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Abstract

The growth and electronic structure of bi-layer graphene (gr) on di erent substrates
attract a lot of attention in the last years owing to the possibility to tune the band
gap in the electronic spectrum for the graphene states around the K point. In the
present study the electronic structure of single- and double-layer graphene on Rh(111) is
studied using di erent surface science methods accompanied by the DFT calculations.
Itis shown that in case of 1 ML-gr/Rh(111), the free-standing-like electronic structure of
graphene is completely destroyed due to the strong interaction with metallic substrate.
For the 2 ML-gr/Rh(111) system the AB (Bernal) stacking of graphene layers is found,
leading to the restoring of the electronic structure for the top graphene layer, its n-
doping, and opening of the band-gap at the K point. These results lead to the deep
understanding of the interactions mechanisms between multilayer graphene and metallic

supports, that can be used for better modelling of di erent graphene-based applications.

Introduction

The recent studies of the crystallographic structure and electronic properties of di erent het-
erosystems on the basis of 2D materials attract increased attention.! 2 Particularly, systems
on the basis of bi- and tri-layer graphene (gr) are in the focus of many experimental and
theoretical works.# This interest is associated with the recent experiments on the electrostati-
cally doped twisted graphene layers, where unconventional superconductivity was observed.®
Such e ect is connected with the formed at bands near zero Fermi energy for the twisted
bi-layer graphene system, resulting in correlated insulating states at half- Iling.> While the
initial fabrication of the bi-layer graphene stacks was performed using the tear-and-stack
technique,®’ later the more advanced approaches were used, where atomic force microscope
or scanning tunneling microscope tips are used for the precise alignment and control of the
twist angle between graphene akes.® !

Regarding the electronic structure of bi-layer graphene, the formation of the at bands



in the electronic structure of twisted bi-layer graphene was con rmed in the nano- and

-ARPES (angular resolved photoelectron spectroscopy) experiments on samples prepared
using tear-and-stack technique on exfoliated layers.'? ¥4 Later -ARPES experiments were
used to study the doping of the twisted bi-layer graphene and explore the hybridization gaps
in this system.®> However, as pointed out before, all such experiments are performed on the
hybrid graphene-based systems of the m size, requiring the application of spectroscopic
methods with high spatial resolution. Therefore, preparation methods which are able to
provide multilayer graphene and allowing to study electronic structure of these layers on a
large scale are required.

The most promising way for the controllable synthesis of single- and multi-layered graphene
is the use of the catalytically active metallic substrates for the chemical vapour deposition
(CVD) of graphene as it is demonstrated in many experimental works. ¢ 23 It was shown that
even the industry-level approach can be used, allowing to prepare high quality single- and
bi-layer graphene on Cu foil, which then can be transferred on any desired support for fur-
ther use.?*?° For the bi-layer graphene it was demonstrated that for the weakly interacting
graphene-metal interface (e.g., gr/Ir(111)) the second layer of graphene is usually grown un-
der the rst layer in the disordered manner, whereas for the strongly interacting graphene-
metal interface (e.g., gr/Ru(0001)) the layer-by-layer growth is observed.'”-?° Regarding to
the layers’ arrangements in the bi-layer graphene system, the so-called AB (Bernal) or AA
stackings are possible.?®?7 In the rst case (AB), graphene layers are coupled that modi es
the linear dispersion of the graphene derived bands. For the AA stacking, graphene layers
are decoupled and the resulting structure is a superposition of linear bands associated with
every single graphene layer. ARPES experiments performed for the bi-layer gr/Ru(0001)
system con rm the existence of both AB- and AA-stackings of graphene on Ru(0001) heav-
ily exposed to ethylene (10° L) used during CVD synthesis,?° although the formation of the
3rd graphene layer, which would give very similar ARPES picture, was not completely ruled

out. Along with that, a few-layer graphene on Rh(111) was grown using high-



pressure CVD in the cold-wall reactor.?® In this case, the predominant growth of
the Bernal stacked multilayer graphene was found for the slow cooling rates and
the morphology as well as the electronic structure of the resulting layers were in-
vestigated using di erent methods including scanning tunneling microscopy and
ARPES, which results are very similar to bulk graphite. However, the growth
mechanism, arrangement of graphene layers, and electronic properties of single-
and bi-layer graphene on Rh(111) were not addressed. Thus further studies of the
similar systems are necessary in order to shed more light on the formation and electronic
structure of bi-layer graphene-based interfaces.

