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We investigate the role of substrates on the collective excitations of graphene using a first-
principles implementation of the density response function within the random-phase approximation.
Specifically we consider graphene adsorbed on SiC(0001) and Al(111) as representative examples of
a semiconducting and metallic substrate. On SiC(0001), the long wavelength 7 plasmons are signif-
icantly damped although their energies remain almost unaltered. On Al(111), the long wavelength
7 plasmons are completely quenched due to the coupling to the metal surface plasmon. The strong
damping of the plasmon excitations occurs despite of the fact that the single-particle bandstructure
of graphene is completely unaffected by the substrates illustrating the non-local nature of the effect.

PACS numbers: 73.20.Mf, 73.21.-b, 78.20.Bh

Recent years have witnessed an explosion in the in-
terest for graphene, both as a novel material for techno-
logical applications and as a model system for exploring
new fundamental physicsﬂ]. As a two-dimensional, half-
metallic crystal, graphene exhibits many peculiar proper-
ties, in particular related to its electronic structure. The
intrinsic 7 and o plasmons of graphene | as well as
the 2D metallic plasmons arising from dopingﬂ, and
their interactions with electron-hole excitations|d, [10]
and phononsﬂﬂ] have been studied both theoretically
and experimentally. Besides understanding the elemen-
tary excitations, there have been recent attempts to use
graphene for nanoplasmonicsﬂﬁ], an emerging field with
one of the aims being to develop plasmon-enhanced imag-
ing and sensing techniquesﬂﬁ].

Experimentally, single layers of graphene can be syn-
thesized by various techniques, such as exfoliation of
graphite or decomposition of hydrocarbons on transition
metal surfacesm, E] Walfer sizes of graphene can be
grown on SiC substrates by sublimation of SiﬂE]. For
many applications of graphene, in particular within elec-
tronics, the substrate is likely to play an important role
and thus should be considered as part of the device.
While the effect of substrates on the atomic structure and
single-particle excitations of graphene has been studied
using ab-initio methods ﬂﬂm], their influence on the col-
lective electronic excitations has so far only been studied
using dielectric modelsm, m]

In this Letter, we present a first-principles study of
the effect of substrates on the plasmon excitations in
graphene. We concentrate on weakly bound systems
in which the atomic structure and the single-particle
bandstructure of graphene is well preserved. In partic-
ular, a semiconducting SiC(0001) surface with Si ter-
mination, which offers direct comparison with existing
measurements[3-0], and a metallic Al(111) surface are
discussed here. Our results demonstrate that, even for
these weakly coupled systems, the substrate has a pro-
found influence on the plasmonic excitations. For the
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FIG. 1: (Color online) (a) Geometry of two carbon (blue)
layers on a Si (yellow)-terminated 4H-SiC(0001)surface. The
dangling bonds are saturated with hydrogen atoms (grey).
(b) Band structure of the first carbon buffer layer on SiC
surface. (c) Band structure for the geometry shown in (a)
(black solid lines) and for a free-standing graphene (red dotted
lines). Dashed line indicates the Fermi level.

semiconducting substrate, the m plasmons are strongly
damped but still visible, while for the metallic substrate,
the 7 plasmons are completely quenched by coupling to
the surface plasmons of the substrate. We find that the
electronic response function of the coupled systems can
be reproduced from the response functions of the iso-
lated graphene and substrate, showing that the damping
of plasmons is controlled by long range Coulomb interac-
tions.

The plasmon excitations are obtained as peaks in the
electron energy loss spectrum (EELS) which in turn is re-
lated to the linear density response function. For periodic
systems, the latter is conviniently calculated in a plane-
wave representation yga’(q,w) by solving a Dyson-like



equation
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where G stands for the reciprocal lattice vectors and
q for wave vectors restricted to the irreducible bril-
louin zone only. The Coulomb kernel Kq,a,(q) is
476G,G,/la + G1|? and the exchange-correlation ker-
nel is neglected within the random phase approxima-
tion (RPA) employed in the present work. The non-
interacting density response function is given by the
Adler-Wiser formulal23, 24|
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The occupation f,x, Kohn-Sham (KS) eigenvalue €,x
and wave function ¥, for band n at wave vector k are
extracted from ground state calculations performed with
the aPAW code[25, 126]], a real space implementation of
the projector augmented wave method (PAW)[21].

