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The unusual transport properties of graphene are the direct consequence of a peculiar band structure
near the Dirac point. We determine the shape of the ! bands and their characteristic splitting, and find the
transition from two-dimensional to bulk character for 1 to 4 layers of graphene by angle-resolved
photoemission. By detailed measurements of the ! bands we derive the stacking order, layer-dependent
electron potential, screening length, and strength of interlayer interaction by comparison with tight
binding calculations, yielding a comprehensive description of multilayer graphene’s electronic structure.
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Much recent attention has been given to the electronic
structure of multilayer films of graphene, the honeycomb
carbon sheet which is the building block of graphite, car-
bon nanotubes, C60, and other mesoscopic forms of carbon
[1]. Recent progress in synthesizing or isolating multilayer
graphene films [2–4] has provided access to their physical
properties, and revealed many interesting transport pheno-
mena, including an anomalous quantum Hall effect [5,6],
ballistic electron transport at room temperature [7], micron-
scale coherence length [7,8], and novel many-body cou-
plings [9].Theseeffectsoriginate from the effectively mass-
less Dirac fermion character of the carriers derived from
graphene’s valence bands, which exhibit a linear dispersion
degenerate near the so-called Dirac point energy ED [10].

These unconventional properties of graphene offer a new
route to room temperature, molecular-scale electronics
capable of quantum computing [6,7]. For example, a pos-
sible switching function in bilayer graphene has been
suggested by reversibly lifting the band degeneracy at the
Fermi level (EF) upon application of an electric field
[11,12]. This effect is due to a unique sensitivity of the
band structure to the charge distribution brought about by
the interplay between strong interlayer hopping and weak
interlayer screening, neither of which is currently well
understood [13,14].

In order to evaluate the interlayer screening, stacking or-
der,andinterlayer coupling, we have systematically studied
the evolution of the band structure of one to four layers of
graphene using angle-resolved photoemission spectros-
copy (ARPES). We demonstrate experimentally that the
interaction between layers and the stacking sequence affect
the topology of the ! bands, the former inducing an elec-
tronic transition from 2D to 3D (bulk) character when
going from one layer to multilayer graphene. The inter-
layer hopping integral and screening length are determined
as a function of the number of graphene layers by exploit-
ing the sensitivity of! states to the Coulomb potential, and
the layer-dependent carrier concentration is estimated.

The films were synthesized on n-type (nitrogen, 1"
1018 cm!3) 6H-SiC(0001) substrates (SiCrystal AG) that
were etched in hydrogen at 1550 #C. Annealing in a vac-
uum first removes the resulting silicate adlayer and then
causes the growth of the graphene layers between 1250 #C
to 1400 #C [15]. Beyond the first layer, the samples have a
$0:5 monolayer thickness variation; the band structures of
different thicknesses were extracted using the method of
Ref. [11]. ARPES measurements were conducted at the
Electronic Structure Factory end station at beam line 7.01
of the Advanced Light Source (ALS), equipped with a
Scienta R4000 electron energy analyzer. The samples
were cooled to %30 K by liquid He. The photon energy
was 94 eV with the overall energy resolution of %30 meV
for Figs. 1 and 2(a)–2(d).

The band structures of a single [Fig. 1(a)] and a bilayer
[1(b)] of graphene are reflected in their photoemission
intensity patterns as a function of kk. The data are com-
pared with the scaled density functional theory (DFT) band
structures (see below) of free standing graphene layers

 

FIG. 1 (color online). Photoemission images revealing the
band structure of (a) single and (b) bilayer graphene along
high symmetry directions !-K-M-!. The dashed (blue) lines
are scaled DFT band structure of freestanding films [16]. Inset
in (a) shows the 2D Brillouin zone of graphene.
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[16]. We identify one! and three " bands, with the! band
becoming split in the bilayer. At the K point, the constant
energy contour for the ! band is pointlike near EF in the
monolayer [9,11,17], similar to graphite at the bulkH point
[18,19]. Other features represent either underlying sub-
strate states [especially in Fig. 1(a)] or replica bands due
to diffraction from the underlying incommensurate inter-
face structure of SiC [9,11,20,21].

The DFT bands are shifted to account for the Fermi level
position, and expanded by 13% in energy to match the
experimental total bandwidth. This scaling effectively in-
corporates many-body interactions not included in the
theory, as shown in an earlier ARPES study of graphite
[22]. The experimental bandwidths of the films are in close
agreement with those of graphite [22] and thick graphene
multilayers [20].

The ! bands near ED exhibit a complex structure due to
interlayer interactions [11]. Detailed photoemission inten-
sity maps near EF are shown in Figs. 2(a)–2(d) for N !
1–4 graphene layers. The measured ! bands are sup-
pressed on one side of the Brillouin zone due to interfer-
ence effects between the two equivalent sublattices [23].
The number of! bands increases with the number of layers
due to interlayer interaction, clearly seen away from ED,
where the Coulomb potential of each layer does not play a
major role (see below). The splitting between the highest
and lowest ! bands increases with the number of layers,
and for quadlayer graphene [Fig. 2(d)] it is close to that of
bulk graphite,"0:7 eV [18,24]. There is a gap between the
! and !# bands in the bilayer [Fig. 2(b)] due to the
inequivalent on-site Coulomb potentials in each layer [11].

The ! bands may be modeled by a tight binding (TB)
calculation that takes into account the different stacking se-
quences and on-site potential energies, with a Hamiltonian

generalized from Refs. [12,25,26] as

 H !
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Here Ei is the on-site Coulomb energy for layer i, ! !
px % ipy, %1 is the interlayer hopping integral, v is the
band velocity, and s ! 0 for Bernal (ABA . . . ) and 1 for
rhombohedral (ABC . . . ) stacking. The Hamiltonian oper-
ates on the layer subspace i ! &1; 2; . . . ; N'while the 2( 2
operators # and $ act on the (A;B) sublattice sites of the
same or adjacent layers, respectively. The energy scale was
defined such that EF ! 0 and the Dirac crossing energy
ED ! TrH =2N. The Hamiltonian can be readily general-
ized to arbitrary stacking orders (e.g., ABAC) by suitable
rearrangements of the coupling operators $s.

It is well known that ABA and ABC stackings for gra-
phene are energetically close, and stacking faults are com-
monly found in highly ordered pyrolytic graphite [27]. For
samples with mixed stacking, we assumed that the on-site
Coulomb potentials do not depend on stacking sequence,
and that they change monotonically across the film with the
same sign [14]. Given that the potential must decay in a
monotonic fashion, this considerably constrains the TB
parameters.

For trilayer graphene [Fig. 2(c)], we find two sets of !
bands resulting from different stacking sequences. The red
(light gray) and blue (dark gray) dashed lines indicate TB

 

FIG. 2 (color online). (a)–(d) The ! and !# bands near EF for 1– 4 graphene layers, respectively. kk ! $1:703 !A$1 corresponds to
the K point. The " point is at kk ! 0 !A$1, while the M point is at $2:555 !A$1. The dashed lines are from a calculated tight binding
band structure, with band parameters adjusted to reproduce measured bands. Red and orange (light gray) lines are for Bernal-type
(ABAB and ABAC) stackings, while blue (dark gray) lines are for rhombohedral-type stackings. (e)–(h) Photoemission intensity
oscillation of ! bands at EF $ 1 eV as a function of kk and k? momentum for 1– 4 layers graphene. The photoemission intensity is
normalized by the angle integrated intensity between EF and EF $ 1:5 eV for each photon energy.
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We have succeeded in fabricating Li-intercalated bilayer graphene on silicon carbide.
The low-energy electron diffraction from Li-deposited bilayer graphene shows a sharp√

3×
√

3R30◦ pattern in contrast to Li-deposited monolayer graphene. This indicates
that Li atoms are intercalated between two adjacent graphene layers and take the
same well-ordered superstructure as in bulk C6Li. The angle-resolved photoemission
spectroscopy has revealed that Li atoms are fully ionized and the π bands of graphene
are systematically folded by the superstructure of intercalated Li atoms, producing
a snowflake-like Fermi surface centered at the " point. The present result suggests
a high potential of Li-intercalated bilayer graphene for application to a nano-scale
Li-ion battery. Copyright 2011 Author(s). This article is distributed under a Creative
Commons Attribution 3.0 Unported License. [doi:10.1063/1.3582814]

I. INTRODUCTION

Intercalation of atoms or molecules into layered materials provides very rich electrical and
chemical properties which are distinctly different from those of pristine materials. In particular,
intercalation into bulk graphite has attracted special attentions, since graphite intercalation com-
pounds (GICs) show various fascinating physical properties such as the superconductivity and the
magnetism. GICs also have a high potential for technological application like chemical catalysis and
storage of intercalants.1 In fact, lithium(Li)-intercalated graphite (Li-GIC) has been widely used as
an anode material in the rechargeable battery.2–5 Fabrication of bulk Li-GIC and its electric structure
have been intensively studied experimentally6–9 and theoretically,10–13 while it is unclear whether
the intercalation of Li atoms is possible in the thinnest limit, namely in bilayer graphene. Fabrication
of Li-intercalated bilayer graphene is not only challenging but also very important for developing a
new nano-scale-thickness ion battery with a high charge/discharge rate.5

In this paper, we report the fabrication of Li-intercalated bilayer graphene on a SiC(0001) sub-
strate. We have characterized the crystallographic and electronic properties by low-energy electron
diffraction (LEED) and angle-resolved photoemission spectroscopy (ARPES). In the ARPES ex-
periments, we found the folding of energy bands corresponding to the

√
3×

√
3R30◦ superstructure

observed by LEED, together with the energy shift of the π and π∗ bands toward the high-binding
energy indicative of the electron doping from Li atoms to graphene sheets.

II. EXPERIMENTS

Graphene films were prepared by annealing a n-type Si-rich 6H-SiC(0001) single crystal with
resistive heating under 0.1MPa Ar gas.14 By controlling the heating temperature and time, we selec-
tively synthesized monolayer or bilayer graphene. Atomic force microscopy (AFM) measurement
confirmed the typical terrace size of ∼5 µm. Deposition of lithium was carried out using a lithium

aElectronic mail: k.sugawara@arpes.phys.tohoku.ac.jp
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FIG. 1. LEED patterns of (a) monolayer graphene, (b) bilayer graphene, (c) Li-deposited monolayer graphene, and
(d) Li-deposited bilayer graphene, measured with the primary electron energy of 150 eV. (e) and (f) top and side views
of C6LiC6, respectively. (g) two-dimensional BZs of graphene (broken line) and C6LiC6 (solid line).

dispenser (SAES Getters) in a vacuum of 5.0 × 10−10 Torr. ARPES measurements were performed
using a VG-SCIENTA SES2002 spectrometer with a high-flux helium discharge lamp and a toroidal
grating monochromator. We used the He IIα (40.814 eV) resonance line to excite photoelectrons.
The energy and angular resolutions were set at 16 meV and 0.2◦, respectively.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the LEED patterns of monolayer and bilayer graphene, respectively.
The LEED pattern is quite similar between monolayer and bilayer graphene, and consists of basically
three types of spots; (i) the (1×1) spot from the bulk SiC substrate (Si(1×1)),15 (ii) the weak
6
√

3×6
√

3R30◦ spot due to the buffer layer,15–17 and (iii) the C(1×1) spot from the honeycomb
atomic pattern of graphene.15, 17 We find that the intensity of the C(1×1) spot in bilayer graphene is
stronger than that of monolayer counterpart. When we deposit Li atoms onto these graphene films,
the LEED patterns show discernible differences between monolayer and bilayer graphene, as shown
in Figs. 1(c) and 1(d). In monolayer graphene, the intensity of C(1×1) and 6

√
3×6

√
3R30◦ spots

is significantly reduced upon Li deposition, while the Si(1×1) spot remains clearly visible. On the
other hand, in bilayer graphene, the Li deposition weakens the intensity of the 6

√
3×6

√
3R30◦ spot,

and produces new superlattice spots with the periodicity of
√

3×
√

3R30◦, as seen in Fig. 1(d). This
superlattice structure was found to be stable for a few days under vacuum at room temperature despite
the highly reactive nature of Li atoms. Since the observed

√
3×

√
3R30◦ periodicity is identical to

that of bulk C6Li,1 it is quite likely that Li atoms are intercalated between adjacent graphene layers
as shown in Figs. 1(e) and 1(f). The observed reduction of 6

√
3×6

√
3R30◦ LEED intensity upon

the Li deposition is well understood in terms of the expansion of the distance between two adjacent
graphene layers by the Li intercalation.