Here, we present electronic structure studies of the single- and bi-layer graphene on
Rh(111) formed using UHV-based CVD. The obtained gr/Rh(111) samples were rigorously
characterized using low-energy electron di raction (LEED) and X-ray photoelectron spec-
troscopy (XPS), and thickness of graphene layers was determined from the respective core-
level XPS data. Our systematic ARPES studies demonstrate that the rst graphene layer
on Rh(111) is strongly interacting with metallic substrate. It is manifested in the strong
shift of the graphene-derived bands to larger binding energies by more than 2 eV with the
simultaneous formation of the band gap at the K point between and  states. At the
same time a series of the graphene- /Rh-4d hybrid states is formed within this gap. The
second graphene layer on Rh(111) is relatively weakly bonded to underlying gr/Rh(111)
and according to our results the AB stacking for double graphene on Rh(111) is found. The
linear dispersion of the graphene-derived bands for the second layer is observed indicating
also the n-doping of this layer. The crystallographic structure and electronic properties of
all studied systems are also modelled using large-scale DFT and very good agreement is
found between experimental and theoretical data shedding light on the properties of these

graphene-metal interfaces.



Experimental details

The gr/Rh(111) systems with di erent thicknesses of graphene were prepared in UHV system
for ARPES experiments using the routine described in Refs. 29 31 via decomposition of
propene gas at T = 900 1000K and pc,u, =1 10 “mbar. Increasing of the synthesis
time allows to prepare graphene layers of di erent thicknesses, which were determined from
XPS experiments. This procedure leads to the single-domain graphene layers on Rh(111)
of very high quality and cleanness that was veri ed by means of LEED and XPS/ARPES,
respectively.

All experiments were performed at the BESSY |1 electron storage ring of HZB (Berlin) in
the photoemission station using PHOIBOS 100 2D-CCD hemispherical analyzer from SPECS
Surface Nano Analysis GmbH. For ARPES measurements a 5-axis motorized manipulator
was used, allowing for a precise alignment of the sample in the k space. The sample was
azimuthally pre-aligned in such a way that the tilt scans were performed along the K
direction of the hexagonal graphene-derived Brillouin zone with the photoemission intensity
on the channelplate images acquired along the direction perpendicular to K. The nal
3D data set of the photoemission intensity as a function of kinetic energy and two emission
angles, 1 (Exin; anglel; angle2), were transformed in 1 (Eg; ky; ky) and then carefully analyzed
(Eg is a binding energy and K., are two orthogonal components of the wave vector of elec-
tron, respectively). The base vacuum was better than 8 10 ! mbar during all experiments.
All XPS and ARPES measurements were performed at room temperature.

DFT calculations based on plane-wave basis sets of 400eV cuto energy were performed
with the Vienna ab initio simulation package (VASP).3233 The Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional®* was employed. The electron-ion interaction was
described within the projector augmented wave (PAW) method® with C (2s, 2p) and Rh
(4d, 5s) states treated as valence states. The Brillouin-zone integration was performed on

-centered symmetry reduced Monkhorst-Pack meshes using a Methfessel-Paxton smearing

method of rst order with = 0:2eV, except for the calculation of densities of states. For



those calculations, the tetrahedron method with Bl chl corrections®® was employed. The
k-mesh for sampling the supercell Brillouin zone is chosen to be 6 6 1. Dispersion
interactions were considered by adding a 1=r® atom-atom term as parametrized by Grimme
( D2 parametrization).®” The graphene/metal interfaces studied in the present work were
considered in the supercell geometry due to the relatively lattice sizes mismatch between
graphene and underlying metal.3® Each of such supercell is constructed from a slab of ve
layers of metal, a graphene layer(s) adsorbed on one (top) side of a metal slab and a vacuum
region of more than 19 . The used supercells have a (12 12) lateral periodicity with respect
to the graphene layer and (11 11) periodicity with respect to the unit cell of the Rh(111)
surface (Fig. 1). The lattice constant in the lateral plane was set according to the
optimized value of graphene (ag"r’t = 2:4638 ). At that, the lattice mismatch of

graphene and Rh(111) is less than 1 %: the in-plane lattice constant of Rh(111) in
this system (arn@111y = 2:4638 12=11 = 2:6878 ) is by 0:6 % compressed with respect

opt

to its relaxed value (aRh(m)