After obtaining the xgqgs matrix, the loss function is
calculated as
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which is directly comparable to the EELS measured in
experiments. For surface excitations, a surface loss func-
tion is defined as[2€, 29]
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where || and z correspond to directions parallel and per-
pendicular to the surface, respectively; peeltel (2,2';q,w)

is the Fourier transform of xea/(q,w) in the z-direction.
Details on the numerical implementations, parallelization
and benchmark tests can be found elsewhere[33]. Details
on calculation parameters can be found here. [34]
Semiconducting substrate. The system, shown in Fig.
1(a), consists of two C layers on top of a 4H-SiC (0001)
surface. The structure is adopted from literature[11, [1§],
corresponding to 2 x 2 unit cell of graphene and four
bi-layer of SiC as substrate. Six bi-layer of SiC has also
been checked and give quantitatively the same spectra for
energy below 10 eV. We consider here the combination
of the first carbon layer and the SiC surface as the sub-
strate since they are covalently bonded and the 'Dirac
cone’ band of graphene disappears, leaving a wide en-
ergy gap in the band structure shown in Fig. 1(b). The
second C layer, which is placed in the graphite-type AB
stacking order above the first C layer, is treated as the
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FIG. 2: (Color online) Loss function of free standing graphene
(a) and graphene on SiC substrate (b) as a function of q. The
loss functions, from bottom to top (solid lines), correspond to
increasing q at an interval of 0.046/ A. The dashed line corre-
sponds to the loss function of the substrate at ¢ = 0.092/A.
(c) Dispersion relations for the 7 plasmons of free standing
graphene (red filled circles) and graphene on SiC (black filled
squares). They are compared with earlier ab-initio calcu-
lation on free standing graphene (blue hollow circles) and
experiments on single wall carbon nanotubes (green hollow
squares)[d] as well as experiments on graphene / SiC(0001)
(purple hollow diamonds)[d]. Lines are added to guide the
eye.

graphene layer. It binds weakly to the first C layer|17, [18]
in agreement with experiments|3(], with an LDA binding
energy per C atom of 0.039 eV and adsorption distance
of 3.56 A. As shown in Fig. 1(c), a linear conic band
structure appears within the bandgap, resembling that
of free-standing graphene (red dotted line). The Fermi
level is shifted by 0.05 eV above the Dirac point, indicat-
ing slight electron doping into this C layer.

Fig. 2(a) shows the calculated loss function of free-
standing graphene for different q. These spectra are
in good agreement with previous ab-initio calculations|2,
10]. The peak around 5 eV corresponds to the 7 plas-
mon resonance and the shoulder below 5 eV originates
from the m — 7* single-particle excitations|L(]. The en-
ergy dispersion relation of these m plasmons is shown
in Fig. 2(c) as the red filled dots. Again, they com-
pare well with previous ab-initio results on free standing
graphene[2]. These 7 plasmons exhibit a unique quasi-
linear dispersion, distinct from the parabolic dispersion
in graphite[31]. Such a linear relation is attributed to
the local field effect, which mixes the electronic transi-
tions from 7 to 7* band with those around the ’Dirac
cone’[2]. Shown in Fig. 2(c) as black filled squares, the
SiC substrate has little effect on the energies of these m
plasmons. There is only a slight redshift in the plasmon
energy for ¢ < O.3/A. The overall linear dispersion is
well preserved and agrees well with EELS experiments
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FIG. 3: (Color online) Surface Loss functions at ¢ =

0.046/A and band structure (inset) for free standing (red
dots) and graphene on Al substrate (black line).

on SWNTs[2] and SiC(0001) supported graphenel]s].

In contrast, the lineshape and strength of the loss func-
tion, as shown in Fig. 2(b), are significantly changed by
the substrate, especially for small q. At ¢ = 0.046/A (the
bottom solid line), the 7 plasmon exhibits a broad bin-
odal structure and its strength reduces to around 1/5 of
that for free standing graphene. Besides the 5 eV peak,
a peak between 0-1 eV and a broad band from 6 to 12 eV
are also visible in the spectrum. The broad band between
6-12 eV comes mainly from the substrate electronic exci-
tations, whose loss function is shown as the dashed line
for ¢ = 0.092/A for comparison. The peak at around 0.6
eV is the so called ’2D-sheet-plasmon’[d, |&], which orig-
inates from the collective excitations of electrons within
the ’Dirac cone’ so that it only exists in doped graphene.
As mentioned above, the Fermi level is shifted upward by
0.05 eV. A more pronounced peak is visible (not shown
here) if we artificially shift the Fermi level further up and
introduce more electrons into the cone[33].