Figure 2(a) shows valence-band ARPES spectra of Li-intercalated bilayer graphene (C6LiC6)
measured along the "-K-M high-symmetry line in the Brillouin zone (BZ) of graphene at 30 K. We
clearly find several dispersive bands. One band has the bottom of dispersion at ∼10 eV at the " point,
dispersing toward Fermi level (EF) on approaching the K point where a sharp quasiparticle peak is
clearly seen. Another band has the top of dispersion at ∼5 eV at the " point and exhibits a strong
downward dispersion toward the K point. The electronic structure of C6LiC6 looks quite similar to
that of C6X (X = Li, Ca, La, Eu, and Yb),1, 6, 8, 9, 15, 18–20 although the weak intensity near the " point
is not observed in pristine graphene or graphite. In order to see more clearly these dispersive features
in the ARPES spectra, we have mapped out the band structure and show the result in Fig. 2(b). The
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FIG. 2. (a) ARPES spectra of Li-deposited bilayer graphene measured along the !-K-M high-symmetry line at 30 K. (b) and
(c), the experimental band structure of Li-deposited bilayer graphene and pristine bilayer graphene obtained by taking the
second derivative of ARPES intensity as a function of wave vector and binding energy. (d), (e) and (f), the experimental band
structure near EF around the K point for pristine monolayer graphene, pristine bilayer graphene, and C6LiC6, respectively,
obtained by plotting the ARPES-spectral intensity as a function of wave vector and binding energy (B. E.).

experimental band structure was obtained by taking the second derivative of ARPES spectra and
plotted it as a function of wave vector and binding energy. The band with the bottom at ∼10 eV
at the ! point is assigned to the π band, while the band with the top at ∼5 eV at the ! point is
the σ band. All these spectral features are basically identical to those of pristine bilayer graphene
shown in Fig. 2(c), while we clearly identify additional bands around the ! point which resemble
the π band around the K point. These additional bands around the ! point are likely assigned to
the π bands folded by the periodic potential of intercalated Li atoms, but is hard to be explained in
terms of the metallic free-electron-like Li 2s or interlayer band,10, 11, 13 because (i) these bands do
not show a parabolic-like energy dispersion and (ii) the Fermi-surface (FS) shape is well explained
by the band folding as shown in the next section. It is noted that band dispersion in the valence-band
region of pristine bilayer and monolayer graphene is quite similar, while a clear difference is seen
near EF. As shown in Figs. 2(d) and 2(e), the number of observed bands is obviously different
between monolayer and bilayer graphene (single vs. double), enabling us to distinguish monolayer
and bilayer graphene as starting substrate. As shown in Figs. 2(e) and 2(f), a detailed comparison
of the near-EF band dispersion around the K point between pristine bilayer graphene and C6LiC6

further reveals some quantitative differences in the character of π∗ bands. The Dirac energy (ED),
which is defined as the midpoint of the top of the π band and the bottom of the π∗ band, is shifted
by 1.4 eV toward the high binding energy in C6LiC6 compared with pristine bilayer graphene.
This band shift is consistent with the previous theoretical and experimental studies of Li-GIC,7, 10, 13

and is explained in terms of the shift of the chemical potential due to the charge transfer from Li
atoms. We also find in Figs. 2(e) and 2(f) that there exists a band gap of ∼0.12 eV in pristine bilayer
graphene possibly due to a finite interaction with the SiC substrate,21 and it appears to be enhanced to
∼0.5 eV in C6LiC6.
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near EF. As shown in Figs. 2(d) and 2(e), the number of observed bands is obviously different
between monolayer and bilayer graphene (single vs. double), enabling us to distinguish monolayer
and bilayer graphene as starting substrate. As shown in Figs. 2(e) and 2(f), a detailed comparison
of the near-EF band dispersion around the K point between pristine bilayer graphene and C6LiC6

further reveals some quantitative differences in the character of π∗ bands. The Dirac energy (ED),
which is defined as the midpoint of the top of the π band and the bottom of the π∗ band, is shifted
by 1.4 eV toward the high binding energy in C6LiC6 compared with pristine bilayer graphene.
This band shift is consistent with the previous theoretical and experimental studies of Li-GIC,7, 10, 13

and is explained in terms of the shift of the chemical potential due to the charge transfer from Li
atoms. We also find in Figs. 2(e) and 2(f) that there exists a band gap of ∼0.12 eV in pristine bilayer
graphene possibly due to a finite interaction with the SiC substrate,21 and it appears to be enhanced to
∼0.5 eV in C6LiC6.
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obtained by plotting the ARPES-spectral intensity as a function of wave vector and binding energy (B. E.).
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We have succeeded in fabricating Li-intercalated bilayer graphene on silicon carbide.
The low-energy electron diffraction from Li-deposited bilayer graphene shows a sharp√

3×
√

3R30◦ pattern in contrast to Li-deposited monolayer graphene. This indicates
that Li atoms are intercalated between two adjacent graphene layers and take the
same well-ordered superstructure as in bulk C6Li. The angle-resolved photoemission
spectroscopy has revealed that Li atoms are fully ionized and the π bands of graphene
are systematically folded by the superstructure of intercalated Li atoms, producing
a snowflake-like Fermi surface centered at the " point. The present result suggests
a high potential of Li-intercalated bilayer graphene for application to a nano-scale
Li-ion battery. Copyright 2011 Author(s). This article is distributed under a Creative
Commons Attribution 3.0 Unported License. [doi:10.1063/1.3582814]

I. INTRODUCTION

Intercalation of atoms or molecules into layered materials provides very rich electrical and
chemical properties which are distinctly different from those of pristine materials. In particular,
intercalation into bulk graphite has attracted special attentions, since graphite intercalation com-
pounds (GICs) show various fascinating physical properties such as the superconductivity and the
magnetism. GICs also have a high potential for technological application like chemical catalysis and
storage of intercalants.1 In fact, lithium(Li)-intercalated graphite (Li-GIC) has been widely used as
an anode material in the rechargeable battery.2–5 Fabrication of bulk Li-GIC and its electric structure
have been intensively studied experimentally6–9 and theoretically,10–13 while it is unclear whether
the intercalation of Li atoms is possible in the thinnest limit, namely in bilayer graphene. Fabrication
of Li-intercalated bilayer graphene is not only challenging but also very important for developing a
new nano-scale-thickness ion battery with a high charge/discharge rate.5

In this paper, we report the fabrication of Li-intercalated bilayer graphene on a SiC(0001) sub-
strate. We have characterized the crystallographic and electronic properties by low-energy electron
diffraction (LEED) and angle-resolved photoemission spectroscopy (ARPES). In the ARPES ex-
periments, we found the folding of energy bands corresponding to the

√
3×

√
3R30◦ superstructure

observed by LEED, together with the energy shift of the π and π∗ bands toward the high-binding
energy indicative of the electron doping from Li atoms to graphene sheets.

II. EXPERIMENTS

Graphene films were prepared by annealing a n-type Si-rich 6H-SiC(0001) single crystal with
resistive heating under 0.1MPa Ar gas.14 By controlling the heating temperature and time, we selec-
tively synthesized monolayer or bilayer graphene. Atomic force microscopy (AFM) measurement
confirmed the typical terrace size of ∼5 µm. Deposition of lithium was carried out using a lithium
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FIG. 3. ARPES spectral intensity at EF of (a) pristine bilayer graphene and (b) C6LiC6 plotted as a function of two-
dimensional wave vector. Intensity at EF is obtained by integrating the ARPES spectra within ± 20 meV with respect to EF.
Red lines are a guide for the π∗ bands. (c) Closer look of ARPES intensity at EF around the " point together with determined
kF points (red circles). kF points folded by taking into account the reconstructed BZ are indicated by black circles. Solid
green and purple curves are guidelines for folded FS.

To elucidate the band-folding effect on the near-EF electronic states, we plotted in Fig. 3
the ARPES intensity of (a) pristine bilayer graphene and (b) C6LiC6 at EF as a function of two-
dimensional wave vector. It is apparent that the observed Fermi-surface topology of C6LiC6 is
drastically different from that of pristine bilayer graphene.21 In C6LiC6, we observe two types of
FSs at the K point of the graphene BZ; the S1 FS has a closed triangular shape surrounding the K
point, and the S2 FS is bigger than the S1 FS and extends toward the M point of the graphene BZ.
We also find additional weak features S3 and S4 in Fig. 3(b): S3 extends toward the " point from
the K point of the graphene BZ while S4 is centered at the " point, showing a snowflake-like shape.
We think that the S3 and S4 FSs are replicas of the S1 and S2 FSs produced by the band folding due
to the superstructure of intercalated Li atoms. In fact, when we fold the S1 and S2 FSs by following
the reconstructed BZ scheme (solid lines in Fig. 3(b)), the newly created FS at the " point (Fig. 3(c))
shows a good agreement with the experimental FS in Fig. 3(b).

We have estimated the electron carrier concentration in graphene sheet from the area of FS in the
first BZ as shown in Fig. 3(c). The measured FS area gives 1.07 ± 0.05 electrons per two graphene
sheets. This indicates that Li atoms sandwiched by two graphene sheets are fully ionized (Li+) and
the observed snowflake shaped FS is due to the folded π∗ band. Moreover, this FS volume is a half of
the theoretically-predicted FS volume of C6CaC6,22 consistent with the valency difference between
Ca2+ to Li+. All these experimental results indicated that Li atoms are intercalated into the thinnest
graphite, bilayer graphene, in a well-ordered manner as in bulk GIC.

The successful intercalation of Li atoms into bilayer graphene provides an important step to
the new device technology like ion battery. Although graphite has been long used as an anode
material in Li ion battery, it involves inherent difficulties such as the long charging time and the large
volume change upon the charge/discharge cycle. Recently, several proposals have been made with
the nano-scale materials such as Si alloy/nanowire and transition metal oxides to overcome the
above-mentioned difficulties and achieve the higher charge/discharge rate with far less volume
change.5 Li-intercalated bilayer graphene would be a good candidate for developing such a new
nano-scale ion battery.

IV. CONCLUSION

In summary, we reported the fabrication and characterization of Li-intercalated bilayer graphene.
The LEED and ARPES measurements show that Li atoms deposited onto bilayer graphene are fully
ionized and take the same

√
3×

√
3R30◦ superstructure as in bulk C6Li. This indicates that Li atoms

deposited onto bilayer graphene are intercalated between two adjacent graphene layers in the same
well-ordered manner as in bulk C6Li. This success of fabrication of Li-intercalated bilayer graphene
would open a way to developing a nano-scale ion battery.
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Comment on ‘‘Electronic Structure of Superconducting
KC8 and Nonsuperconducting LiC6 Graphite
Intercalation Compounds: Evidence for a Graphene-
Sheet-Driven Superconducting State’’

In [1] it is claimed that the charge transfer from the metal
to the graphene layers is larger in KC8 than in LiC6. This
relies on a two-dimensional analysis of photoemission
(ARPES) data that, a priori and without experimental
verification, totally neglects the electronic band dispersion
perpendicular to the graphene planes. Pan et al. could have
verified this assumption by performing ARPES measure-
ments as a function of the photon energy, as it was done for

the out-of-plane dispersion in graphite [2]. Here we dem-
onstrate that, in LiC6, the small interlayer distance results
in a very high band dispersion along the kz direction,
invalidating the analysis and the conclusions of [1].
The density-functional-theory (DFT) band structure in

Fig. 1(e) is highly dispersive along kz (!A direction) by
more than 1.2 eV. This results in the three-dimensional
Fermi surface shown in Figs. 1(a)–1(c). Note, in particular,
that the Fermi surface cuts in the kz ¼ 0 and kz ¼ !=c
planes are completely different, the kz ¼ 0 being closer to
the experimental data in [1].
Correlation effects slightly increase the kz dispersion in

bulk LiC6 as shown by our GW [3] calculation. Both GW
and DFT find an empty interlayer metal state in LiC6 [4,5]
(complete charge transfer from Li to graphene) and a
partially occupied one in KC8 (incomplete charge-transfer
from K) [5,6]. Thus the calculated charge transfer is larger
in LiC6 than in KC8, in disagreement with Ref. [1].
To validate the accuracy of DFT on Li-intercalated

graphite systems, we calculate [7] the Fermi surface of a
Li-intercalated graphene bilayer, obtaining results in ex-
cellent agreement with ARPES data [8] [Fig. 1(d)]. The
experimental Fermi surface splitting of the bilayer mea-
sures the hopping between graphene planes separated by Li
atoms and, indirectly, the kz dispersion in the bulk. Indeed,
the hopping between graphene planes is a property of the
local geometry which is identical in bulk LiC6 and in the
C6LiC6 bilayer.
In conclusion, the three-dimensional character of the

Fermi surface of bulk LiC6, neglected in the analysis of
[1], invalidates the charge-transfer estimate of [1] and the
subsequent claim of a graphene-sheet-driven supercon-
ducting state.
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Università degli Studi di L’Aquila
67100 L’Aquila, Italy

Received 24 June 2011; published 6 April 2012
DOI: 10.1103/PhysRevLett.108.149701
PACS numbers: 74.25.Kc, 71.18.+y, 74.10.+v

[1] Z.-H. Pan, J. Camacho, M.H. Upton, A. V. Fedorov, C. A.
Howard, M. Ellerby, and T. Valla, Phys. Rev. Lett. 106,
187002 (2011).
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FIG. 1 (color online). (a) DFT Fermi surface of Bulk LiC6 (Li
stacking is AA) [9] and cuts over the kz ¼ 0 (b) and kz ¼ !=c (c)
planes within the local density approximation (LDA). In (b)
empty blue dots are ARPES data from [1]. (d) DFT Fermi
surface (red solid lines) of a Li-intercalated graphene bilayer
(C6LiC6) compared with ARPES data (blue dots) from Ref. [8].
(e) DFT and GW bulk LiC6 electronic structure. The Fermi level
is at zero. IL labels the metal-interlayer state. In all plots we
use the LiC6 Brillouin zone where the graphene Dirac point is
folded at !.
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(C6LiC6) compared with ARPES data (blue dots) from Ref. [8].
(e) DFT and GW bulk LiC6 electronic structure. The Fermi level
is at zero. IL labels the metal-interlayer state. In all plots we
use the LiC6 Brillouin zone where the graphene Dirac point is
folded at !.
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(d)	DFT	Fermi	surface	(red	solid	lines)	(no	rescaling	
needed)	of	a	Li-intercalated	graphene	bilayer	(C6	
LiC6	)	compared	with	ARPES	data	(blue	dots)		



Comment on ‘‘Electronic Structure of Superconducting
KC8 and Nonsuperconducting LiC6 Graphite
Intercalation Compounds: Evidence for a Graphene-
Sheet-Driven Superconducting State’’

In [1] it is claimed that the charge transfer from the metal
to the graphene layers is larger in KC8 than in LiC6. This
relies on a two-dimensional analysis of photoemission
(ARPES) data that, a priori and without experimental
verification, totally neglects the electronic band dispersion
perpendicular to the graphene planes. Pan et al. could have
verified this assumption by performing ARPES measure-
ments as a function of the photon energy, as it was done for

the out-of-plane dispersion in graphite [2]. Here we dem-
onstrate that, in LiC6, the small interlayer distance results
in a very high band dispersion along the kz direction,
invalidating the analysis and the conclusions of [1].
The density-functional-theory (DFT) band structure in

Fig. 1(e) is highly dispersive along kz (!A direction) by
more than 1.2 eV. This results in the three-dimensional
Fermi surface shown in Figs. 1(a)–1(c). Note, in particular,
that the Fermi surface cuts in the kz ¼ 0 and kz ¼ !=c
planes are completely different, the kz ¼ 0 being closer to
the experimental data in [1].
Correlation effects slightly increase the kz dispersion in

bulk LiC6 as shown by our GW [3] calculation. Both GW
and DFT find an empty interlayer metal state in LiC6 [4,5]
(complete charge transfer from Li to graphene) and a
partially occupied one in KC8 (incomplete charge-transfer
from K) [5,6]. Thus the calculated charge transfer is larger
in LiC6 than in KC8, in disagreement with Ref. [1].
To validate the accuracy of DFT on Li-intercalated

graphite systems, we calculate [7] the Fermi surface of a
Li-intercalated graphene bilayer, obtaining results in ex-
cellent agreement with ARPES data [8] [Fig. 1(d)]. The
experimental Fermi surface splitting of the bilayer mea-
sures the hopping between graphene planes separated by Li
atoms and, indirectly, the kz dispersion in the bulk. Indeed,
the hopping between graphene planes is a property of the
local geometry which is identical in bulk LiC6 and in the
C6LiC6 bilayer.
In conclusion, the three-dimensional character of the

Fermi surface of bulk LiC6, neglected in the analysis of
[1], invalidates the charge-transfer estimate of [1] and the
subsequent claim of a graphene-sheet-driven supercon-
ducting state.
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FIG. 1 (color online). (a) DFT Fermi surface of Bulk LiC6 (Li
stacking is AA) [9] and cuts over the kz ¼ 0 (b) and kz ¼ !=c (c)
planes within the local density approximation (LDA). In (b)
empty blue dots are ARPES data from [1]. (d) DFT Fermi
surface (red solid lines) of a Li-intercalated graphene bilayer
(C6LiC6) compared with ARPES data (blue dots) from Ref. [8].
(e) DFT and GW bulk LiC6 electronic structure. The Fermi level
is at zero. IL labels the metal-interlayer state. In all plots we
use the LiC6 Brillouin zone where the graphene Dirac point is
folded at !.

