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Abstract
Wehave investigated electron band structure of epitaxially grown graphene on an SiC(0001) substrate
using angle-resolved photoemission spectroscopy. In single-layer graphene, abnormal high spectral
intensity is observed at theDirac energywhose origin has been questioned between in-gap states
induced by the buffer layer and plasmaron bands induced by electron–plasmon interactions.With the
formation of double-layer graphene, theDirac energy does not show the high spectral intensity any
longer different from the single-layer case. The inconsistency between the two systems suggests that
themain ingredient of the high spectral intensity at theDirac energy of single-layer graphene is the
electronic states originating from the coupling of the grapheneπ bands to the localizedπ states of the
buffer layer, consistent with the theoretical prediction on the presence of in-gap states.

1. Introduction

The charge neutral point ED, where conduction and valence bands touch at a single point, reveals an important
aspect of the physics of graphene [1]. For example, when ED is aligned to Fermi energy EF, graphene shows
strong electronic correlations that are not explained by the theory that describes typicalmetallic systems [2].
Upon introducing dopants (or charges), many-body effects are developed to showwell-defined quasiparticle
states near ED induced by electron–plasmon interactions, so-called plasmaron bands, right next to thewell-
known grapheneπ bands [3–6]. Such electronic correlations are strongly affected by the presence of a substrate.
Especially, when dielectric screening from the substrate becomes stronger compared to that for free-standing
graphene, the plasmaron bands approach towards the grapheneπ bands, so that they are not resolved, but leave
their signature as high spectral intensity at ED [5, 6].

Alternatively the electron band structure itself can result in the spectral feature at ED. On the surface of an
SiC(0001) substrate, a carbidic layer, so-called buffer layer, is formedwith the same geometric structure as
graphene in the absence of the characteristic conical dispersion due to the formation of covalent bondswith the
substate [8]. Upon the formation of single-layer graphene on top of it, the presence of the buffer layer breaks the
sublattice symmetry of the single-layer graphene resulting in an energy gap at ED [9–12].Meanwhile localizedπ
states of the buffer layer couple to the grapheneπ bandswhich contributes tofinite spectral intensity at ED, i.e.,
in-gap states, despite the plasmaron bands are not taken into account [9]. In fact, recentGW calculations give no
well-defined plasmaron bands in the epitaxial doped single-layer graphene on an SiC substrate [7], in contrast to
the previous theoretical [3, 4] and experimental results [5, 6].

Here we investigate this controversial issue by comparing the electron band structure of single- and double-
layer graphene samples using angle-resolved photoemission spectroscopy (ARPES). Single-layer graphene
shows high spectral intensity at ED consistent with previous results [6, 11]. On the other hand, in double-layer
graphene, we observe that the electron band structure shows a dip in spectral intensity at ED. The difference in
the spectral feature is well described in terms of the in-gap states, whereas the plasmaron bands do not explain
theweak spectral intensity observed at ED of double-layer graphene on an SiC(0001) substrate and even single-
layer graphene onmetallic substrates. Our results suggest that the in-gap states induced by the buffer layer [9] are
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themain ingredient of the controversial high spectral intensity at ED of single-layer graphene on the SiC
substrate.

2. Experimentalmethods

Graphene samples were prepared by the epitaxial growthmethod on an SiC(0001) substrate [14] and the
chemical vapour depositionmethod on aCufilm [15]. High-resolution ARPES experiments have been
performed on the graphene samples using a synchrotron sourcewith an energy of 50eV at beamline 12.0.1 of
the Advanced Light Source at Lawrence BerkeleyNational Laboratory. The energy and angular resolutions are
32meV and�0.3°, respectively. All themeasurements have been performed at 15K in ultra-high vacuumwith
a base pressure of 3.5×10−11Torr.

3. Results and discussions

Figure 1(a) shows anARPES intensitymap of a buffer layer sample taken along the G - K direction of the
graphene unit cell denoted in the inset, which is consistent with the previous results [16].More specifically, near
EF two non-dispersive states are observed at 1.7eV and 0.5eV below EF as denoted bywhite arrows. Such a non-
dispersive feature is also clear in energy distribution curves (EDCs) taken at differentmomentum values as
denoted by dashed lines in figure 1(b). The former originates from the Si dangling bond states which belong to
the Si-rich surface of the SiC(0001) substrate, so-called ´3 3 phase, formed before the buffer layer is grown
on the substrate [16].With the formation of the buffer layer, several flat bands are predicted below EF originating
from theπ-orbitals of carbon atoms [9], which are observed as the non-dispersive state 0.5eV below EF. The
observation of the two non-dispersive states suggests that the sample is not fully covered by the buffer layer, but
consists of both buffer layer and the ´3 3 phase.

