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Mapping by angle-resolved photoemission spectroscopy of the spectral functions of graphite and

graphene layers at low temperatures reveals a heretofore unreported gap of�67 meV at normal emission.

This gap persists to room temperature and beyond, and diminishes for increasing emission angles. We show

that this gap arises from electronic coupling to out-of-plane vibrational modes at the �K point in the surface

Brillouin zone in accordance with conservation laws and selection rules governed by quantum mechanics.

Our study suggests a new approach for characterizing phonons and electron-phonon coupling in solids.
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Angle-resolved photoemission spectroscopy (ARPES)
is a powerful technique for determining the electronic
structure of materials, and it has been applied to numerous
systems of scientific and technological interest [1]. The
measured spectral functions are related to the quasiparticle
self-energies, which are influenced by interactions with
elementary excitations including phonons. Electron-
phonon coupling is of special interest as it plays a key
role in the formation of charge density waves and super-
conducting states. Its main signature is the ‘‘kinks’’ in
dispersion relations near the Fermi level, which have
been well documented for a variety of systems including
graphene layers of various thicknesses and configurations
[2–6]. While strong interest in the electronic structure of
these graphitic materials has driven extensive ARPES
studies [2,3,7–10], prior work has mostly focused on the
quasiparticle band dispersion relations associated with the
Dirac cones. Largely unexplored are spectral regions far
away from the quasiparticle bands, where direct emission
from the quasiparticles is forbidden, but indirect emission
through coupling to phonons is allowed. Our work shows
that ARPES measurements within the forbidden region
can yield valuable information about high-order processes
such as electron-phonon coupling. Specifically, the experi-
ment reveals a gap of �67 meV at low temperatures for
several graphitic materials including highly oriented pyro-
litic graphite (HOPG), natural single-crystal graphite
(NSCG), and few-layer graphene (FLG) systems prepared
on SiC(0001). A detailed study of the temperature and
angular dependences of the gap suggests that the gap arises
from out-of-plane vibrational modes at the �K point, which
dominate the coupling to electrons at normal emission.

Our ARPES measurements were performed at the
Synchrotron Radiation Center, University of Wisconsin-
Madison, using the PGM-A, U-NIM, andWadsworth beam
lines. The energy and momentum resolutions were 20 meV

and 0:01 �A�1, respectively. All spectra were taken with the
sample temperature at 60 K, unless otherwise stated. The
results from these three samples are similar; this is not

surprising since graphite is essentially a stack of graphene
layers weakly bonded together by van der Waals forces.
Figure 1 shows the electronic band structures and

phonon dispersion relations for graphite and graphene
obtained from first-principles calculations based on the
ABINIT program [11–14]. These calculations based on the

LDA approximation yield a fairly good overall description
of the experiment; more accurate results based on the GW
approximation are available in the literature [15,16].
The calculated results are very similar for graphene and
graphite within the basal plane. The dispersions for
graphite are small along the z direction (perpendicular to
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FIG. 1 (color online). Band structures and phonon dispersion
relations of graphite (a), (c) and graphene (b), (d) from first-
principles calculations. The inset in (a) shows schematically the
two-dimensional Fermi surface of graphite and graphene, which
consists of 6 Dirac points at �K and �K0.
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the basal plane). Of special interest are the phonons at the
K point of graphene and along K-H in graphite. Their
energies are essentially identical. For simplicity, the dis-
cussion below will mostly refer to the graphene dispersion
relations. Generalization to graphite is straightforward.

The ARPES spectrum at normal emission from HOPG
at 60 K [Fig. 2(a)] shows a peak derived from the � band
at about �8:5 eV. Emission at angles near the K point
[Fig. 2(b)] shows a quasi-Dirac cone from the � band. The
random in-plane orientation of graphite crystallites in
HOPG dilutes the emission intensity from the Dirac cone,
making this feature very weak. Detailed spectra at normal
emission and near K [Fig. 2(c)] reveal a gap near the Fermi
level at normal emission, as evidenced by a comparison to
the spectrum from a reference Ag film. The spectrum at
normal emission is very weak as indicated by the relative
scales. It actually contains a tiny Fermi edge, which is
likely caused by defects [17]. The inset shows the spectrum
at normal emission symmetrized about the Fermi level (see
supplementary document [18]), which clearly shows a gap
of about �67 meV in an approximately linear spectrum.
This gap, independent of the photon energy, becomes less
distinct at higher temperatures [Fig. 2(d)] but remains
visible at room temperature. Similar results are obtained
from a NSCG [Fig. 2(e)], but there is a somewhat higher
background in the gap likely caused by impurities and
defects in natural crystals.