PRL 108, 149701 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
6 APRIL 2012

0031-9007=12=108(14)=149701(2) 149701-1 ! 2012 American Physical Society

Comment on ‘‘Electronic Structure of Superconducting
KC8 and Nonsuperconducting LiC6 Graphite
Intercalation Compounds: Evidence for a Graphene-
Sheet-Driven Superconducting State’’

In [1] it is claimed that the charge transfer from the metal
to the graphene layers is larger in KC8 than in LiC6. This
relies on a two-dimensional analysis of photoemission
(ARPES) data that, a priori and without experimental
verification, totally neglects the electronic band dispersion
perpendicular to the graphene planes. Pan et al. could have
verified this assumption by performing ARPES measure-
ments as a function of the photon energy, as it was done for

the out-of-plane dispersion in graphite [2]. Here we dem-
onstrate that, in LiC6, the small interlayer distance results
in a very high band dispersion along the kz direction,
invalidating the analysis and the conclusions of [1].
The density-functional-theory (DFT) band structure in

Fig. 1(e) is highly dispersive along kz (!A direction) by
more than 1.2 eV. This results in the three-dimensional
Fermi surface shown in Figs. 1(a)–1(c). Note, in particular,
that the Fermi surface cuts in the kz ¼ 0 and kz ¼ !=c
planes are completely different, the kz ¼ 0 being closer to
the experimental data in [1].
Correlation effects slightly increase the kz dispersion in

bulk LiC6 as shown by our GW [3] calculation. Both GW
and DFT find an empty interlayer metal state in LiC6 [4,5]
(complete charge transfer from Li to graphene) and a
partially occupied one in KC8 (incomplete charge-transfer
from K) [5,6]. Thus the calculated charge transfer is larger
in LiC6 than in KC8, in disagreement with Ref. [1].
To validate the accuracy of DFT on Li-intercalated

graphite systems, we calculate [7] the Fermi surface of a
Li-intercalated graphene bilayer, obtaining results in ex-
cellent agreement with ARPES data [8] [Fig. 1(d)]. The
experimental Fermi surface splitting of the bilayer mea-
sures the hopping between graphene planes separated by Li
atoms and, indirectly, the kz dispersion in the bulk. Indeed,
the hopping between graphene planes is a property of the
local geometry which is identical in bulk LiC6 and in the
C6LiC6 bilayer.
In conclusion, the three-dimensional character of the

Fermi surface of bulk LiC6, neglected in the analysis of
[1], invalidates the charge-transfer estimate of [1] and the
subsequent claim of a graphene-sheet-driven supercon-
ducting state.
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FIG. 1 (color online). (a) DFT Fermi surface of Bulk LiC6 (Li
stacking is AA) [9] and cuts over the kz ¼ 0 (b) and kz ¼ !=c (c)
planes within the local density approximation (LDA). In (b)
empty blue dots are ARPES data from [1]. (d) DFT Fermi
surface (red solid lines) of a Li-intercalated graphene bilayer
(C6LiC6) compared with ARPES data (blue dots) from Ref. [8].
(e) DFT and GW bulk LiC6 electronic structure. The Fermi level
is at zero. IL labels the metal-interlayer state. In all plots we
use the LiC6 Brillouin zone where the graphene Dirac point is
folded at !.
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spectrum. The high-energy in-plane modes are slightly
hardened in the monolayer case but a strong softening
occurs in the monolayer case close to zone center. In
the intermediate energy region of the spectrum, around
500 cm!1, there is hardening of the phonon modes involving

out-of-plane vibrations of carbon atoms (Cz). This is a clear
fingerprint of a reduction of the electron–phonon coupling
of Cz vibrations. The reduction of the electron–phonon
coupling becomes more evident when calculating the
Eliashberg function. In the monolayer a2FðvÞ misses
completely the contributions in the intermediate energy
region related to the Cz vibrations. On the contrary the Ca
vibrations at very low energy (below 200 cm!1) are softened
in going from the monolayer to the bulk resulting in a lower
energy peak in a2FðvÞ. Finally a low energy acoustic mode
going as q2 appears in the monolayer as it happens in
graphene (membrane mode).

The critical superconducting temperature is estimated
from the calculated phonon frequencies and electron–
phonon coupling using the Allen and Dynes formula:

Tc ¼
hvi
1:2

exp ! 1:04ð1þ lÞ
l! m&ð1þ 0:62lÞ

! "
; (3)

where m& is the screened Coulomb pseudopotential which
takes into account the Coulomb repulsion between the
electrons dressed by retardation effects due to the phonons
and hvi is the phonon frequencies logarithmic average. Using
m&¼ 0.115, which fits the experimental critical temperature
measured in CaC6GIC [16], we obtain Tc¼ 11.5K for the bulk
and Tc¼ 1.4K for the monolayer. Thus exfoliation of CaC6

down to a single layer does not lead to superconductivity.

4 LiC6 bulk and monolayer As a general rule, it
seems that graphene monolayers have lower critical
temperatures than bulk GICs due to the removal of quantum
confinement of the interlayer state. This is true as long as the
charge transfer between the intercalant and graphite in
the bulk is incomplete. If the charge transfer in the bulk
is total, then the removal of quantum confinement can lift
the interlayer state, reduce the charge transfer and induce
superconductivity. In stage-1 lithium intercalated com-
pound, LiC6 [22], the IL state is completely empty [11, 2],
as the strong confinement along the z-direction prevents its
occupation. LiC6 is indeed not superconducting.

In the case of monolayer LiC6, our calculated band
structure (see Fig. 2 in Ref. [11]) shows that an interlayer
state occurs at the Fermi level. The spatial localization of the
interlayer state in bulk and monolayer LiC6 is illustrated in
Fig. 2. In the bulk it is clear that the IL is strongly localized
around the adatom while in the monolayer it spills out in the
vacuum region.We can expect a reduction of charge transfer
in the monolayer. This reduction could be beneficial for the
electron–phonon coupling.

For high energy in-plane vibrations, the phonon
spectrum calculation plotted in Fig. 3 reveals a similar
behavior to that in CaC6 (see Fig. 1) in going from the bulk to
the monolayer, namely hardening of the high energy modes.
For what concerns low energy adatom modes and carbon
vibrations in the direction perpendicular to the plane, they
are both strongly softened in the monolayer with respect to
the bulk. This becomes evident also from the projected
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Figure 2 (online color at: www.pss-b.com) Interlayer state in
monolayer and bulk LiC6.

 Γ KM  Γ
0

200

400

600

800

1000

1200

1400

1600

Fr
eq

ue
nc

y 
(c

m
-1

)

0.1 0.2
2α2F(ω)/ω

Figure 1 (online color at: www.pss-b.com) Phonon frequencies
dispersion and Eliashberg function of CaC6 bulk (black) and mono-
layer (red).

! 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-b.com

Comment on ‘‘Electronic Structure of Superconducting
KC8 and Nonsuperconducting LiC6 Graphite
Intercalation Compounds: Evidence for a Graphene-
Sheet-Driven Superconducting State’’

In [1] it is claimed that the charge transfer from the metal
to the graphene layers is larger in KC8 than in LiC6. This
relies on a two-dimensional analysis of photoemission
(ARPES) data that, a priori and without experimental
verification, totally neglects the electronic band dispersion
perpendicular to the graphene planes. Pan et al. could have
verified this assumption by performing ARPES measure-
ments as a function of the photon energy, as it was done for

the out-of-plane dispersion in graphite [2]. Here we dem-
onstrate that, in LiC6, the small interlayer distance results
in a very high band dispersion along the kz direction,
invalidating the analysis and the conclusions of [1].
The density-functional-theory (DFT) band structure in

Fig. 1(e) is highly dispersive along kz (!A direction) by
more than 1.2 eV. This results in the three-dimensional
Fermi surface shown in Figs. 1(a)–1(c). Note, in particular,
that the Fermi surface cuts in the kz ¼ 0 and kz ¼ !=c
planes are completely different, the kz ¼ 0 being closer to
the experimental data in [1].
Correlation effects slightly increase the kz dispersion in

bulk LiC6 as shown by our GW [3] calculation. Both GW
and DFT find an empty interlayer metal state in LiC6 [4,5]
(complete charge transfer from Li to graphene) and a
partially occupied one in KC8 (incomplete charge-transfer
from K) [5,6]. Thus the calculated charge transfer is larger
in LiC6 than in KC8, in disagreement with Ref. [1].
To validate the accuracy of DFT on Li-intercalated

graphite systems, we calculate [7] the Fermi surface of a
Li-intercalated graphene bilayer, obtaining results in ex-
cellent agreement with ARPES data [8] [Fig. 1(d)]. The
experimental Fermi surface splitting of the bilayer mea-
sures the hopping between graphene planes separated by Li
atoms and, indirectly, the kz dispersion in the bulk. Indeed,
the hopping between graphene planes is a property of the
local geometry which is identical in bulk LiC6 and in the
C6LiC6 bilayer.
In conclusion, the three-dimensional character of the

Fermi surface of bulk LiC6, neglected in the analysis of
[1], invalidates the charge-transfer estimate of [1] and the
subsequent claim of a graphene-sheet-driven supercon-
ducting state.
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FIG. 1 (color online). (a) DFT Fermi surface of Bulk LiC6 (Li
stacking is AA) [9] and cuts over the kz ¼ 0 (b) and kz ¼ !=c (c)
planes within the local density approximation (LDA). In (b)
empty blue dots are ARPES data from [1]. (d) DFT Fermi
surface (red solid lines) of a Li-intercalated graphene bilayer
(C6LiC6) compared with ARPES data (blue dots) from Ref. [8].
(e) DFT and GW bulk LiC6 electronic structure. The Fermi level
is at zero. IL labels the metal-interlayer state. In all plots we
use the LiC6 Brillouin zone where the graphene Dirac point is
folded at !.
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Comment on ‘‘Electronic Structure of Superconducting
KC8 and Nonsuperconducting LiC6 Graphite
Intercalation Compounds: Evidence for a Graphene-
Sheet-Driven Superconducting State’’

In [1] it is claimed that the charge transfer from the metal
to the graphene layers is larger in KC8 than in LiC6. This
relies on a two-dimensional analysis of photoemission
(ARPES) data that, a priori and without experimental
verification, totally neglects the electronic band dispersion
perpendicular to the graphene planes. Pan et al. could have
verified this assumption by performing ARPES measure-
ments as a function of the photon energy, as it was done for

the out-of-plane dispersion in graphite [2]. Here we dem-
onstrate that, in LiC6, the small interlayer distance results
in a very high band dispersion along the kz direction,
invalidating the analysis and the conclusions of [1].
The density-functional-theory (DFT) band structure in

Fig. 1(e) is highly dispersive along kz (!A direction) by
more than 1.2 eV. This results in the three-dimensional
Fermi surface shown in Figs. 1(a)–1(c). Note, in particular,
that the Fermi surface cuts in the kz ¼ 0 and kz ¼ !=c
planes are completely different, the kz ¼ 0 being closer to
the experimental data in [1].
Correlation effects slightly increase the kz dispersion in

bulk LiC6 as shown by our GW [3] calculation. Both GW
and DFT find an empty interlayer metal state in LiC6 [4,5]
(complete charge transfer from Li to graphene) and a
partially occupied one in KC8 (incomplete charge-transfer
from K) [5,6]. Thus the calculated charge transfer is larger
in LiC6 than in KC8, in disagreement with Ref. [1].
To validate the accuracy of DFT on Li-intercalated

graphite systems, we calculate [7] the Fermi surface of a
Li-intercalated graphene bilayer, obtaining results in ex-
cellent agreement with ARPES data [8] [Fig. 1(d)]. The
experimental Fermi surface splitting of the bilayer mea-
sures the hopping between graphene planes separated by Li
atoms and, indirectly, the kz dispersion in the bulk. Indeed,
the hopping between graphene planes is a property of the
local geometry which is identical in bulk LiC6 and in the
C6LiC6 bilayer.
In conclusion, the three-dimensional character of the

Fermi surface of bulk LiC6, neglected in the analysis of
[1], invalidates the charge-transfer estimate of [1] and the
subsequent claim of a graphene-sheet-driven supercon-
ducting state.
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Comput. Phys. Commun. 180, 1392 (2009).
[4] N. A.W. Holzwarth, S. G. Louie, and S. R. Rabii, Phys.

Rev. B 28, 1013 (1983).