To investigate the latter non-dispersive state, we havemeasuredARPES intensitymaps of several different
graphene samples taken perpendicular to the G - K direction of graphene unit cell as denoted by the yellow
arrow in the inset. Figure 2(a) shows theπ bands of single-layer graphene that are intrinsically doped by electrons
due to the presence of the SiC substrate [17], so that ED lies∼0.43eV below EF. ThemeasuredARPES intensity
map exhibits two additional features in addition to the characteristic conical dispersion: (i)finite spectral
intensity away from the grapheneπ bands as denoted by thewhite arrow; (ii) strong spectral intensity at ED in the
grapheneπ bands. The former is the non-dispersive state observed from the buffer layer infigure 1. Coexistence
of the non-dispersive state and the grapheneπ bands suggests that the sample consists of single-layer graphene as
well as the buffer layer, consistent with previousmicroscopy results [18]. The origin of the latter has been argued
between the in-gap states [9] and the plasmaron bands [5]. Aswe go from the sample shown infigures 2(a)–(d),
spectral weight of another band structure develops as denoted by the blue arrows, until it becomes very clear in
figure 2(e) to show the characteristic electron band structure of double-layer graphene.

It is interesting to note that the finite spectral intensity denoted by thewhite arrow infigure 2(a) becomes
weaker as we go towards the double-layer graphene sample shown infigure 2(e), which is obvious whenwe take

Figure 1. (a)ARPES intensitymap of the buffer layer sample along the G - K direction of graphene unit cell denoted by the yellow
arrow in the inset. The buffer layer exhibits two non-dispersive states at 0.5eV and 1.7eV below Fermi energy, as denoted bywhite
arrows. (b)EDCs, taken at differentmomentumpositions for theARPESmap shown in panel (a), also show the non-dispersive feature
as denoted by dashed lines.
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EDCs at Å= -k 0.28 1 for each sample. Figure 3(a) shows normalized EDCs, when (a)–(e) denote that each
spectrum is taken from figure 2(a)–(e), respectively. Figure 3(b) shows the normalized EDCs after subtracting
spectral intensity of double-layer graphene denoted by (e) infigure 2(a). The intensity of thewell-defined peak
shape at - = -E E 0.5 eVF decreases aswe go from the sample shown infigures 2(a)–(d), which becomes
featureless for the double-layer graphene sample (e). It is known that, as the graphene layers develop, the buffer
layer is increasingly covered by the graphene overlayers [18]. The previous first principles calculations show that
the localizedπ states of the buffer layer couple to the grapheneπ bands giving rise tofinite spectral intensity at ED

of single-layer graphene on an SiC(0001) substrate.Within this theory, upon the evolution of graphene
overlayers, the buffer layer states are increasingly coupled to the grapheneπ bands, resulting in gradual decrease
of spectral intensity of the buffer layer states. This is consistent withwhat we have observed infigures 2 and 3.

Alternatively, due to the finitemean free path of electronswithin a solid, increasing thickness of graphene
layers can reduce photoelectron intensity from the buffer layer states. Indeed, as we go from figure 2(a) to
figure 2(e), graphene layers on top of the buffer layer become thicker from single-atomic layer to 0.35nm
corresponding to double-layer graphene [8]. This is comparable to amean free path of∼0.6nmcorresponding
to a photon energy of 50eV, thatwe have used in our experiments. However, since single-layer ofMoSe2 whose
thickness (0.33 nm [19]) is comparable to that of double-layer graphene clearly shows photoelectron signal from
its substrate [20], themean free path issue for the samples with a thickness of�0.35nm (figure 2)may be less
likely the origin of the completely disappeared intensity of the buffer layer states observed from the double-layer
graphene sample as shown infigures 2(e) and 3(a).

The comparison between the energy spectra of single- and double-layer graphene provides an intriguing
insight on the origin of the high spectral intensity at ED for single-layer graphene. For example, figure 4 shows
fitted energy-momentumdispersions near EF and EDCs for single- and double-layer graphene. Infigure 4(a),
the black line is the fitted grapheneπ bands using a Lorentzian peak function, while the green and red dashed
lines are arbitrary straight lines along the fitted bands. At ED, where the extended linesmeet, the EDC taken at

Figure 2. (a)-(e)ARPES intensitymaps of graphene samples near EF taken perpendicular to the G - K direction denoted by the
yellow arrow in the inset of panel (a). Thewhite arrowdenotes the non-dispersive state observed from the buffer layer sample shown
in figure 1(a) and the blue arrows denote the evolution of the electron band structure corresponding to double-layer graphene.

Figure 3. (a)EDCs taken at Å= -k 0.28 1 fromfigures 2(a)–(e). (b)The EDCs after subtracting background taken from the spectrum
of the double-layer graphene, (e), shown in panel (a).
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Å= -k 0 1 showsmaximum intensity. One of its plausible origins is the formation of plasmaron bands induced
by electron–plasmon interactions [3].When graphene is placed on an SiC(0001) substrate, the dielectric
screening can suppress these electronic correlations, so that the plasmaron bands approach towards the
grapheneπ bands [5, 6]. As a result, the plasmaron bandsmight not be resolvedwith the typical experimental
resolution, whereas their formation is evidenced as high spectral intensity at ED, similar towhat we have
observed infigure 4(a) [5].