= 2:7048 ). Note: the in-plane lattice parameter
obtained for Rh(111) is in very good agreement with the experimental value:

a>Pt = 3:8034 p§:2 = 2:6894 . The positions (X, y, z coordinates) of C atoms as well

Rh(111)
as z-coordinates of the two topmost layers of the substrate were fully relaxed until forces
became smaller than 0:02eV ™~ !. The band structures calculated for the studied systems
were unfolded to the graphene (1 1) primitive unit cells according to the procedure described
in Refs.383% with the code BandUP. The size of the point in the respective gures presenting
the unfolded band structure gives the information about the number of primitive cell bands
crossing particular (k; E) in the unfolded procedure, i.e., the partial density of states at

(k; E). The pristine metal surface was modelled by symmetric slab consisting of 43 metal

layers and a 24 24 1 k-mesh was used.



Results and discussion

Figures 2 and 3 present a compilation of LEED and XPS results obtained during formation
of graphene layers on Rh(111). Di raction spots for the clean Rh surface show six di raction
patterns (Fig. 2(a)) which intensity alternates as a function of the primary electron energy
indicating the 3-fold symmetry of fcc Rh(111).

Formation of a graphene layer on Rh(111) with a thickness of  0:6 ML leads to the
modi cation of the LEED picture (Fig. 2(b)) and appearance of the additional patterns
which can be attributed to the graphene moir@ structure resulting from the lattice mismatch
between graphene and Rh(111) surface.?®3%4% At the same time the intensity background
in this LEED image is increased compared to the previous one for Rh(111) indicating the
increased degree of disorder on the surface of the system caused by the fractional graphene
coverage and associated increased scattering of di racted electrons on graphene fragments.
The C1s XPS line for the 0:6 ML-gr/Rh(111) system ( rst spectrum from the bottom in
Fig. 3) consists of two components, which can be assigned to the strongly (s) and weakly
(w) parts of the corrugated graphene layer.3%4° The corresponding t gives binding energies
for these components as E  Er = 285:00 0:02eV and E Er = 284:51 0:02eV,
respectively. The extracted integral intensities ratio for tted components is Is=I1,, 3:8
indicating the fractional coverage of the graphene layer on Rh(111), where edges of graphene

akes strongly bonded to Rh substrate contribute to the I intensity.

After the rst monolayer of graphene on Rh(111) is complete, the LEED image shows
intense di raction spots with background which is lower compared to the previous case
(Fig. 2(c)). The obtained results indicate the high quality of the formed complete graphene
layer on Rh(111) with small number of defects and absence of the rotational disorder in the
system. The respective XPS spectrum of the 1:0 ML-gr/Rh(111) system is also shown in
Fig. 3 (second spectrum from the bottom). The C1s spectrum for this system is in very
good agreement with previously published data3#° with positions for the strongly and

weakly components at E Ef = 285:02 0:02eV and E Er = 284:555 0:02eV,



respectively. The formation of the complete graphene layer on Rh(111) leads to the strong
reduction of the Is=1,, ratio to the value of 2:6 indicating the disappearance of the graphene
edges as well as the low number of defects in graphene.

The increase of the hydrocarbons’ dose leads to the formation of the second graphene
layer on top of 1:0 ML-gr/Rh(111). First of all it can be recongnized via the decrease of the
intensity for the di raction patterns in the LEED images associated with metallic Rh(111)
substrate (Fig. 2(d)). The corresponding C1s XPS line is modi ed (third spectrum from
the bottom in Fig. 3) and new component appears in the t procedure for the adequate
description of the respective photoemission intensity. The binding energy of this component
is determined as E  Er = 284:68 0:02eV (if the respective parameters for the t
components corresponding to the rst graphene monolayer on Rh(111) are kept the same as
before). Also the fractional coverage for the second graphene monolayer is determined from
the same t procedure and it amounts to 0:3 ML.