1 Å
-1

(b)(a)

1 Å
-1

(c)

1Å-1

(d)

 Γ M K  Γ A L H A
-4

-2

0

2

LDA
GW

0.5 1 1.5
-4

-2

0

2

DOS
E

ne
rg

y 
(e

V
)

(e)

ILIL

states/eV/cell

(LDA)

FIG. 1 (color online). (a) DFT Fermi surface of Bulk LiC6 (Li
stacking is AA) [9] and cuts over the kz ¼ 0 (b) and kz ¼ !=c (c)
planes within the local density approximation (LDA). In (b)
empty blue dots are ARPES data from [1]. (d) DFT Fermi
surface (red solid lines) of a Li-intercalated graphene bilayer
(C6LiC6) compared with ARPES data (blue dots) from Ref. [8].
(e) DFT and GW bulk LiC6 electronic structure. The Fermi level
is at zero. IL labels the metal-interlayer state. In all plots we
use the LiC6 Brillouin zone where the graphene Dirac point is
folded at !.
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Comment on ‘‘Electronic Structure of Superconducting
KC8 and Nonsuperconducting LiC6 Graphite
Intercalation Compounds: Evidence for a Graphene-
Sheet-Driven Superconducting State’’

In [1] it is claimed that the charge transfer from the metal
to the graphene layers is larger in KC8 than in LiC6. This
relies on a two-dimensional analysis of photoemission
(ARPES) data that, a priori and without experimental
verification, totally neglects the electronic band dispersion
perpendicular to the graphene planes. Pan et al. could have
verified this assumption by performing ARPES measure-
ments as a function of the photon energy, as it was done for

the out-of-plane dispersion in graphite [2]. Here we dem-
onstrate that, in LiC6, the small interlayer distance results
in a very high band dispersion along the kz direction,
invalidating the analysis and the conclusions of [1].
The density-functional-theory (DFT) band structure in

Fig. 1(e) is highly dispersive along kz (!A direction) by
more than 1.2 eV. This results in the three-dimensional
Fermi surface shown in Figs. 1(a)–1(c). Note, in particular,
that the Fermi surface cuts in the kz ¼ 0 and kz ¼ !=c
planes are completely different, the kz ¼ 0 being closer to
the experimental data in [1].
Correlation effects slightly increase the kz dispersion in

bulk LiC6 as shown by our GW [3] calculation. Both GW
and DFT find an empty interlayer metal state in LiC6 [4,5]
(complete charge transfer from Li to graphene) and a
partially occupied one in KC8 (incomplete charge-transfer
from K) [5,6]. Thus the calculated charge transfer is larger
in LiC6 than in KC8, in disagreement with Ref. [1].
To validate the accuracy of DFT on Li-intercalated

graphite systems, we calculate [7] the Fermi surface of a
Li-intercalated graphene bilayer, obtaining results in ex-
cellent agreement with ARPES data [8] [Fig. 1(d)]. The
experimental Fermi surface splitting of the bilayer mea-
sures the hopping between graphene planes separated by Li
atoms and, indirectly, the kz dispersion in the bulk. Indeed,
the hopping between graphene planes is a property of the
local geometry which is identical in bulk LiC6 and in the
C6LiC6 bilayer.
In conclusion, the three-dimensional character of the

Fermi surface of bulk LiC6, neglected in the analysis of
[1], invalidates the charge-transfer estimate of [1] and the
subsequent claim of a graphene-sheet-driven supercon-
ducting state.
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FIG. 1 (color online). (a) DFT Fermi surface of Bulk LiC6 (Li
stacking is AA) [9] and cuts over the kz ¼ 0 (b) and kz ¼ !=c (c)
planes within the local density approximation (LDA). In (b)
empty blue dots are ARPES data from [1]. (d) DFT Fermi
surface (red solid lines) of a Li-intercalated graphene bilayer
(C6LiC6) compared with ARPES data (blue dots) from Ref. [8].
(e) DFT and GW bulk LiC6 electronic structure. The Fermi level
is at zero. IL labels the metal-interlayer state. In all plots we
use the LiC6 Brillouin zone where the graphene Dirac point is
folded at !.
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Comment on ‘‘Electronic Structure of Superconducting
KC8 and Nonsuperconducting LiC6 Graphite
Intercalation Compounds: Evidence for a Graphene-
Sheet-Driven Superconducting State’’

In [1] it is claimed that the charge transfer from the metal
to the graphene layers is larger in KC8 than in LiC6. This
relies on a two-dimensional analysis of photoemission
(ARPES) data that, a priori and without experimental
verification, totally neglects the electronic band dispersion
perpendicular to the graphene planes. Pan et al. could have
verified this assumption by performing ARPES measure-
ments as a function of the photon energy, as it was done for

the out-of-plane dispersion in graphite [2]. Here we dem-
onstrate that, in LiC6, the small interlayer distance results
in a very high band dispersion along the kz direction,
invalidating the analysis and the conclusions of [1].
The density-functional-theory (DFT) band structure in

Fig. 1(e) is highly dispersive along kz (!A direction) by
more than 1.2 eV. This results in the three-dimensional
Fermi surface shown in Figs. 1(a)–1(c). Note, in particular,
that the Fermi surface cuts in the kz ¼ 0 and kz ¼ !=c
planes are completely different, the kz ¼ 0 being closer to
the experimental data in [1].
Correlation effects slightly increase the kz dispersion in

bulk LiC6 as shown by our GW [3] calculation. Both GW
and DFT find an empty interlayer metal state in LiC6 [4,5]
(complete charge transfer from Li to graphene) and a
partially occupied one in KC8 (incomplete charge-transfer
from K) [5,6]. Thus the calculated charge transfer is larger
in LiC6 than in KC8, in disagreement with Ref. [1].
To validate the accuracy of DFT on Li-intercalated

graphite systems, we calculate [7] the Fermi surface of a
Li-intercalated graphene bilayer, obtaining results in ex-
cellent agreement with ARPES data [8] [Fig. 1(d)]. The
experimental Fermi surface splitting of the bilayer mea-
sures the hopping between graphene planes separated by Li
atoms and, indirectly, the kz dispersion in the bulk. Indeed,
the hopping between graphene planes is a property of the
local geometry which is identical in bulk LiC6 and in the
C6LiC6 bilayer.
In conclusion, the three-dimensional character of the

Fermi surface of bulk LiC6, neglected in the analysis of
[1], invalidates the charge-transfer estimate of [1] and the
subsequent claim of a graphene-sheet-driven supercon-
ducting state.
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FIG. 1 (color online). (a) DFT Fermi surface of Bulk LiC6 (Li
stacking is AA) [9] and cuts over the kz ¼ 0 (b) and kz ¼ !=c (c)
planes within the local density approximation (LDA). In (b)
empty blue dots are ARPES data from [1]. (d) DFT Fermi
surface (red solid lines) of a Li-intercalated graphene bilayer
(C6LiC6) compared with ARPES data (blue dots) from Ref. [8].
(e) DFT and GW bulk LiC6 electronic structure. The Fermi level
is at zero. IL labels the metal-interlayer state. In all plots we
use the LiC6 Brillouin zone where the graphene Dirac point is
folded at !.
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We have succeeded in fabricating Li-intercalated bilayer graphene on silicon carbide.
The low-energy electron diffraction from Li-deposited bilayer graphene shows a sharp√

3×
√

3R30◦ pattern in contrast to Li-deposited monolayer graphene. This indicates
that Li atoms are intercalated between two adjacent graphene layers and take the
same well-ordered superstructure as in bulk C6Li. The angle-resolved photoemission
spectroscopy has revealed that Li atoms are fully ionized and the π bands of graphene
are systematically folded by the superstructure of intercalated Li atoms, producing
a snowflake-like Fermi surface centered at the " point. The present result suggests
a high potential of Li-intercalated bilayer graphene for application to a nano-scale
Li-ion battery. Copyright 2011 Author(s). This article is distributed under a Creative
Commons Attribution 3.0 Unported License. [doi:10.1063/1.3582814]

I. INTRODUCTION

Intercalation of atoms or molecules into layered materials provides very rich electrical and
chemical properties which are distinctly different from those of pristine materials. In particular,
intercalation into bulk graphite has attracted special attentions, since graphite intercalation com-
pounds (GICs) show various fascinating physical properties such as the superconductivity and the
magnetism. GICs also have a high potential for technological application like chemical catalysis and
storage of intercalants.1 In fact, lithium(Li)-intercalated graphite (Li-GIC) has been widely used as
an anode material in the rechargeable battery.2–5 Fabrication of bulk Li-GIC and its electric structure
have been intensively studied experimentally6–9 and theoretically,10–13 while it is unclear whether
the intercalation of Li atoms is possible in the thinnest limit, namely in bilayer graphene. Fabrication
of Li-intercalated bilayer graphene is not only challenging but also very important for developing a
new nano-scale-thickness ion battery with a high charge/discharge rate.5

In this paper, we report the fabrication of Li-intercalated bilayer graphene on a SiC(0001) sub-
strate. We have characterized the crystallographic and electronic properties by low-energy electron
diffraction (LEED) and angle-resolved photoemission spectroscopy (ARPES). In the ARPES ex-
periments, we found the folding of energy bands corresponding to the

√
3×

√
3R30◦ superstructure

observed by LEED, together with the energy shift of the π and π∗ bands toward the high-binding
energy indicative of the electron doping from Li atoms to graphene sheets.

II. EXPERIMENTS

Graphene films were prepared by annealing a n-type Si-rich 6H-SiC(0001) single crystal with
resistive heating under 0.1MPa Ar gas.14 By controlling the heating temperature and time, we selec-
tively synthesized monolayer or bilayer graphene. Atomic force microscopy (AFM) measurement
confirmed the typical terrace size of ∼5 µm. Deposition of lithium was carried out using a lithium
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FIG. 2. (a) ARPES spectra of Li-deposited bilayer graphene measured along the !-K-M high-symmetry line at 30 K. (b) and
(c), the experimental band structure of Li-deposited bilayer graphene and pristine bilayer graphene obtained by taking the
second derivative of ARPES intensity as a function of wave vector and binding energy. (d), (e) and (f), the experimental band
structure near EF around the K point for pristine monolayer graphene, pristine bilayer graphene, and C6LiC6, respectively,
obtained by plotting the ARPES-spectral intensity as a function of wave vector and binding energy (B. E.).

experimental band structure was obtained by taking the second derivative of ARPES spectra and
plotted it as a function of wave vector and binding energy. The band with the bottom at ∼10 eV
at the ! point is assigned to the π band, while the band with the top at ∼5 eV at the ! point is
the σ band. All these spectral features are basically identical to those of pristine bilayer graphene
shown in Fig. 2(c), while we clearly identify additional bands around the ! point which resemble
the π band around the K point. These additional bands around the ! point are likely assigned to
the π bands folded by the periodic potential of intercalated Li atoms, but is hard to be explained in
terms of the metallic free-electron-like Li 2s or interlayer band,10, 11, 13 because (i) these bands do
not show a parabolic-like energy dispersion and (ii) the Fermi-surface (FS) shape is well explained
by the band folding as shown in the next section. It is noted that band dispersion in the valence-band
region of pristine bilayer and monolayer graphene is quite similar, while a clear difference is seen
near EF. As shown in Figs. 2(d) and 2(e), the number of observed bands is obviously different
between monolayer and bilayer graphene (single vs. double), enabling us to distinguish monolayer
and bilayer graphene as starting substrate. As shown in Figs. 2(e) and 2(f), a detailed comparison
of the near-EF band dispersion around the K point between pristine bilayer graphene and C6LiC6

further reveals some quantitative differences in the character of π∗ bands. The Dirac energy (ED),
which is defined as the midpoint of the top of the π band and the bottom of the π∗ band, is shifted
by 1.4 eV toward the high binding energy in C6LiC6 compared with pristine bilayer graphene.
This band shift is consistent with the previous theoretical and experimental studies of Li-GIC,7, 10, 13

and is explained in terms of the shift of the chemical potential due to the charge transfer from Li
atoms. We also find in Figs. 2(e) and 2(f) that there exists a band gap of ∼0.12 eV in pristine bilayer
graphene possibly due to a finite interaction with the SiC substrate,21 and it appears to be enhanced to
∼0.5 eV in C6LiC6.
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The effectively massless, relativistic behaviour of graphene’s charge carriers—known as Dirac fermions—is a result of its unique
electronic structure, characterized by conical valence and conduction bands that meet at a single point in momentum space (at the
Dirac crossing energy). The study of many-body interactions amongst the charge carriers in graphene and related systems such as
carbon nanotubes, fullerenes and graphite is of interest owing to their contribution to superconductivity and other exotic ground
states in these systems. Here we show, using angle-resolved photoemission spectroscopy, that electron–plasmon coupling plays an
unusually strong role in renormalizing the bands around the Dirac crossing energy—analogous to mass renormalization by electron–
boson coupling in ordinary metals. Our results show that electron–electron, electron–plasmon and electron–phonon coupling must
be considered on an equal footing in attempts to understand the dynamics of quasiparticles in graphene and related systems.

With the recent discovery of superconductivity in carbon
nanotubes1,2, alkaline-metal-doped C60 crystals3 and graphite
intercalation compounds4–6 with relatively high transition
temperatures, there is a strong interest in the influence of many-
body interactions on the electron dynamics in these systems.
Graphene is a sheet of carbon atoms distributed in a honeycomb
lattice and is the building block for all of these materials; therefore,
it is a model system for this entire family. Recently, graphene has
been isolated using exfoliation from graphite7,8 and graphitization
of SiC9,10, enabling, for the first time, the direct measurement of
the many-body interactions fundamental to all of these carbon
systems. These interactions could be especially interesting owing to
the effectively massless, relativistic nature of the charge carriers,
which follows from the formal equivalence of the Schrödinger
wave equation to the relativistic Dirac equation for graphene7,8,11.
This equation leads to linear bands that cross at the Dirac energy
ED, which can be expressed in terms of angular frequency ωD as
ED = h̄ωD, where h̄ is the reduced Planck constant.

The coupling among quasiparticles is fundamental to
understanding superconductivity and other exotic ground states.
We focus in particular on the interaction of the carriers with
electron–hole pair excitations within the Fermi-liquid model, and
with plasmons. Departure of the electron dynamics from Fermi-
liquid behaviour in graphite has already been attributed to the
special shape of the graphene band structure12,13, whereas electron–
plasmon scattering has been proposed as a key coupling process
in superconductivity14 of cuprates15, and possibly metallized
graphene16. Angle-resolved photoemission spectroscopy (ARPES)
probes the scattering rate at different energy scales, and therefore
accesses these many-body couplings directly. We find that both
electron–hole and electron–plasmon effects are important for
graphene, depending on the energy scale, and, together with
electron–phonon coupling, are necessary for a complete picture
of the quasiparticle dynamics.

The single-particle graphene band structure E(k) may be
described by a simple one-orbital tight-binding model as17

E(k) = ±t
!