As q increases (see Fig. 2(b)), the 7 plasmon shifts to
higher energy, similar to that in free standing graphene.
The height of the peak, however, changes only slightly
and converges to that of free standing graphene at around
q¢ = 0.6/A. This suggests that the screening from the
substrate gets weaker with increasing g.

Metallic substrate. In contrast to semiconducting sub-
strates, metallic substrates can sustain surface plasmons
that can couple to the plasmons in graphene[21]. As we
are not aware of any experiments on plasmon excitations
of graphene on a metallic substrate, we consider Al(111)
as a generic model for a free-electron like metal. The
system under study consists of a single layer of graphene
on top of four Al (111) layers using a 1 x 1 unit cell.
Graphene binds weakly to the Al surface with an (LDA)
interplane distance of 3.36 A and binding energy per C
atoms of 0.049 eV, in good agreement with van der Waals
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FIG. 4: (Color online) Loss function of graphene/SiC (a) and
graphene/Al (b). The ab-initio results (black dashed line) are
compared with that obtained from the sum of the effective
response function of two subsystems (red solid line). Inset
of panel (a): Ilustration of the two independent subsystems:
graphene and substrate with response function x® and x°,
respectively.

DFT calculations|2(]. As can be seen from the inset of
Fig. 3, the Fermi level is shifted by around 0.5 eV above
the ’'Dirac cone’ of graphene, introducing slight electron
doping into graphene.

The surface loss functions of graphene/Al are shown in
Fig. (4). Although Al exhibits strong surface and bulk
plasmonic excitations, these features are supressed in the
surface loss function calculated using Eq. (5). The solid
line indicates the graphene at the equilibrium distance
from the surface. In contrast to the SiC semiconducting
substrate, where the 5 eV peak still exists, the m plasmon
is completely quenched by the Al substrate. Instead, a
strong peak between 8-10 eV is visible in the spectrum.
It arises from the collective excitations at the interface
between graphene and Al [34].

Discussions. The strong influence of the substrate
on the plasmons may have two distinct origins: (1) the
‘static’ effect, that is, the change of ground state wave
functions due to hybridization with the states of the sub-
strate; (2) the ’dynamical’ effect, that is, the mutual di-
electric screening between graphene and the substrate.
In order to distinguish these two effects, we construct a
model[32], shown as the inset of Fig. 4, separating the
graphene (g) and substrate (s) into two subsystems that
are connected with only Coulomb interaction and with-
out any wave function overlap. The response function for
each independent subsystem is x9 and x°, respectively.
In an applied external field 0V, the density response
for each subsystems is written as:

6ng = Xg[(sv:ext + ‘/C(S’I’LS], (5118 = Xs[év:ext + ‘/CénqL (5)

where V. is the Coulomb interaction kernel. An effective



response function for graphene can thus be defined as:

on?  xI[L+ Vex?]
Vext 1= x9Vex*Ve

Xeg = (6)
Similar definition applies to the substrate xJgz. The
sum of xY; and x5; is the total response of the two
subsystems within the model. Its difference with re-
spect to the calculated ab-initio response of the combined
graphene/substrate (g/s) system is a measure of the hy-
bridization between the two subsystems. As shown in
Fig. 4, such differences are minimal for both SiC (panel
(a)) and Al substrate (panel (b)), suggesting that the
dynamical responses are dominated by Coulomb interac-
tions. The slightly larger deviation observed for Al can
be attributed to the shift of the Fermi level with respect
to the Dirac cone of graphene shown in the inset of Fig.
(3). This shift is not taken into account in the model
calculation. The Coulomb interaction gets weaker with
increasing ¢ as it scales with 1/|q|?, explaining the fact
that the screening gets weaker and the strength of the
plasmon recovers to that of free standing graphene at
large ¢q. Finally, we note that the damping of the plas-
mon is very long ranged. Based on our EELS spectra for
adsorption distances up to d = 20 A we deduce that the
height of the 7 plasmon falls off slower than 1/d.

In conclusion, the study of the interface and inter-
actions between graphene and supporting substrates is
crucial for large scale graphene-based applications. Our
first-principles calculations show that the plasmons in
graphene are significantly damped by a semiconduct-
ing substrate and completely quenched by a metallic
substrate, in particular in the long wavelength limit.
The electronic response is dominated by the long ranged
Coulomb interaction which makes the effect significant
even for weakly coupled graphene/substrate systems.
The strong damping of plasmons by the substrate needs
to be taken into account in the future design of graphene-
based materials for plasmonic applications.
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