A similar gap is also observed in FLG. The number of
monolayers (MLs) of graphene can be deduced from the
Dirac-cone feature near the K point [Fig. 3(a)] [8,9].
Emission from the Si 2p core level [Fig. 3(b)] decays
rapidly for increasing graphene coverages because of a
short photoelectron escape depth [19]. At normal emission,

the 6
ffiffiffi
3

p � 6
ffiffiffi
3

p
surface exhibits a broad surface state at

about �0:6 eV [Fig. 3(c)] [20]. It becomes an interface
state under graphene coverage, and its intensity is attenu-
ated rapidly with increasing graphene coverages. At small
graphene coverages, the long tail of the interface state
enters into the gap region and interferes with line shape
analysis. As a result, the gap is not obvious at 1ML, but it is
quite clear for the thicker graphene layers (2–4 MLs). In
each case, there is a metallic Fermi edge, likely due to
defects. The gap is clearly seen in the enlarged views of
the 3 and 4 ML data and their symmetrized versions
[Fig. 3(d)]. Also included is a spectrum for the 3 ML
sample near the K point, which shows no gap. The gap
feature for the 4 ML case is somewhat weaker, possibly
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FIG. 2 (color online). ARPES results from HOPG [(a), (b), (c),
(d)] and NSCG (e). (a) Normal emission spectrum of HOPG.
(b) Measured dispersion of HOPG near �K along a radial direc-
tion pointed away from ��. (c) Spectra at various in-plane mo-
menta k for HOPG and a reference spectrum from Ag. The inset
is a zoom-in view of the gap near the Fermi level, obtained by
symmetrizing (labeled S) the normal emission spectrum with
respect to the Fermi level. (d), (e) Comparison between fits (red
[medium gray] curves) and normal emission spectra for HOPG
(d) and NSCG (e). The vertical dash lines indicate positions of
the Fermi level and the edge of the gap. The zero level for each
spectrum is indicated by a tick mark on the right vertical axis.
The photon energy used was 22 eV. The sample was at 60 K in
all cases except for those labeled otherwise.
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FIG. 3 (color online). ARPES result from FLG on 6H-SiC.
(a) Evolution of the Dirac-cone features near the �K point mea-
sured along a direction perpendicular to �� �K . (b) Si 2p core level.
(c) Normal emission spectra as a function of graphene layer
thickness. (d) Normal emission spectra and symmetrized versions
(labeled S) near the Fermi level for 3 and 4 ML graphene layers.
Also shown for comparison is a spectrum near the K point. The
zero level for each spectrum is indicated by a tick mark on the
right vertical axis. The photon energy used was 50 eV in all cases,
except (b) for which 130 eV photons were used.
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caused by increased roughness at higher graphene cover-
ages (see [18]) [7].

Because of the large band gap around the Fermi level at
the zone center (Fig. 1), the observed gap feature must
involve higher order processes. The only states nearby in
energy are near the K point. Momentum conservation for
normal emission from these states requires the involvement
of either an elementary excitation near the K point or a
defect. Defect scattering, being strictly energy conserving,
cannot account for the gap. Phonon scattering is the only
plausible explanation.

The initial state at the K point for graphene is

cKðrÞ /
X
R

�ðr�RÞ expðiK �RÞ; (1)

where �ðrÞ is a carbon pz orbital, K is the wave vector at
theK point, and the summation is over all lattice vectorsR.
The orbital �ðrÞ is of even parity within the basal plane.
There are actually two degenerate states; the other one
involves a pz orbital centered about the other atom within
the unit cell. Photoexcitation of cKðrÞ leads to

c 0
KðrÞ /

X
R

�0ðr�RÞ expðiK �RÞ; (2)

where �0 is an excited Wannier function. The excitation
involves the usual dipole transition term and a ‘‘surface
transition’’ term arising from a nonzero r �A, where A is
the vector potential [21,22]. Both terms are important for
three-dimensional systems, but only the dipole term
preserves the crystal momentum along z. Graphite is a
quasi-two-dimensional crystal with a large perpendicular

lattice constant c ¼ 6:7 �A compared to the z extent of the

pz orbital of about a ¼ 1:4 �A; the dipole term is scaled
down by a factor of �ða=cÞ2. As a result, surface transi-
tions dominate. Since this involves a z-dependent interac-
tion, the in-plane parity of the state is preserved. Thus, �0
is also of even parity within the basal plane.