1+4 cos(
√

3aky/2) cos(akx/2)+4 cos2 (akx/2)
(1)

where k is the in-plane momentum, a is the lattice constant and
t is the near-neighbour hopping energy. That the carriers travel
as effectively massless particles with a fixed ‘speed of light’ c∗ =
h̄−1dE(k)/dk ∼ c/300, follows from the nearly linear dispersion
of the bands at zero energy (ED). In Fig. 1 we compare energy
bands and constant-energy surfaces computed using equation (1)
with the first (to our knowledge) ARPES measurements applied
to a single layer of graphene, grown on the (0001) surface of SiC
(6H polytype). (Previous ARPES measurements near the Fermi
energy EF have focused on thicker graphene layers on SiC18–20 or
on bulk graphite21,22.) The primary bands, cones centred at the K
points, are surrounded by six weak replica bands discussed further
below. The primary bands are in good overall agreement with the
simple model despite it having only two adjustable parameters: the
hopping energy t = 2.82 eV and a 0.45 eV shift of EF above the
Dirac crossing energy ED. This shift is attributed to doping of the
graphene layer by depletion of electrons from the n-type SiC.

We can discriminate a single layer of graphene from thicker
films by counting the number of π-states (one in Fig. 1), which is
equal to the number of layers m in a given sample20. Whereas films
of thickness m ≥ 2 often coexist with (m ± 1)-layer domains, we
found that pure graphene films (m = 1) can be routinely isolated.
We can also be sure that there is negligible interaction between
overlayer and substrate states. This follows naturally from the fact
that the Fermi level of the graphene is pinned well within the
∼3 eV bandgap of the substrate. If there was hybridization with
the substrate, we would expect it not near EF but rather at a
deeper binding energy, where the substrate and graphene bands
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where k is the in-plane momentum, a is the lattice constant and
t is the near-neighbour hopping energy. That the carriers travel
as effectively massless particles with a fixed ‘speed of light’ c∗ =
h̄−1dE(k)/dk ∼ c/300, follows from the nearly linear dispersion
of the bands at zero energy (ED). In Fig. 1 we compare energy
bands and constant-energy surfaces computed using equation (1)
with the first (to our knowledge) ARPES measurements applied
to a single layer of graphene, grown on the (0001) surface of SiC
(6H polytype). (Previous ARPES measurements near the Fermi
energy EF have focused on thicker graphene layers on SiC18–20 or
on bulk graphite21,22.) The primary bands, cones centred at the K
points, are surrounded by six weak replica bands discussed further
below. The primary bands are in good overall agreement with the
simple model despite it having only two adjustable parameters: the
hopping energy t = 2.82 eV and a 0.45 eV shift of EF above the
Dirac crossing energy ED. This shift is attributed to doping of the
graphene layer by depletion of electrons from the n-type SiC.

We can discriminate a single layer of graphene from thicker
films by counting the number of π-states (one in Fig. 1), which is
equal to the number of layers m in a given sample20. Whereas films
of thickness m ≥ 2 often coexist with (m ± 1)-layer domains, we
found that pure graphene films (m = 1) can be routinely isolated.
We can also be sure that there is negligible interaction between
overlayer and substrate states. This follows naturally from the fact
that the Fermi level of the graphene is pinned well within the
∼3 eV bandgap of the substrate. If there was hybridization with
the substrate, we would expect it not near EF but rather at a
deeper binding energy, where the substrate and graphene bands
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Figure 2 The band structure of graphene near the Fermi level. a–d, Experimental energy bands along a line through the K point parallel to the !M direction (along the
vertical double arrow in Fig. 1b) as a function of progressively increased doping by potassium adsorption. The dashed lines are an extrapolation of the lower bands (below
ED), which are observed not to pass through the upper bands (above ED), suggesting the kinked shape of the bands around ED. The electron density (per cm2) is indicated in
each panel. e–h, Band maps for similar dopings acquired in an orthogonal direction through the K point (horizontal double arrow in Fig. 1b), for which one of the bands is
suppressed. The nonlinear, or ‘kinked’, dispersion of the bands together with linewidth variations (corresponding to real and imaginary parts of the self-energy Σ ) are clearly
visible in the fitted peak positions (dotted lines). The kinks, marked by arrows, occur at a fixed energy of 200 meV and near ED, the latter varying with doping. i, The
simulated spectral function, calculated using only the bare band (yellow dotted line) and ImΣ derived from the data in panel h.

overlap. Even there, we see no indication of interactions between
the graphene and substrate band structures in Fig. 1.

Such interactions are not expected considering the proposed
van der Waals bonding between graphene and SiC (ref. 9). Recent
experiments have shown that the SiC layer immediately below the
graphene is itself a carbon-rich layer, with an in-plane, graphene-
like network of sp2-derived σ-bands, but without graphene-like π-
bands23. The absence of states at the Fermi level suggests that the
pz orbitals are saturated, presumably owing to bonding with the
substrate as well as bonding within the C-rich interface layer. This
C-rich layer is a perfect template for van der Waals bonding to
the overlying graphene because it offers no pz orbitals for bonding
to the graphene. The photon-energy dependence of the π-band
intensities, absent for m = 1 films, but clearly observed for m ≥ 2,
confirms this lack of hybridization (T.O., A.B., J.L.McC., T.S., K.H.,
E.R., manuscript in preparation).

The only effect of the interface on the measurements is through
the nearly incommensurate (6

√
3 × 6

√
3)R30◦ symmetry of the

interface C-rich layer with respect to SiC. This interface induces
diffraction of the primary bands, resulting in the observed weak
satellite bands, similar to the satellite spots seen in low-energy
electron diffraction9.

Despite the overall good agreement between equation (1) and
the data in Fig. 1, profound deviations are observed when we
examine the region around EF and ED in more detail. Figure 2a
shows a magnified view of the bands measured along a line
(the vertical double arrow in Fig. 1b) through the K point. The
predicted, or ‘bare’ bands in this direction are nearly perfectly
linear and mirror symmetric with respect to the K point according
to equation (1), similar to the H point of bulk graphite21,22. The
actual bands deviate from this prediction in two significant ways.
First, at a binding energy h̄ωph ∼ 200 meV below EF, we observe
a sharpening of the bands accompanied by a slight kink in the
bands’ dispersions. We attribute this feature to renormalization
of the electron bands near EF by coupling to phonons24, as
discussed later.
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The effectively massless, relativistic behaviour of graphene’s charge carriers—known as Dirac fermions—is a result of its unique
electronic structure, characterized by conical valence and conduction bands that meet at a single point in momentum space (at the
Dirac crossing energy). The study of many-body interactions amongst the charge carriers in graphene and related systems such as
carbon nanotubes, fullerenes and graphite is of interest owing to their contribution to superconductivity and other exotic ground
states in these systems. Here we show, using angle-resolved photoemission spectroscopy, that electron–plasmon coupling plays an
unusually strong role in renormalizing the bands around the Dirac crossing energy—analogous to mass renormalization by electron–
boson coupling in ordinary metals. Our results show that electron–electron, electron–plasmon and electron–phonon coupling must
be considered on an equal footing in attempts to understand the dynamics of quasiparticles in graphene and related systems.

With the recent discovery of superconductivity in carbon
nanotubes1,2, alkaline-metal-doped C60 crystals3 and graphite
intercalation compounds4–6 with relatively high transition
temperatures, there is a strong interest in the influence of many-
body interactions on the electron dynamics in these systems.
Graphene is a sheet of carbon atoms distributed in a honeycomb
lattice and is the building block for all of these materials; therefore,
it is a model system for this entire family. Recently, graphene has
been isolated using exfoliation from graphite7,8 and graphitization
of SiC9,10, enabling, for the first time, the direct measurement of
the many-body interactions fundamental to all of these carbon
systems. These interactions could be especially interesting owing to
the effectively massless, relativistic nature of the charge carriers,
which follows from the formal equivalence of the Schrödinger
wave equation to the relativistic Dirac equation for graphene7,8,11.
This equation leads to linear bands that cross at the Dirac energy
ED, which can be expressed in terms of angular frequency ωD as
ED = h̄ωD, where h̄ is the reduced Planck constant.

The coupling among quasiparticles is fundamental to
understanding superconductivity and other exotic ground states.
We focus in particular on the interaction of the carriers with
electron–hole pair excitations within the Fermi-liquid model, and
with plasmons. Departure of the electron dynamics from Fermi-
liquid behaviour in graphite has already been attributed to the
special shape of the graphene band structure12,13, whereas electron–
plasmon scattering has been proposed as a key coupling process
in superconductivity14 of cuprates15, and possibly metallized
graphene16. Angle-resolved photoemission spectroscopy (ARPES)
probes the scattering rate at different energy scales, and therefore
accesses these many-body couplings directly. We find that both
electron–hole and electron–plasmon effects are important for
graphene, depending on the energy scale, and, together with
electron–phonon coupling, are necessary for a complete picture
of the quasiparticle dynamics.

The single-particle graphene band structure E(k) may be
described by a simple one-orbital tight-binding model as17

E(k) = ±t
!

1+4 cos(
√

3aky/2) cos(akx/2)+4 cos2 (akx/2)
(1)

where k is the in-plane momentum, a is the lattice constant and
t is the near-neighbour hopping energy. That the carriers travel
as effectively massless particles with a fixed ‘speed of light’ c∗ =
h̄−1dE(k)/dk ∼ c/300, follows from the nearly linear dispersion
of the bands at zero energy (ED). In Fig. 1 we compare energy
bands and constant-energy surfaces computed using equation (1)
with the first (to our knowledge) ARPES measurements applied
to a single layer of graphene, grown on the (0001) surface of SiC
(6H polytype). (Previous ARPES measurements near the Fermi
energy EF have focused on thicker graphene layers on SiC18–20 or
on bulk graphite21,22.) The primary bands, cones centred at the K
points, are surrounded by six weak replica bands discussed further
below. The primary bands are in good overall agreement with the
simple model despite it having only two adjustable parameters: the
hopping energy t = 2.82 eV and a 0.45 eV shift of EF above the
Dirac crossing energy ED. This shift is attributed to doping of the
graphene layer by depletion of electrons from the n-type SiC.

We can discriminate a single layer of graphene from thicker
films by counting the number of π-states (one in Fig. 1), which is
equal to the number of layers m in a given sample20. Whereas films
of thickness m ≥ 2 often coexist with (m ± 1)-layer domains, we
found that pure graphene films (m = 1) can be routinely isolated.
We can also be sure that there is negligible interaction between
overlayer and substrate states. This follows naturally from the fact
that the Fermi level of the graphene is pinned well within the
∼3 eV bandgap of the substrate. If there was hybridization with
the substrate, we would expect it not near EF but rather at a
deeper binding energy, where the substrate and graphene bands
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The effectively massless, relativistic behaviour of graphene’s charge carriers—known as Dirac fermions—is a result of its unique
electronic structure, characterized by conical valence and conduction bands that meet at a single point in momentum space (at the
Dirac crossing energy). The study of many-body interactions amongst the charge carriers in graphene and related systems such as
carbon nanotubes, fullerenes and graphite is of interest owing to their contribution to superconductivity and other exotic ground
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unusually strong role in renormalizing the bands around the Dirac crossing energy—analogous to mass renormalization by electron–
boson coupling in ordinary metals. Our results show that electron–electron, electron–plasmon and electron–phonon coupling must
be considered on an equal footing in attempts to understand the dynamics of quasiparticles in graphene and related systems.

With the recent discovery of superconductivity in carbon
nanotubes1,2, alkaline-metal-doped C60 crystals3 and graphite
intercalation compounds4–6 with relatively high transition
temperatures, there is a strong interest in the influence of many-
body interactions on the electron dynamics in these systems.
Graphene is a sheet of carbon atoms distributed in a honeycomb
lattice and is the building block for all of these materials; therefore,
it is a model system for this entire family. Recently, graphene has
been isolated using exfoliation from graphite7,8 and graphitization
of SiC9,10, enabling, for the first time, the direct measurement of
the many-body interactions fundamental to all of these carbon
systems. These interactions could be especially interesting owing to
the effectively massless, relativistic nature of the charge carriers,
which follows from the formal equivalence of the Schrödinger
wave equation to the relativistic Dirac equation for graphene7,8,11.
This equation leads to linear bands that cross at the Dirac energy
ED, which can be expressed in terms of angular frequency ωD as
ED = h̄ωD, where h̄ is the reduced Planck constant.

The coupling among quasiparticles is fundamental to
understanding superconductivity and other exotic ground states.
We focus in particular on the interaction of the carriers with
electron–hole pair excitations within the Fermi-liquid model, and
with plasmons. Departure of the electron dynamics from Fermi-
liquid behaviour in graphite has already been attributed to the
special shape of the graphene band structure12,13, whereas electron–
plasmon scattering has been proposed as a key coupling process
in superconductivity14 of cuprates15, and possibly metallized
graphene16. Angle-resolved photoemission spectroscopy (ARPES)
probes the scattering rate at different energy scales, and therefore
accesses these many-body couplings directly. We find that both
electron–hole and electron–plasmon effects are important for
graphene, depending on the energy scale, and, together with
electron–phonon coupling, are necessary for a complete picture
of the quasiparticle dynamics.

The single-particle graphene band structure E(k) may be
described by a simple one-orbital tight-binding model as17
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where k is the in-plane momentum, a is the lattice constant and
t is the near-neighbour hopping energy. That the carriers travel
as effectively massless particles with a fixed ‘speed of light’ c∗ =
h̄−1dE(k)/dk ∼ c/300, follows from the nearly linear dispersion
of the bands at zero energy (ED). In Fig. 1 we compare energy
bands and constant-energy surfaces computed using equation (1)
with the first (to our knowledge) ARPES measurements applied
to a single layer of graphene, grown on the (0001) surface of SiC
(6H polytype). (Previous ARPES measurements near the Fermi
energy EF have focused on thicker graphene layers on SiC18–20 or
on bulk graphite21,22.) The primary bands, cones centred at the K
points, are surrounded by six weak replica bands discussed further
below. The primary bands are in good overall agreement with the
simple model despite it having only two adjustable parameters: the
hopping energy t = 2.82 eV and a 0.45 eV shift of EF above the
Dirac crossing energy ED. This shift is attributed to doping of the
graphene layer by depletion of electrons from the n-type SiC.