Further increase of the graphene’s synthesis time drives the formation of the almost
complete second layer as determined from the LEED and XPS experiments. According
to the respective LEED image (Fig. 2(e)), the spots’ intensity corresponding to Rh(111)
is suppressed and the di raction spots corresponding to the moird structure completely
disappeared. Also the slight elongation of the graphene-relate spots together with a very
weak ring-like structure is observed indicating the slightly increased degree of disorder for the
second graphene layer formed on gr/Rh(111). However, taking into account the absence of
any additional spots corresponding to the rotation of the graphene lattice, we can conclude
that graphene lattices from the rst and second layers are aligned, thus in this case either
AB- or AA-stacking of graphene on Rh(111) are possible. The respective XPS intensity
of the C1s line is signi cantly increased in the considered case (fourth spectrum from the
bottom in Fig. 3). Following the same t routine the binding energy of the component
corresponding to the second layer is found as E Eg = 284:75 0:02eV and the fractional

coverage for the second layer is calculated as 0:9 ML,; thus, almost the complete second layer



on Rh(111) is formed.

In order to determine the stacking order of graphene layer on Rh(111) we performed
detailed ARPES and DFT studies of the formed systems. Figure 4 shows a compilation
of the ARPES intensity maps obtained during formation of single- and bi-layer graphene
on Rh(111) and which correspond to the respective LEED and XPS data discussed earlier.
The presented ARPES map for clean Rh(111) (Fig. 4(a)) shows a good agreement with
the previously published data, which are, however, almost 30 years old.*? Following the
presented interpretation, the parabolic band with binding energy of E  Ef¢ 5:3eV at
the point is assigned to the Rh 5sp surface-derived electronic states. The electronic bands
located at E Eg 1:1eV and in the vicinity of the Fermi level at the K point are assigned
to the surface states of Rh(111), which are located within the energy gap which is found in
therange of E Eg 0::: 2eV for the clean metallic surface. The similar behaviour of
electronic states is also found for other close-packed surfaces, Ru(0001)#?4® and Ir(111).444°

After formation of a graphene single layer on Rh(111) the new clear parabolic dispersion
of the graphene-derived band is observed in the ARPES intensity map with a binding
energy of E  Eg 9:6eV at the point (Fig. 4(b)). This value is in good agreement
with previously presented data,3! which, however, is slightly smaller than the respective
value of E  Eg 10eV for the gr/Ni(111) system,*® 48 that can be explained by the at
geometry of the latter system where all carbon atoms are located on the same distance from
Ni(111). The electronic structure of the 1 ML-gr/Rh(111) system is very similar to the one for
gr/Ni(111)4"4® and gr/Ru(0001)**® and resembles a series of the so-called interface states
which are a result of the hybridization (energy and wave-vector overlap) of the graphene-
derived and Rh4d valence band states. Therefore, a large band gap of 4eV between

and  bands is formed at the K point. Along with that the intensity of the Rh-derived
states is suppressed, particularly the ones associated with a Rh interfaces layer (surface layer
for clean Rh(111)), that can be explained by the adsorption of a graphene layer on top.

Formation of the second graphene layer on Rh(111) is re ected in the ARPES data by the



appearance of the respective emission bands (Fig. 4(c,d)). From these data we can clearly
see, that the electronic structure of the second graphene layer on Rh(111) resembles the
one for the free-standing graphene, but slightly n-doped. Indeed, the binding energy of the
graphene-derived  band for this layer is smaller compared to that for the rst graphene
layer (Fig. 4(d)) - for the almost complete second graphene layer (1:9 ML-gr/Rh(111)) it is
E Er 8:43eV at the point. At the same time the position of the Dirac point for the
second layer is Ep Efg 0:37 eV and the extracted width of the band gap at the K point
is 100 meV. These results indicate the n-doping of the second graphene layer and suggest
the AB stacking of graphene layers on Rh(111) (as discussed later).

The output of ARPES experiments is supported by DFT results, which are compiled in
Fig. 5. First of all, the good agreement between experimental and theoretical data is found
for the clean Rh(111) surface (cf., Figs. 4(a) and 5(a)): all surface-related emission bands
are clearly reproduced and the respective energy gap in the energy range of 2eV below Eg
around the K point can be easily identi ed.