The state c 0
K can couple via a phonon of wave vector

�K to a state at the zone center:

c 00
0 ðrÞ /

X
R

�00ðr�RÞ; (3)

where �00 is another excited Wannier function. This state
can couple to a plane wave in vacuum, leading to normal
emission, if�00 is of even parity within the basal plane [23].
Within the usual rigid-ion approximation, the electron-
phonon coupling is

�H / Qh�00ðrÞje � rVðrÞj�0ðrÞi; (4)

where V is the ionic potential, e is the phonon polarization
vector, and Q is the phonon normal mode coordinate.
Because both�0 and�00 are of even parity within the basal
plane, only phonons polarized along z can contribute to this
process.

Four phonon modes of graphene at the K point with
energies clustered around 150 meV have in-plane polar-

izations (see Fig. 1) [24,25]. The remaining two degenerate
phonon modes at energy E0 ¼ 67 meV are polarized along
z, and these are the relevant ones. At low temperatures,
phonon absorption is quenched. Photoemission assisted
by phonon emission should exhibit a gap of 67 meV below
the Fermi level EF by energy conservation. At finite tem-
peratures, the photoemission intensity becomes

IðEÞ / ðA� BEÞ
�
FðE� EF þ E0;TÞ

þ exp

��E0

kBT

�
FðE� EF � E0;TÞ

�
; (5)

where F is the Fermi-Dirac distribution function, and the
factor expð�E0=kBTÞ is the branching ratio between
phonon absorption and emission processes. The effective
(phonon-assisted) density of states and cross section
variations are assumed to be linear (with A and B being
constants). At high temperatures, phonon absorption pro-
cesses could fill in the gap. However, with E0=kB ¼
770 K, the gap remains visible even at room temperature.
The red (medium gray) curves [Fig. 2(d)] are fits to the data
at temperatures T ¼ 60 and 300 K using Eq. (5) supple-
mented by a metallic Fermi edge to simulate defect scat-
tering. The fits yield E0 ¼ 64 meV, in good agreement
with the known value of 67 meV. Analysis of the other
cases [e.g., Fig. 2(e)] yields similar values of E0 within a
few meV.
A gap of similar size was reported in a scanning tunnel-

ing spectroscopy study of graphene [26,27], and it was
attributed to phonon-mediated inelastic tunneling [28].
However, there have been disagreements about the gap
size or even the existence of gaps [29–32]. The inconsis-
tencies remain controversial and could be related to sample
inhomogeneity, tip structure, or tunneling at the buried
interface. The mechanism leading to the ARPES gap does
not apply directly to the tunneling case. However, for a well
collimated tunneling current perpendicular to the graphene
layers from a tip with a simple density of states, the same
parity selection rules apply, and a gap of �67 meV can be
expected.
ARPES is free from tip effects; a further advantage

is angular resolution. Experimentally, the gap disappears
for increasing emission angle or in-plane momentum
[Fig. 4(a)]; the symmetrized spectra are for 3 ML graphene
on SiC at 60 K. The two vertical lines indicate the edges
of the gap at normal emission. The corresponding first
derivatives [Fig. 4(b)] show peaks at the edges of the
gap. The gap diminishes and gets filled in for increasing
emission angles because phonons at lower wave vectors,
and lower energies, become involved.
While the 67 meV phonons are the dominant contri-

butions to the gap at normal emission, other phonons at
�150 meV are expected to contribute as well, how-
ever weakly. The dipole transition term, even though
suppressed, is nonzero, and its parity permits the excitation
of the in-plane phonons. High-resolution scans indeed
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show a very weak secondary gap at �150 meV (see [18]).
The results suggest the possibility of detailed phonon
spectroscopy based on this method.

The present study demonstrates that ARPES spectral
regions forbidden for direct emission provide a valuable
test ground for detailed investigations of elementary inter-
actions. Electron-phonon coupling is a weak interaction,
but its signature shows up clearly because of the absence
of other spectral features. This insight is important for a
detailed understanding of the basic physics of graphite and
graphene [33,34]. Possible applications of the method
include phonon spectroscopy and determination of the
electron-phonon coupling strength through a detailed
analysis of ARPES data. Specifically, the phonon gaps at
general points in the Brillouin zone could be used to extract
detailed phonon dispersion relations, while the spectral
height of each phonon gap provides a direct measure of
the electron-phonon coupling strength.
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FIG. 4 (color online). Dependence of the gaps on k.
(a) Symmetrized spectra for 3 ML graphene as a function of
in-plane momentum k along the �� �K direction. The photon
energy used was 50 eV. (b) Absolute value of the first derivative
of (a). The zero level for each spectrum is indicated by a tick
mark on the right vertical axis.
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