We can discriminate a single layer of graphene from thicker
films by counting the number of π-states (one in Fig. 1), which is
equal to the number of layers m in a given sample20. Whereas films
of thickness m ≥ 2 often coexist with (m ± 1)-layer domains, we
found that pure graphene films (m = 1) can be routinely isolated.
We can also be sure that there is negligible interaction between
overlayer and substrate states. This follows naturally from the fact
that the Fermi level of the graphene is pinned well within the
∼3 eV bandgap of the substrate. If there was hybridization with
the substrate, we would expect it not near EF but rather at a
deeper binding energy, where the substrate and graphene bands
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With the recent discovery of superconductivity in carbon
nanotubes1,2, alkaline-metal-doped C60 crystals3 and graphite
intercalation compounds4–6 with relatively high transition
temperatures, there is a strong interest in the influence of many-
body interactions on the electron dynamics in these systems.
Graphene is a sheet of carbon atoms distributed in a honeycomb
lattice and is the building block for all of these materials; therefore,
it is a model system for this entire family. Recently, graphene has
been isolated using exfoliation from graphite7,8 and graphitization
of SiC9,10, enabling, for the first time, the direct measurement of
the many-body interactions fundamental to all of these carbon
systems. These interactions could be especially interesting owing to
the effectively massless, relativistic nature of the charge carriers,
which follows from the formal equivalence of the Schrödinger
wave equation to the relativistic Dirac equation for graphene7,8,11.
This equation leads to linear bands that cross at the Dirac energy
ED, which can be expressed in terms of angular frequency ωD as
ED = h̄ωD, where h̄ is the reduced Planck constant.

The coupling among quasiparticles is fundamental to
understanding superconductivity and other exotic ground states.
We focus in particular on the interaction of the carriers with
electron–hole pair excitations within the Fermi-liquid model, and
with plasmons. Departure of the electron dynamics from Fermi-
liquid behaviour in graphite has already been attributed to the
special shape of the graphene band structure12,13, whereas electron–
plasmon scattering has been proposed as a key coupling process
in superconductivity14 of cuprates15, and possibly metallized
graphene16. Angle-resolved photoemission spectroscopy (ARPES)
probes the scattering rate at different energy scales, and therefore
accesses these many-body couplings directly. We find that both
electron–hole and electron–plasmon effects are important for
graphene, depending on the energy scale, and, together with
electron–phonon coupling, are necessary for a complete picture
of the quasiparticle dynamics.

The single-particle graphene band structure E(k) may be
described by a simple one-orbital tight-binding model as17
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where k is the in-plane momentum, a is the lattice constant and
t is the near-neighbour hopping energy. That the carriers travel
as effectively massless particles with a fixed ‘speed of light’ c∗ =
h̄−1dE(k)/dk ∼ c/300, follows from the nearly linear dispersion
of the bands at zero energy (ED). In Fig. 1 we compare energy
bands and constant-energy surfaces computed using equation (1)
with the first (to our knowledge) ARPES measurements applied
to a single layer of graphene, grown on the (0001) surface of SiC
(6H polytype). (Previous ARPES measurements near the Fermi
energy EF have focused on thicker graphene layers on SiC18–20 or
on bulk graphite21,22.) The primary bands, cones centred at the K
points, are surrounded by six weak replica bands discussed further
below. The primary bands are in good overall agreement with the
simple model despite it having only two adjustable parameters: the
hopping energy t = 2.82 eV and a 0.45 eV shift of EF above the
Dirac crossing energy ED. This shift is attributed to doping of the
graphene layer by depletion of electrons from the n-type SiC.

We can discriminate a single layer of graphene from thicker
films by counting the number of π-states (one in Fig. 1), which is
equal to the number of layers m in a given sample20. Whereas films
of thickness m ≥ 2 often coexist with (m ± 1)-layer domains, we
found that pure graphene films (m = 1) can be routinely isolated.
We can also be sure that there is negligible interaction between
overlayer and substrate states. This follows naturally from the fact
that the Fermi level of the graphene is pinned well within the
∼3 eV bandgap of the substrate. If there was hybridization with
the substrate, we would expect it not near EF but rather at a
deeper binding energy, where the substrate and graphene bands
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lower bands (dashed lines in Fig. 2a) do not pass through the
upper bands, demonstrating that the bands do not pass smoothly
through ED as equation (1) predicts. This is observed more easily
for data acquired along the orthogonal direction through the K
point (Fig. 2e), along which an interference effect25 suppresses one
of the two bands. We see that near ED the bands have an additional
kink, which we propose is caused by other many-body interactions.

The deviations from the bare band are sensitive to doping,
which was varied by adsorbing potassium atoms that readily donate
electrons to the graphene. The evolution of the band structure with
increasing doping is followed in Fig. 2b–d and along the orthogonal
direction in Fig. 2f–h. Similar to graphite, doping graphene by K
deposition shifts the bands more or less rigidly to higher binding
energy26. Whereas the energy of the kink at 200 meV does not
change, the deeper-energy kink strengthens and follows ED with
doping, demonstrating that it is associated with electrons with
energy near ED. The effect of this kink on the band structure is
significant: at high doping, a curve fit of the band positions (small
circles in Fig. 2d) shows that ED has been shifted towards EF by
∼130 meV from the single-particle prediction.

In the quasiparticle scheme, the carriers are represented as
single particles that scatter from, and are surrounded by, a cloud of
other ‘particles’ (such as phonons); the entire entity moves rather
like a free particle but with renormalized energy. In this scheme,
ARPES measures the spectral function, expressed in terms of the
complex self-energy Σ (k,ω), as

A(k,ω) = |Im Σ (k,ω)|
(ω−ωb(k)−Re Σ (k,ω))2 + (Im Σ (k,ω))2

where ω is the energy and ωb is the bare band dispersion in the
absence of many-body effects. Σ (k,ω) contains both the scattering
rate and the renormalization of the band dispersion in its imaginary
and real parts, respectively. In the k-independent approximation27,28

(Σ (k,ω) ≈ Σ (ω)), Im Σ (ω) is proportional to the Lorentzian
linewidth of the momentum distribution curve (MDC) A(k,ω)
taken at constant ω. Re Σ (ω) is readily computed from Im Σ (ω)
through a Hilbert transform (to satisfy causality), and the full
spectral function A(k,ω) can be reconstructed using the computed
Re Σ (ω) and compared with experiment. Such a reconstruction
for one doping is shown in Fig. 2i; it is in excellent agreement with
the data (Fig. 2h) from which Im Σ was obtained. This shows that
all the kinks in the bands originate not from details of the single-
particle band structure, but rather from many-body interactions,
providing strong support for the quasiparticle picture in graphene.

The observed kink structure is therefore derived from
a complicated ω-dependence of the observed scattering rate
proportional to the measured MDC linewidths, shown in Fig. 3
as a function of doping. To model these data, we consider
three processes: decay of the carriers by electron–phonon (e–ph)
coupling, by electron–hole (e–h) pair generation and by emission of
collective charge excitations (plasmons) via electron–plasmon (e–
pl) coupling. (Impurity scattering, a fourth contributing process,
can be ignored, as its contribution to the MDC linewidth is smaller
than the experimental momentum resolution (∼0.01 Å−1) and in
any case merely leads to a uniform background scattering rate.) By
summing all the momentum- and energy-conserving decay events
as a function of hole energy ω, we can show that the three principal
decay processes (e–h, e–pl, and e–ph) contribute differently to the
lifetime in regions I–IV as identified in the traces in the upper part
of Fig. 3, calculated for a sample with n = 5.6 × 1013 cm−2, and
compares favourably with the experimental MDC width for this
doping; we can also obtain similar agreement for the other dopings.
(The predicted dip at ED is an artefact of the simplicity of our
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Figure 3 MDC widths of carriers in graphene. Measured spectral MDC width
(assumed proportional to scattering rate and ImΣ ) for graphene, derived by
carrying out a line-shape analysis of MDC for each binding energy as a function of
doping n (in units of 1013 cm−2). Each trace is shifted upward by 0.025 Å−1. The
simulated total scattering rate (black line) and the partial contributions due to decay
into phonons (green), electron–hole pairs (red) and plasmons (blue) are compared
with the MDC spectral width for the highest doped sample. The plasmon calculation
was for ε = 10. These interactions contribute differently in regions I–IV defined as
follows: (I) the phonon energy scale ωph < ω < 0, (II) the Dirac energy scale
ωD < ω < 0, (III) 2ωD < ω < ωD and (IV) ω < 2ωD.

model, which does not consider interactions between the plasmons
and the Fermi-liquid excitations.)

Now we discuss the different decay processes in turn. We
attribute the kink near EF to e–ph coupling as described previously
for metals29–31, for (possibly) high-Tc superconductors32,33 and for
bulk graphite24. In this process, photoholes decay by phonon
emission (see Fig. 4a). From graphite’s phonon density of states34,
we calculated the e–ph contribution to Im Σ (Fig. 3, green curve)
with the standard formalism35 and found an e–ph coupling
constant l ≈ 0.3. Although this is a factor of five larger
than predicted36 for n = 5.6 × 1013 cm−2, comparison with the
experimental data shows that this provides an accurate description
of Im Σ in region I. The observed increase of the kink’s strength
with n (see Fig. 2e–h) is expected from the increase in the size of the
Fermi surface, although the 200 meV energy scale remains constant
because the K atoms should not alter the phonon band structure at
this energy.

Consider now the decay of the photohole by excitation of an
electron from below to above EF, thereby creating an e–h pair.
In Landau’s Fermi-liquid theory, the scattering rate from such
processes increases as ∼ω2 away from ω = 0, reflecting the growing
number of possible excitations that satisfy momentum and energy
conservation. However, the linear dispersion of the graphene bands
and the presence of the Dirac crossing below EF drastically modify
this picture37. A hole just above ED can easily decay through many
possible e–h creation events, for example, as in Fig. 4b, and we find
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lower bands (dashed lines in Fig. 2a) do not pass through the
upper bands, demonstrating that the bands do not pass smoothly
through ED as equation (1) predicts. This is observed more easily
for data acquired along the orthogonal direction through the K
point (Fig. 2e), along which an interference effect25 suppresses one
of the two bands. We see that near ED the bands have an additional
kink, which we propose is caused by other many-body interactions.

The deviations from the bare band are sensitive to doping,
which was varied by adsorbing potassium atoms that readily donate
electrons to the graphene. The evolution of the band structure with
increasing doping is followed in Fig. 2b–d and along the orthogonal
direction in Fig. 2f–h. Similar to graphite, doping graphene by K
deposition shifts the bands more or less rigidly to higher binding
energy26. Whereas the energy of the kink at 200 meV does not
change, the deeper-energy kink strengthens and follows ED with
doping, demonstrating that it is associated with electrons with
energy near ED. The effect of this kink on the band structure is
significant: at high doping, a curve fit of the band positions (small
circles in Fig. 2d) shows that ED has been shifted towards EF by
∼130 meV from the single-particle prediction.

In the quasiparticle scheme, the carriers are represented as
single particles that scatter from, and are surrounded by, a cloud of
other ‘particles’ (such as phonons); the entire entity moves rather
like a free particle but with renormalized energy. In this scheme,
ARPES measures the spectral function, expressed in terms of the
complex self-energy Σ (k,ω), as

A(k,ω) = |Im Σ (k,ω)|
(ω−ωb(k)−Re Σ (k,ω))2 + (Im Σ (k,ω))2

where ω is the energy and ωb is the bare band dispersion in the
absence of many-body effects. Σ (k,ω) contains both the scattering
rate and the renormalization of the band dispersion in its imaginary
and real parts, respectively. In the k-independent approximation27,28

(Σ (k,ω) ≈ Σ (ω)), Im Σ (ω) is proportional to the Lorentzian
linewidth of the momentum distribution curve (MDC) A(k,ω)
taken at constant ω. Re Σ (ω) is readily computed from Im Σ (ω)
through a Hilbert transform (to satisfy causality), and the full
spectral function A(k,ω) can be reconstructed using the computed
Re Σ (ω) and compared with experiment. Such a reconstruction
for one doping is shown in Fig. 2i; it is in excellent agreement with
the data (Fig. 2h) from which Im Σ was obtained. This shows that
all the kinks in the bands originate not from details of the single-
particle band structure, but rather from many-body interactions,
providing strong support for the quasiparticle picture in graphene.

The observed kink structure is therefore derived from
a complicated ω-dependence of the observed scattering rate
proportional to the measured MDC linewidths, shown in Fig. 3
as a function of doping. To model these data, we consider
three processes: decay of the carriers by electron–phonon (e–ph)
coupling, by electron–hole (e–h) pair generation and by emission of
collective charge excitations (plasmons) via electron–plasmon (e–
pl) coupling. (Impurity scattering, a fourth contributing process,
can be ignored, as its contribution to the MDC linewidth is smaller
than the experimental momentum resolution (∼0.01 Å−1) and in
any case merely leads to a uniform background scattering rate.) By
summing all the momentum- and energy-conserving decay events
as a function of hole energy ω, we can show that the three principal
decay processes (e–h, e–pl, and e–ph) contribute differently to the
lifetime in regions I–IV as identified in the traces in the upper part
of Fig. 3, calculated for a sample with n = 5.6 × 1013 cm−2, and
compares favourably with the experimental MDC width for this
doping; we can also obtain similar agreement for the other dopings.
(The predicted dip at ED is an artefact of the simplicity of our
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model, which does not consider interactions between the plasmons
and the Fermi-liquid excitations.)

Now we discuss the different decay processes in turn. We
attribute the kink near EF to e–ph coupling as described previously
for metals29–31, for (possibly) high-Tc superconductors32,33 and for
bulk graphite24. In this process, photoholes decay by phonon
emission (see Fig. 4a). From graphite’s phonon density of states34,
we calculated the e–ph contribution to Im Σ (Fig. 3, green curve)
with the standard formalism35 and found an e–ph coupling
constant l ≈ 0.3. Although this is a factor of five larger
than predicted36 for n = 5.6 × 1013 cm−2, comparison with the
experimental data shows that this provides an accurate description
of Im Σ in region I. The observed increase of the kink’s strength
with n (see Fig. 2e–h) is expected from the increase in the size of the
Fermi surface, although the 200 meV energy scale remains constant
because the K atoms should not alter the phonon band structure at
this energy.