According to the previous results, single graphene layer forms the well-ordered moirg
structure on Rh(111) with a periodicity of (12 12) unit cells of graphene on (11 11)
unit cells of the Rh(111) surface® (see its crystallographic structure in Supplementary Ma-
terials le). In such a structure graphene is strongly buckled with a corrugation of 1:07
and shortest distance between carbon and Rh atoms of 2:08 , that was found in a good
agreement with experimental data. The electronic structure of this system obtained using
large-scale DFT calculations is presented in Fig. 5(b), which is in agreement with ARPES
results discussed earlier. As can be seen the electronic structure of graphene is completely
destroyed in the energy range around the Fermi level, graphene is strongly n-doped with a
binding energy for the band of E Ef 9:15eV at the point.

In case of bi-layer graphene on Rh(111), when the 3-fold rotation symmetry of the system
is preserved (see Fig. 2), two possible stackings of graphene layers on Rh(111) are possible,

AB (Bernal) or AA (see crystallographic structures in the corresponding Supplementary
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Materials les). As was discussed, in the rst case carbon atoms of adjacent layers follow
the bulk graphite structure with one carbon atom in the graphene lattice from the top layer
placed above the carbon atom of the bottom layer and the second one placed in the middle of
the hexagon formed by the carbon atoms of the bottom layer. For the AA stacking all carbon
atoms of the top layer are placed directly above carbon atoms of the bottom layer. According
to DFT calculations, the AB stacking of graphene layers on Rh(111) is more energetically
favourable compared to the AA stacking by 2:3meV/C-atom (in total 2:7704eV for the
unit cell containing 576 C-atoms in two graphene layers and 605 Rh-atoms). The extracted
distance between two graphene layers is 3:189 and 3:358 for AB and AA stackings,
respectively. The calculated band structure for the AB-stacked bi-layer graphene on Rh(111)
(Fig. 5(c)) is in very good agreement with ARPES data presented in Fig. 4(d). Comparison of
calculated band structures for AB- and AA-stackings of graphene on Rh(111) demonstrates
that in both cases the top graphene layer reveal the properties of the free-standing layer
and these calculations give almost the same binding energy of the band at the point
for the top graphene layer: E Eg 7.73eV vs. E Eg 7:75eV, respectively.
However, the energy regions around the Fermi level and the K point are di erent. In case
of AB-2ML-gr/Rh(111), the top layer is slightly n-doped with a position of the Dirac point
at Ep Ef 0:395eV and the band gap of 200 meV, that is in very good agreement
with experimental data presented above (taking into account the big size of the unit cell
used in the large-scale DFT calculations). At the same time, for the AA-2 ML-gr/Rh(111)
system, the top graphene layer is slightly p-doped with a position of the Dirac point at
Epb ErF +0:09eV and no band gap at the K point is observed. Such AA-stacked bi-
layer graphene with slightly p-doped top graphene layer was experimentally observed on
Ru(0001).2° However, in case of Rh(111) the formation of such system is not con rmed in
the present study.

The di erence electron density maps for all modelled systems are presented in Fig. 1

(Note: scale for the electron density di erence in (a) is by factor of 10 larger compared
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to (b,c)). As was previously discussed,3%°° the single graphene layer on Rh(111) is strongly
buckled with several high-symmetry positions for carbon atoms above Rh(111). According to
these considerations the shortest distance is obtained for the so-called BRIDGE positions. At
these places the most signi cant electron transfer between Rh(111) and graphene is observed
- graphene becomes strongly n-doped (Fig. 1(a)) and then its electronic structure is strongly
disturbed.

Further modi cations of the electron density w.r.t. 1ML-gr/Rh(111) after adsorption
of the 2nd graphene layer either in AB or in AA stacking are presented in Fig. 1(b,c),
respectively. These data correlate very well with experimental ARPES data in Fig. 4 as
well as with calculated band structures in Fig. 5. For example, in case of the AB-stacked
2 ML-gr/Rh(111) system the electronic structure of the top graphene layer is also de ned by
the charge transfer in the system (top graphene layer is slightly n-doped) and the symmetry
for two carbon sublattices in this layer is broken, as can be deduced from the density map.
Such e ect obviously leads to the opening of the band gap at the K point in the electronic
spectrum for  states of the top graphene layer as it is found in ARPES and DFT data. For
the AA-stacked 2 ML-gr/Rh(111) system, the top graphene layer stays decoupled from the
bottom gr/Rh layers and the sublattice symmetry in this case is preserved, as can be seen
from the corresponding electron density map. For the free-standing bi-layer graphene two
Dirac cones at the K point are located at 200 meV around the Fermi level.>1>2 Therefore
the small (residual) electron transfer from gr/Rh to the top graphene layer leads to the shift
of the Diract point to Ep Eg  +0:09eV as obtained in the DFT calculations. However,
as was discussed earlier the AA stacking of graphene bi-layer on Rh(111) is not observed

