at least an order of
magnitude smaller in the 2D surface-state band.

Hwang and Das Sarma’ have recently shown that the
wave-vector-dependent dynamical polarizability of graphene
can be expressed as

G(C],w) =1+ Vc(q)H(q’w)’ (5)

in which the 2D screened Coulomb interaction, v.(q)
=2me*/ kq, and « is an effective dielectric constant in which
dynamical screening effects are absorbed into the static con-
stant €,. The 2D dynamic polarizability is the sum of two
terms representing the ambipolar nature of the free carriers in
“doped” graphene [inset diagram, Fig. 3(a)]:

(g, 0) =11"(¢q, w) + I1"(q, w), (6)

with II*, TI™ representing the polarizability of the hole gas
and electrons excited up into the 7" states.

Hwang’s prediction of the plasmon dispersion is borne out
by the experimental results [Fig. 3(a)]. The nonlocal polar-
ization of the hole band in graphene reduces the plasmon
frequency below that of the classical 2D electron gas for ¢
<0.5kp. There is no such depolarization effect in the 2D
surface-state system; see Fig. 3(b). The nonlocal effects pro-
duce a well-established increase in the plasmon frequency at
larger ¢.”® With increasing wave vector, g >k, we see a
third difference in behavior between the graphene and the 2D
surface state. In Fig. 3, we show also the onset of the con-
tinuum dispersion of SPEs throughout (¢, ) space (shaded
regions). The plasmon in the surface-state system, Fig. 3(b),
disappears into the continuum of intraband transitions at g,
~0.14 A~" beyond which point it dissolves into incoherent
electron-hole pairs which form a continuum Drude back-
ground of energy-loss excitations. In contrast, the graphene
plasmons, Fig. 3(a), avoid the linear SPE edge due to intra-
band excitations, entering the continuum of interband exci-
tations at ¢.~0.08 A~! [the different energy scales of the
intra- and interband excitations are illustrated on the band

diagram inset; see Fig. 3(a)]. However, all of the spectral
weight of the graphene mode is not transferred to the inter-
SPEs, the 2D 7 plasmon continuing to disperse at higher ¢
> k.

Another surprising feature of both dispersing plasmon
modes is an increasing lifetime broadening even within the
energy gap of SPEs. Figure 4 compares the observed change
of this damping with increasing finite g for these two sys-
tems. Both curves show a linear increase in the plasmon
damping with increasing wave vector g. The slopes of the
curves are roughly in the ratio of their Fermi velocities:
vp(graphene) /v p(surface state)=(1.1X10% m/s)/(5.3
X105 m/s)~2.08. This peculiar nature of the plasmon
damping is a consequence of the restricted phase space for
scattering and reduced screening due to the absence of sub-
strate excitations. Damping due to collisions with phonons
does not conserve momentum, and the growth in damping
has been shown to be temperature independent.>” A similar
effect has also been reported for a 2D electron gas formed in
a GaAs/AlGaAs quantum well as evidence for enhanced cor-
relation effects.’ Another contribution factor is the small
magnitude of kr~0.08 A~!, giving plasmon wavelengths
A,~T70 A, which are large compared with the lattice size
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FIG. 4. (Color online) Plasmon damping [full width at half
maximum (FWHM) of loss peak, Fig. 1] plotted as a function of
momentum transfer g for (G) graphene and (SS) surface-state 2D
systems.
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a~1.5 A. These sheet plasmons do not scatter off the lat-
tice.

In conclusion, we find a number of intriguing differences
between the sheet-plasmon behavior of a sheet of charge
effectively isolated from screening by substrate excitations.
These differences are manifest with increasing wave vector
¢, and have been widely predicted as due to nonlocal
corrections.>>!! These nonlocal corrections effectively in-
crease the restoring force (potential) of the plasmon har-
monic oscillator, and contribute to damping increasing with
q irrespective of Landau damping due to excitations of
single-particle, electron-hole pairs on the Fermi surface.
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These effects are magnified in graphene due to the very lim-
ited amount of phase space available to electron scattering
processes, and the increased electron-electron elastic scatter-
ing due to the very high Fermi velocity vy. The dynamical
screening behavior is, as a consequence, very different from
that of the usual 2D electron gas.
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