Consider now the decay of the photohole by excitation of an
electron from below to above EF, thereby creating an e–h pair.
In Landau’s Fermi-liquid theory, the scattering rate from such
processes increases as ∼ω2 away from ω = 0, reflecting the growing
number of possible excitations that satisfy momentum and energy
conservation. However, the linear dispersion of the graphene bands
and the presence of the Dirac crossing below EF drastically modify
this picture37. A hole just above ED can easily decay through many
possible e–h creation events, for example, as in Fig. 4b, and we find
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Figure 4 Decay processes in graphene. a, The energy–momentum diagram for decay processes of a photohole, initially created at energy ω, decaying by emission of a
phonon. b–d, Spontaneous generation of an electron–hole pair near EF for photohole energy satisfying ω > ωD (b), 2ωD < ω < ωD (c), which can generate no possible e–h
pair as drawn, and ω < 2ωD (d). e, Emission of a plasmon (2ωD < ω < ωD). f, The net effect of these processes is to distort the bare bands to the renormalized bands
(shown in brown).

a ωα (α ∼ 1.5) dependence of Im Σ in regions I–II, in contrast
with Fermi-liquid theory (α = 2). However, a hole originating at
ω just below ED has few possible decays with sufficient momentum
transfer to excite an e–h pair (Fig. 4c). This causes a sharp reduction
in the scattering rate in region III, seen in the red curve in Fig. 3.
Only for energies ω ∼< 2ωD, region IV, does e–h pair generation
become favourable (for example, Fig. 4d).

The e–h and e–ph processes can explain the observed MDC
widths in regions I, II and IV. In region III, however, decay by e–h
pair creation is virtually not allowed, yet the observed scattering
rate has a peak rather than a dip (highlighted in blue in Fig. 3).
We now show that this peak may be explained by decay through
plasmon emission. Plasmons are oscillations of an electron gas that
play an important role in the optical properties of ordinary metals.
In graphene, the charge carriers near the K point have zero effective
mass and travel like photons at constant speed c∗, but unlike
photons they have charge and are therefore subject to collective
oscillations such as plasmons. Although a full treatment of the
e–pl interaction is difficult near the Dirac point, a simple model
suffices to explain how e–pl coupling can enhance the scattering
rate below ED.

Ordinary two-dimensional plasmons have a dispersion
relationship

ωpl(q) =
!

4πne2q/m(1+ ε), (2)

where q is the plasmon momentum, e is the electron charge, m
is the effective carrier mass and ε is the dielectric constant. For
graphene, the rest mass m0 is zero near ED, but the ‘relativistic
mass’ mr = E/c∗2 depends on the doping7,8, reaching a maximum
of only 10% of the free-electron rest mass for our samples; this
has the notable effect of increasing the plasmon energy ωpl(q), as
shown in Fig. 5, calculated for a reasonable range (3 < ε < 10) of
dielectric constants.

Collective plasmon excitations are not really independent of
the e–h pair excitations discussed above, and therefore decay by
plasmon scattering is a valid description only outside the range
of kinematically allowed e–h processes, as shown in Fig. 5 for n-
doped graphene. This only occurs for decay processes with ω ∼ ED

and q ∼ 0 (as in Fig. 4e), when the plasmon spectrum does not
overlap the continuum of e–h excitations (blue region in Fig. 5).
This means that plasmons can have a large effect on the self-energy
around ω ∼ ωD.
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Figure 5 Energy diagram of electronic excitations in graphene. The blue region
shows the possible e–h pair excitations for graphene, computed for a conical band
structure with n= 5.6×1013 cm−2, as in Fig. 4a. The pink region shows the
plasmon dispersion calculated for a range of dielectric constants from ε = 3 (upper
rim) to ε = 10 (lower rim) using equation (2) together with the relativistic mass
taken from transport measurements7,8. The e–pl decay process occurs only for
plasmons outside the blue region, where plasmons are well-defined quasiparticles.

Given the plasmon dispersion relation, we can easily sum the
possible plasmon decays as a function of ω (Fig. 3, blue curve),
which is proportional to the scattering rate. We find a peak in Im Σ
located just below ED, whose width and intensity scales with ED. A
peak following these trends is clearly observed in the experimental
data (highlighted in blue in Fig. 3).

Previously, e–pl coupling was shown to affect the unoccupied
bands of a three-dimensional metal at the large plasmon energy
scale (∼20 eV) (ref. 38), but e–pl coupling at small energy scales is
normally forbidden for two- and three-dimensional electron gases
(except for the special case of layered electron gases39), so this is a
unique instance where e–pl coupling is kinematically allowed for a
pure two-dimensional system.

It is worth emphasizing that the model for the scattering rate
has only four adjustable scaling factors: the e–ph coupling constant
l, the absolute probabilities for e–h pair creation and plasmon
emission and the screening constant ε, which scales the Coulomb
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pair as drawn, and ω < 2ωD (d). e, Emission of a plasmon (2ωD < ω < ωD). f, The net effect of these processes is to distort the bare bands to the renormalized bands
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a ωα (α ∼ 1.5) dependence of Im Σ in regions I–II, in contrast
with Fermi-liquid theory (α = 2). However, a hole originating at
ω just below ED has few possible decays with sufficient momentum
transfer to excite an e–h pair (Fig. 4c). This causes a sharp reduction
in the scattering rate in region III, seen in the red curve in Fig. 3.
Only for energies ω ∼< 2ωD, region IV, does e–h pair generation
become favourable (for example, Fig. 4d).

The e–h and e–ph processes can explain the observed MDC
widths in regions I, II and IV. In region III, however, decay by e–h
pair creation is virtually not allowed, yet the observed scattering
rate has a peak rather than a dip (highlighted in blue in Fig. 3).
We now show that this peak may be explained by decay through
plasmon emission. Plasmons are oscillations of an electron gas that
play an important role in the optical properties of ordinary metals.
In graphene, the charge carriers near the K point have zero effective
mass and travel like photons at constant speed c∗, but unlike
photons they have charge and are therefore subject to collective
oscillations such as plasmons. Although a full treatment of the
e–pl interaction is difficult near the Dirac point, a simple model
suffices to explain how e–pl coupling can enhance the scattering
rate below ED.

Ordinary two-dimensional plasmons have a dispersion
relationship

ωpl(q) =
!

4πne2q/m(1+ ε), (2)

where q is the plasmon momentum, e is the electron charge, m
is the effective carrier mass and ε is the dielectric constant. For
graphene, the rest mass m0 is zero near ED, but the ‘relativistic
mass’ mr = E/c∗2 depends on the doping7,8, reaching a maximum
of only 10% of the free-electron rest mass for our samples; this
has the notable effect of increasing the plasmon energy ωpl(q), as
shown in Fig. 5, calculated for a reasonable range (3 < ε < 10) of
dielectric constants.

Collective plasmon excitations are not really independent of
the e–h pair excitations discussed above, and therefore decay by
plasmon scattering is a valid description only outside the range
of kinematically allowed e–h processes, as shown in Fig. 5 for n-
doped graphene. This only occurs for decay processes with ω ∼ ED

and q ∼ 0 (as in Fig. 4e), when the plasmon spectrum does not
overlap the continuum of e–h excitations (blue region in Fig. 5).
This means that plasmons can have a large effect on the self-energy
around ω ∼ ωD.
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Figure 5 Energy diagram of electronic excitations in graphene. The blue region
shows the possible e–h pair excitations for graphene, computed for a conical band
structure with n= 5.6×1013 cm−2, as in Fig. 4a. The pink region shows the
plasmon dispersion calculated for a range of dielectric constants from ε = 3 (upper
rim) to ε = 10 (lower rim) using equation (2) together with the relativistic mass
taken from transport measurements7,8. The e–pl decay process occurs only for
plasmons outside the blue region, where plasmons are well-defined quasiparticles.

Given the plasmon dispersion relation, we can easily sum the
possible plasmon decays as a function of ω (Fig. 3, blue curve),
which is proportional to the scattering rate. We find a peak in Im Σ
located just below ED, whose width and intensity scales with ED. A
peak following these trends is clearly observed in the experimental
data (highlighted in blue in Fig. 3).

Previously, e–pl coupling was shown to affect the unoccupied
bands of a three-dimensional metal at the large plasmon energy
scale (∼20 eV) (ref. 38), but e–pl coupling at small energy scales is
normally forbidden for two- and three-dimensional electron gases
(except for the special case of layered electron gases39), so this is a
unique instance where e–pl coupling is kinematically allowed for a
pure two-dimensional system.

It is worth emphasizing that the model for the scattering rate
has only four adjustable scaling factors: the e–ph coupling constant
l, the absolute probabilities for e–h pair creation and plasmon
emission and the screening constant ε, which scales the Coulomb
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phonon. b–d, Spontaneous generation of an electron–hole pair near EF for photohole energy satisfying ω > ωD (b), 2ωD < ω < ωD (c), which can generate no possible e–h
pair as drawn, and ω < 2ωD (d). e, Emission of a plasmon (2ωD < ω < ωD). f, The net effect of these processes is to distort the bare bands to the renormalized bands
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a ωα (α ∼ 1.5) dependence of Im Σ in regions I–II, in contrast
with Fermi-liquid theory (α = 2). However, a hole originating at
ω just below ED has few possible decays with sufficient momentum
transfer to excite an e–h pair (Fig. 4c). This causes a sharp reduction
in the scattering rate in region III, seen in the red curve in Fig. 3.
Only for energies ω ∼< 2ωD, region IV, does e–h pair generation
become favourable (for example, Fig. 4d).

The e–h and e–ph processes can explain the observed MDC
widths in regions I, II and IV. In region III, however, decay by e–h
pair creation is virtually not allowed, yet the observed scattering
rate has a peak rather than a dip (highlighted in blue in Fig. 3).
We now show that this peak may be explained by decay through
plasmon emission. Plasmons are oscillations of an electron gas that
play an important role in the optical properties of ordinary metals.
In graphene, the charge carriers near the K point have zero effective
mass and travel like photons at constant speed c∗, but unlike
photons they have charge and are therefore subject to collective
oscillations such as plasmons. Although a full treatment of the
e–pl interaction is difficult near the Dirac point, a simple model
suffices to explain how e–pl coupling can enhance the scattering
rate below ED.

Ordinary two-dimensional plasmons have a dispersion
relationship

ωpl(q) =
!

4πne2q/m(1+ ε), (2)

where q is the plasmon momentum, e is the electron charge, m
is the effective carrier mass and ε is the dielectric constant. For
graphene, the rest mass m0 is zero near ED, but the ‘relativistic
mass’ mr = E/c∗2 depends on the doping7,8, reaching a maximum
of only 10% of the free-electron rest mass for our samples; this
has the notable effect of increasing the plasmon energy ωpl(q), as
shown in Fig. 5, calculated for a reasonable range (3 < ε < 10) of
dielectric constants.

Collective plasmon excitations are not really independent of
the e–h pair excitations discussed above, and therefore decay by
plasmon scattering is a valid description only outside the range
of kinematically allowed e–h processes, as shown in Fig. 5 for n-
doped graphene. This only occurs for decay processes with ω ∼ ED

and q ∼ 0 (as in Fig. 4e), when the plasmon spectrum does not
overlap the continuum of e–h excitations (blue region in Fig. 5).
This means that plasmons can have a large effect on the self-energy
around ω ∼ ωD.

h 
   

(e
V)

Plasmon

e–h

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0

ω

0.50.40.30.20.10
k (Å–1)

Figure 5 Energy diagram of electronic excitations in graphene. The blue region
shows the possible e–h pair excitations for graphene, computed for a conical band
structure with n= 5.6×1013 cm−2, as in Fig. 4a. The pink region shows the
plasmon dispersion calculated for a range of dielectric constants from ε = 3 (upper
rim) to ε = 10 (lower rim) using equation (2) together with the relativistic mass
taken from transport measurements7,8. The e–pl decay process occurs only for
plasmons outside the blue region, where plasmons are well-defined quasiparticles.

Given the plasmon dispersion relation, we can easily sum the
possible plasmon decays as a function of ω (Fig. 3, blue curve),
which is proportional to the scattering rate. We find a peak in Im Σ
located just below ED, whose width and intensity scales with ED. A
peak following these trends is clearly observed in the experimental
data (highlighted in blue in Fig. 3).

Previously, e–pl coupling was shown to affect the unoccupied
bands of a three-dimensional metal at the large plasmon energy
scale (∼20 eV) (ref. 38), but e–pl coupling at small energy scales is
normally forbidden for two- and three-dimensional electron gases
(except for the special case of layered electron gases39), so this is a
unique instance where e–pl coupling is kinematically allowed for a
pure two-dimensional system.

It is worth emphasizing that the model for the scattering rate
has only four adjustable scaling factors: the e–ph coupling constant
l, the absolute probabilities for e–h pair creation and plasmon
emission and the screening constant ε, which scales the Coulomb
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a ωα (α ∼ 1.5) dependence of Im Σ in regions I–II, in contrast
with Fermi-liquid theory (α = 2). However, a hole originating at
ω just below ED has few possible decays with sufficient momentum
transfer to excite an e–h pair (Fig. 4c). This causes a sharp reduction
in the scattering rate in region III, seen in the red curve in Fig. 3.
Only for energies ω ∼< 2ωD, region IV, does e–h pair generation
become favourable (for example, Fig. 4d).

The e–h and e–ph processes can explain the observed MDC
widths in regions I, II and IV. In region III, however, decay by e–h
pair creation is virtually not allowed, yet the observed scattering
rate has a peak rather than a dip (highlighted in blue in Fig. 3).
We now show that this peak may be explained by decay through
plasmon emission. Plasmons are oscillations of an electron gas that
play an important role in the optical properties of ordinary metals.
In graphene, the charge carriers near the K point have zero effective
mass and travel like photons at constant speed c∗, but unlike
photons they have charge and are therefore subject to collective
oscillations such as plasmons. Although a full treatment of the
e–pl interaction is difficult near the Dirac point, a simple model
suffices to explain how e–pl coupling can enhance the scattering
rate below ED.

Ordinary two-dimensional plasmons have a dispersion
relationship

ωpl(q) =
!