experimentally.
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Conclusions

In conclusion, the electronic structure of single- and double-layer graphene on Rh(111) was
studied using ARPES and DFT. The formation of all systems under study was monitored
using LEED and XPS, which also allowed to estimate the coverage of graphene layers in all
cases. In agreement with previous results, single-layer graphene on Rh(111) is determined
as a system with relatively strong interaction at the graphene-metal interface that leads to
the signi cant n-doping of graphene. As a consequence of the strong energy and wave-vector
overlap of Cp, and Rh4d valence band states the electronic structure of graphene around
Er is completely destroyed. In case of double-layer graphene on Rh(111) our ARPES data,
supported by the DFT calculations, show the formation of the AB (Bernal) stacked bi-layer
graphene. In this case the top graphene layer demonstrates the restored band structure
characteristic for free-standing graphene. The residual electron charge transfer from gr/Rh
to the top graphene layer leads to its small n-doping with a position of Dirac point at
Epb Er 0:37eV. Our analysis of the charge distribution at the interfaces indicates the
lifting of the carbon sublattices symmetry for the top layer in this case, that leads to the
opening of the band gap of 100meV in the electronic spectrum of states. The similar
analysis performed for the AA stacked bi-layer graphene on Rh(111) (which, however, is
not con rmed experimentally) shows the complete restoring of the free-standing character
for the top graphene layer with preserved carbon sublattices symmetry, which doping level
is de ned by the underlying gr/Rh. Our ndings help to deeper understand the electronic
structure of graphene layers of di erent thicknesses and stackings on metallic supports that
might be important for the modelling and understanding of the graphene-metal interfaces in

di erent applications.
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(a) 1 ML-gr/Rh(111)

(b) AB-2 ML-gr/Rh(111)
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Figure 1: Top and side views of (a) 1 ML-gr/Rh(111), (b) AB-stacked 2 ML-gr/Rh(111), and
(c) AA-stacked 2 ML-gr/Rh(111). Small (black/dark green) and large (light gray) spheres
are C ( rst ML/second ML) and Rh atoms, respectively. Red rhombus indicates the unit
cell. Side views for all structures are taken along the graphene arm-chair edge and they are
overlaid with electron charge di erence (  (r), in e/ 3) maps: (r) = nmigr=rnan(r)

gr top(1) n DMLgr=rh(111)(r), where n = 1;2 for single- and double-layer graphene on
Rh(111), gr-top is the top graphene layer in the respective system. Note: scale for the
electron density di erence in (a) is by factor of 10 larger compared to (b,c).
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Figure 2: LEED images of (a) Rh(111) @ 70eV, (b) 0:6 ML-gr/Rh(111) @ 75¢V, (c) 1 ML-
gr/Rh(111) @ 75eV, (d) 1:3ML-gr/Rh(111) @ 74eV, (e) 1:9ML-gr/Rh(111) @ 93eV.
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Figure 3: High-resolution Rh3d and C1s XPS spectra of single- and double-layer graphene
on Rh(111) with di erent graphene-coverages. Photon energy is h = 450¢eV.
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Figure 4: ARPES intensity maps along the K K direction for (a) Rh(111), (b) 1 ML-
gr/Rh(111), (c) 1:3ML-gr/Rh(111) and (d) 1:9 ML-gr/Rh(111). Photon energy in all mea-
surements is h = 95eV.
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Figure 5. Calculated band structures along M K for (a) Rh(111), (b) 1 ML-
gr/Rh(111), (c) AB-stacked 2 ML-gr/Rh(111) and (d) AA-stacked 2 ML-gr/Rh(111). In (a)
the partial weight of the bands corresponding to the Rh surface atoms is proportional to the
size of the symbols of the respective energy bands. In (b-d) the band structures are unfolded
for the graphene (1 1) primitive cell. Size of the symbol in these plots gives the number of
primitive cell bands crossing particular (k; E) in the unfolding procedure, that is, the partial
density of states at (k; E) for graphene.
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