Interestingly, however, single-layer graphene onmetallic substrates [22, 23], i.e., the case where dielectric
screening is further enhanced, does not show the characteristic feature of the screened plasmaron bands, but
exhibits a dip at ED in the EDC. Figure 5 showsARPES intensitymaps of single-layer graphene on aCufilm.
Along both perpendicular (figure 5(a)) and parallel (figure 5(c)) to the G - K direction of the graphene unit cell
denoted in the inset, the grapheneπ bands showweak spectral intensity (or a dip in the EDC) at ED in contrast to
the high spectral intensity observed at ED of single-layer graphene on an SiC substrate.

Instead, the spectral feature observed fromgraphene onmetallic substrates [22, 23] resembles that of
double-layer graphene. At ED, determined by the crossing point of the green dashed lines drawn along the fitted
bands infigure 4(b), the EDC shows a dip in between two peaks corresponding to the conduction band
minimumand the valence bandmaximum (as denoted by blue dashed lines). This indicates that our double-
layer graphene sample does not show the characteristic feature of the plasmaron bands reported in the case of

Figure 4. (a) Fitted energy-momentumdispersion of the ARPES intensitymap shown in figure 2(a). The green and red dashed lines are
arbitrary straight lines for the guide to the eyes. The right panel is an EDC taken at Å= -k 0 1. Dirac energy is denoted by ED. (b) Fitted
energy-momentumdispersion of the ARPES intensitymap shown infigure 2(e). The green dashed lines are arbitrary straight lines for
the guide to the eyes and the blue dashed lines denote the conduction bandminimumand the valence bandmaximum. The right panel
is an EDC taken at Å= -k 0 1.

Figure 5. (a)AnARPES intensitymap of single-layer graphene on aCufilmnear EF taken perpendicular to the G - K direction
denoted by the yellow arrow in the inset. ED is denoted by the black dashed line. (b)AnEDC taken at Å= -k 0 1. (c)AnARPES
intensitymap of single-layer graphene on aCu filmnear EF taken parallel to the G - K direction denoted by the yellow arrow in the
inset.
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single-layer graphene [3–6]. However, not only single-layer graphene, but also double-layer graphene is
predicted to exhibit the plasmaron bands in the presence of charge imbalance between the adjacent layers [13],
which is intrinsically induced in epitaxial double-layer graphene on an SiC(0001) substrate [21], as shown in
figure 2(e). In addition, for single-layer graphene, the separation between the extended lines and the conduction
(or valence) band is 95±14meV,which is bigger than our experimental resolution, 32meV, asmuch as by a
factor of 3. Thismeans that the additional feature, if any, e. g., the plasmaron bands [3, 4], should be resolved
within our experimental resolution. In reality however, we do not observe two separated bands corresponding to
the grapheneπ bands and plasmaron bands. These two observations cast doubt on the description of the high
spectral intensity at ED of single-layer graphene on an SiC(0001) substrate in terms of the plasmaron bands [5].
In fact, a recent theoretical study suggests the absence of thewell-defined plasmaron bands in the epitaxial doped
single-layer graphene on the SiC substrate [7].

The high spectral intensity at ED can be alternatively explained by the in-gap states accompanied by the
energy gap opening. The presence of the buffer layer under single-layer graphene can break sublattice symmetry
resulting in the energy gap opening at ED [11]. At the same time, the localizedπ states of the buffer layer are
predicted to couple with the grapheneπ bands resulting infinite spectral intensity in the gap region of single-
layer graphene [9].Within this picture, the spectral intensity of the localizedπ states is expected to gradually
decrease with the evolution of graphene overlayers, consistent with our observations shown infigures 2 and 3. In
addition, when ED for single- and double-layer graphene is different, the spectral intensity of the in-gap states is
not expected to contribute to the spectral intensity at ED of double-layer graphene. In fact, ED is 0.43eV and
0.30eV below EF for single- and double-layer graphene, respectively, as shown infigures 4(a) and (b), and the
in-gap states (or the high spectral intensity) lie near 0.43eV (figure 4(a)) below EF which is close to the valence
bandmaximumof double-layer graphene denoted by the lower blue dashed line infigure 4(b). These are exactly
whatwe havemanifested infigures 2–4.

4. Summary

Wehave investigated electron band structure of buffer layer, single- and double-layer graphene samples
epitaxially grown on an SiC(0001) substrate. The spectral intensity of the non-dispersive states originating from
the localizedπ states of the buffer layer decreases with the evolution of double-layer graphene. At the same time,
we found that the high spectral intensity at theDirac energy is observed only for single-layer graphene, whereas
double-layer graphene exhibits a dip in spectral intensity in between the conduction bandminimumand valence
bandmaximum.Our results suggest that the high spectral intensity observed at ED of single-layer graphene is
well described by the in-gap states picture, inwhich the buffer layer states are coupled to the grapheneπ bands
giving rise to afinite contribution in the spectral intensity at ED [9], while the plasmaron bands picture does not
explain different spectral intensity observed at ED of single- and double-layer graphene.
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