4πne2q/m(1+ ε), (2)

where q is the plasmon momentum, e is the electron charge, m
is the effective carrier mass and ε is the dielectric constant. For
graphene, the rest mass m0 is zero near ED, but the ‘relativistic
mass’ mr = E/c∗2 depends on the doping7,8, reaching a maximum
of only 10% of the free-electron rest mass for our samples; this
has the notable effect of increasing the plasmon energy ωpl(q), as
shown in Fig. 5, calculated for a reasonable range (3 < ε < 10) of
dielectric constants.

Collective plasmon excitations are not really independent of
the e–h pair excitations discussed above, and therefore decay by
plasmon scattering is a valid description only outside the range
of kinematically allowed e–h processes, as shown in Fig. 5 for n-
doped graphene. This only occurs for decay processes with ω ∼ ED

and q ∼ 0 (as in Fig. 4e), when the plasmon spectrum does not
overlap the continuum of e–h excitations (blue region in Fig. 5).
This means that plasmons can have a large effect on the self-energy
around ω ∼ ωD.
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Figure 5 Energy diagram of electronic excitations in graphene. The blue region
shows the possible e–h pair excitations for graphene, computed for a conical band
structure with n= 5.6×1013 cm−2, as in Fig. 4a. The pink region shows the
plasmon dispersion calculated for a range of dielectric constants from ε = 3 (upper
rim) to ε = 10 (lower rim) using equation (2) together with the relativistic mass
taken from transport measurements7,8. The e–pl decay process occurs only for
plasmons outside the blue region, where plasmons are well-defined quasiparticles.

Given the plasmon dispersion relation, we can easily sum the
possible plasmon decays as a function of ω (Fig. 3, blue curve),
which is proportional to the scattering rate. We find a peak in Im Σ
located just below ED, whose width and intensity scales with ED. A
peak following these trends is clearly observed in the experimental
data (highlighted in blue in Fig. 3).

Previously, e–pl coupling was shown to affect the unoccupied
bands of a three-dimensional metal at the large plasmon energy
scale (∼20 eV) (ref. 38), but e–pl coupling at small energy scales is
normally forbidden for two- and three-dimensional electron gases
(except for the special case of layered electron gases39), so this is a
unique instance where e–pl coupling is kinematically allowed for a
pure two-dimensional system.

It is worth emphasizing that the model for the scattering rate
has only four adjustable scaling factors: the e–ph coupling constant
l, the absolute probabilities for e–h pair creation and plasmon
emission and the screening constant ε, which scales the Coulomb
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a ωα (α ∼ 1.5) dependence of Im Σ in regions I–II, in contrast
with Fermi-liquid theory (α = 2). However, a hole originating at
ω just below ED has few possible decays with sufficient momentum
transfer to excite an e–h pair (Fig. 4c). This causes a sharp reduction
in the scattering rate in region III, seen in the red curve in Fig. 3.
Only for energies ω ∼< 2ωD, region IV, does e–h pair generation
become favourable (for example, Fig. 4d).

The e–h and e–ph processes can explain the observed MDC
widths in regions I, II and IV. In region III, however, decay by e–h
pair creation is virtually not allowed, yet the observed scattering
rate has a peak rather than a dip (highlighted in blue in Fig. 3).
We now show that this peak may be explained by decay through
plasmon emission. Plasmons are oscillations of an electron gas that
play an important role in the optical properties of ordinary metals.
In graphene, the charge carriers near the K point have zero effective
mass and travel like photons at constant speed c∗, but unlike
photons they have charge and are therefore subject to collective
oscillations such as plasmons. Although a full treatment of the
e–pl interaction is difficult near the Dirac point, a simple model
suffices to explain how e–pl coupling can enhance the scattering
rate below ED.

Ordinary two-dimensional plasmons have a dispersion
relationship

ωpl(q) =
!

4πne2q/m(1+ ε), (2)

where q is the plasmon momentum, e is the electron charge, m
is the effective carrier mass and ε is the dielectric constant. For
graphene, the rest mass m0 is zero near ED, but the ‘relativistic
mass’ mr = E/c∗2 depends on the doping7,8, reaching a maximum
of only 10% of the free-electron rest mass for our samples; this
has the notable effect of increasing the plasmon energy ωpl(q), as
shown in Fig. 5, calculated for a reasonable range (3 < ε < 10) of
dielectric constants.

Collective plasmon excitations are not really independent of
the e–h pair excitations discussed above, and therefore decay by
plasmon scattering is a valid description only outside the range
of kinematically allowed e–h processes, as shown in Fig. 5 for n-
doped graphene. This only occurs for decay processes with ω ∼ ED

and q ∼ 0 (as in Fig. 4e), when the plasmon spectrum does not
overlap the continuum of e–h excitations (blue region in Fig. 5).
This means that plasmons can have a large effect on the self-energy
around ω ∼ ωD.
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Figure 5 Energy diagram of electronic excitations in graphene. The blue region
shows the possible e–h pair excitations for graphene, computed for a conical band
structure with n= 5.6×1013 cm−2, as in Fig. 4a. The pink region shows the
plasmon dispersion calculated for a range of dielectric constants from ε = 3 (upper
rim) to ε = 10 (lower rim) using equation (2) together with the relativistic mass
taken from transport measurements7,8. The e–pl decay process occurs only for
plasmons outside the blue region, where plasmons are well-defined quasiparticles.

Given the plasmon dispersion relation, we can easily sum the
possible plasmon decays as a function of ω (Fig. 3, blue curve),
which is proportional to the scattering rate. We find a peak in Im Σ
located just below ED, whose width and intensity scales with ED. A
peak following these trends is clearly observed in the experimental
data (highlighted in blue in Fig. 3).

Previously, e–pl coupling was shown to affect the unoccupied
bands of a three-dimensional metal at the large plasmon energy
scale (∼20 eV) (ref. 38), but e–pl coupling at small energy scales is
normally forbidden for two- and three-dimensional electron gases
(except for the special case of layered electron gases39), so this is a
unique instance where e–pl coupling is kinematically allowed for a
pure two-dimensional system.

It is worth emphasizing that the model for the scattering rate
has only four adjustable scaling factors: the e–ph coupling constant
l, the absolute probabilities for e–h pair creation and plasmon
emission and the screening constant ε, which scales the Coulomb
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Figure 4 Decay processes in graphene. a, The energy–momentum diagram for decay processes of a photohole, initially created at energy ω, decaying by emission of a
phonon. b–d, Spontaneous generation of an electron–hole pair near EF for photohole energy satisfying ω > ωD (b), 2ωD < ω < ωD (c), which can generate no possible e–h
pair as drawn, and ω < 2ωD (d). e, Emission of a plasmon (2ωD < ω < ωD). f, The net effect of these processes is to distort the bare bands to the renormalized bands
(shown in brown).

a ωα (α ∼ 1.5) dependence of Im Σ in regions I–II, in contrast
with Fermi-liquid theory (α = 2). However, a hole originating at
ω just below ED has few possible decays with sufficient momentum
transfer to excite an e–h pair (Fig. 4c). This causes a sharp reduction
in the scattering rate in region III, seen in the red curve in Fig. 3.
Only for energies ω ∼< 2ωD, region IV, does e–h pair generation
become favourable (for example, Fig. 4d).

The e–h and e–ph processes can explain the observed MDC
widths in regions I, II and IV. In region III, however, decay by e–h
pair creation is virtually not allowed, yet the observed scattering
rate has a peak rather than a dip (highlighted in blue in Fig. 3).
We now show that this peak may be explained by decay through
plasmon emission. Plasmons are oscillations of an electron gas that
play an important role in the optical properties of ordinary metals.
In graphene, the charge carriers near the K point have zero effective
mass and travel like photons at constant speed c∗, but unlike
photons they have charge and are therefore subject to collective
oscillations such as plasmons. Although a full treatment of the
e–pl interaction is difficult near the Dirac point, a simple model
suffices to explain how e–pl coupling can enhance the scattering
rate below ED.

Ordinary two-dimensional plasmons have a dispersion
relationship

ωpl(q) =
!

4πne2q/m(1+ ε), (2)

where q is the plasmon momentum, e is the electron charge, m
is the effective carrier mass and ε is the dielectric constant. For
graphene, the rest mass m0 is zero near ED, but the ‘relativistic
mass’ mr = E/c∗2 depends on the doping7,8, reaching a maximum
of only 10% of the free-electron rest mass for our samples; this
has the notable effect of increasing the plasmon energy ωpl(q), as
shown in Fig. 5, calculated for a reasonable range (3 < ε < 10) of
dielectric constants.

Collective plasmon excitations are not really independent of
the e–h pair excitations discussed above, and therefore decay by
plasmon scattering is a valid description only outside the range
of kinematically allowed e–h processes, as shown in Fig. 5 for n-
doped graphene. This only occurs for decay processes with ω ∼ ED

and q ∼ 0 (as in Fig. 4e), when the plasmon spectrum does not
overlap the continuum of e–h excitations (blue region in Fig. 5).
This means that plasmons can have a large effect on the self-energy
around ω ∼ ωD.
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Figure 5 Energy diagram of electronic excitations in graphene. The blue region
shows the possible e–h pair excitations for graphene, computed for a conical band
structure with n= 5.6×1013 cm−2, as in Fig. 4a. The pink region shows the
plasmon dispersion calculated for a range of dielectric constants from ε = 3 (upper
rim) to ε = 10 (lower rim) using equation (2) together with the relativistic mass
taken from transport measurements7,8. The e–pl decay process occurs only for
plasmons outside the blue region, where plasmons are well-defined quasiparticles.

Given the plasmon dispersion relation, we can easily sum the
possible plasmon decays as a function of ω (Fig. 3, blue curve),
which is proportional to the scattering rate. We find a peak in Im Σ
located just below ED, whose width and intensity scales with ED. A
peak following these trends is clearly observed in the experimental
data (highlighted in blue in Fig. 3).

Previously, e–pl coupling was shown to affect the unoccupied
bands of a three-dimensional metal at the large plasmon energy
scale (∼20 eV) (ref. 38), but e–pl coupling at small energy scales is
normally forbidden for two- and three-dimensional electron gases
(except for the special case of layered electron gases39), so this is a
unique instance where e–pl coupling is kinematically allowed for a
pure two-dimensional system.

It is worth emphasizing that the model for the scattering rate
has only four adjustable scaling factors: the e–ph coupling constant
l, the absolute probabilities for e–h pair creation and plasmon
emission and the screening constant ε, which scales the Coulomb
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phonon. b–d, Spontaneous generation of an electron–hole pair near EF for photohole energy satisfying ω > ωD (b), 2ωD < ω < ωD (c), which can generate no possible e–h
pair as drawn, and ω < 2ωD (d). e, Emission of a plasmon (2ωD < ω < ωD). f, The net effect of these processes is to distort the bare bands to the renormalized bands
(shown in brown).

a ωα (α ∼ 1.5) dependence of Im Σ in regions I–II, in contrast
with Fermi-liquid theory (α = 2). However, a hole originating at
ω just below ED has few possible decays with sufficient momentum
transfer to excite an e–h pair (Fig. 4c). This causes a sharp reduction
in the scattering rate in region III, seen in the red curve in Fig. 3.
Only for energies ω ∼< 2ωD, region IV, does e–h pair generation
become favourable (for example, Fig. 4d).

The e–h and e–ph processes can explain the observed MDC
widths in regions I, II and IV. In region III, however, decay by e–h
pair creation is virtually not allowed, yet the observed scattering
rate has a peak rather than a dip (highlighted in blue in Fig. 3).
We now show that this peak may be explained by decay through
plasmon emission. Plasmons are oscillations of an electron gas that
play an important role in the optical properties of ordinary metals.
In graphene, the charge carriers near the K point have zero effective
mass and travel like photons at constant speed c∗, but unlike
photons they have charge and are therefore subject to collective
oscillations such as plasmons. Although a full treatment of the
e–pl interaction is difficult near the Dirac point, a simple model
suffices to explain how e–pl coupling can enhance the scattering
rate below ED.

Ordinary two-dimensional plasmons have a dispersion
relationship

ωpl(q) =
!

4πne2q/m(1+ ε), (2)

where q is the plasmon momentum, e is the electron charge, m
is the effective carrier mass and ε is the dielectric constant. For
graphene, the rest mass m0 is zero near ED, but the ‘relativistic
mass’ mr = E/c∗2 depends on the doping7,8, reaching a maximum
of only 10% of the free-electron rest mass for our samples; this
has the notable effect of increasing the plasmon energy ωpl(q), as
shown in Fig. 5, calculated for a reasonable range (3 < ε < 10) of
dielectric constants.

Collective plasmon excitations are not really independent of
the e–h pair excitations discussed above, and therefore decay by
plasmon scattering is a valid description only outside the range
of kinematically allowed e–h processes, as shown in Fig. 5 for n-
doped graphene. This only occurs for decay processes with ω ∼ ED

and q ∼ 0 (as in Fig. 4e), when the plasmon spectrum does not
overlap the continuum of e–h excitations (blue region in Fig. 5).
This means that plasmons can have a large effect on the self-energy
around ω ∼ ωD.
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Figure 5 Energy diagram of electronic excitations in graphene. The blue region
shows the possible e–h pair excitations for graphene, computed for a conical band
structure with n= 5.6×1013 cm−2, as in Fig. 4a. The pink region shows the
plasmon dispersion calculated for a range of dielectric constants from ε = 3 (upper
rim) to ε = 10 (lower rim) using equation (2) together with the relativistic mass
taken from transport measurements7,8. The e–pl decay process occurs only for
plasmons outside the blue region, where plasmons are well-defined quasiparticles.

Given the plasmon dispersion relation, we can easily sum the
possible plasmon decays as a function of ω (Fig. 3, blue curve),
which is proportional to the scattering rate. We find a peak in Im Σ
located just below ED, whose width and intensity scales with ED. A
peak following these trends is clearly observed in the experimental
data (highlighted in blue in Fig. 3).

Previously, e–pl coupling was shown to affect the unoccupied
bands of a three-dimensional metal at the large plasmon energy
scale (∼20 eV) (ref. 38), but e–pl coupling at small energy scales is
normally forbidden for two- and three-dimensional electron gases
(except for the special case of layered electron gases39), so this is a
unique instance where e–pl coupling is kinematically allowed for a
pure two-dimensional system.

It is worth emphasizing that the model for the scattering rate
has only four adjustable scaling factors: the e–ph coupling constant
l, the absolute probabilities for e–h pair creation and plasmon
emission and the screening constant ε, which scales the Coulomb
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