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ARTICLE INFO ABSTRACT

Article history: Here we show that by using a combined experimental and theoretical approach it is possi-
Received 25 March 2015 ble to separate the contributions to the interaction strength between epitaxial graphene
Accepted 10 May 2015 and transition metal surfaces arising from the geometrical and chemical properties of
Available online 21 May 2015 the supporting surfaces. This has been achieved by performing photoelectron measure-

ments and numerical simulations of the Cls core level spectral distribution for a large
number of graphene-metal systems, which have been obtained by systematic intercalation
of different metals (Co, Rh, Ir and Ru) at the graphene-Ir(111) and graphene-Ru(0001)
interfaces. We demonstrate that the chemical species of the substrate’s topmost layer plays
a major role in determining the coupling between graphene and its substrate. Moreover, we
show that both the experimental and the theoretical C1s spectral centres of mass are in lin-
ear relationship with the d-band centre of the transition metal substrate, which is consid-
ered a reliable descriptor of the graphene-substrate interaction strength. Our results
provide a simple method to determine and tailor the properties of graphene-metal
contacts.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction for the development of innovative nanoelectronic devices [3].

The synthesis of graphene on a metal surface by means of
The unique band structure and a high mobility and density of Chemical Vapour Deposition (CVD) is a technique which allows
charge carriers are just some of the remarkable properties of to obtain high quality graphene monolayers with a low density
graphene [1,2] which make it one of the most studied materials of defects [4] and ensures an efficient electric contact with a
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conducting surface, which is instead not trivial to establish at a
later stage [5]. The interaction of graphene with metal surfaces,
however, causes modifications to those properties that make it
unique, mainly because of charge transfer processes, re-
hybridization and changes to its band structure [6-8].
Moreover, magnetic substrates can induce magnetization of
the graphene lying on top, as has been demonstrated for gra-
phene on Ni(111) [9], and this could be used for interesting
applications of graphene such as magnetic tunnel junctions
and innovative memory devices [10,11]. A good understanding
of the interactions occurring at interfaces between graphene
and metals is therefore required to create high-performance
graphene-based nanoelectronic devices [6].

Metallic surfaces where graphene can be grown or depos-
ited can be classified depending on the degree of interaction
they establish with it [12,13]. Some show a weak, van der
Waals-like coupling and are characterized by a graphene-sur-
face separation close to the interlayer distance of graphite
(around 3A), such as Ir(111) [14] and Pt(111) [15]. Others,
instead, display a much stronger interaction, such as
Ru(0001) [16-18] and Re(0001) [19,20]: in these cases, the gra-
phene-surface distance is reduced, the nearest carbon atoms
lying at approximately 2 A from the metallic surface. Buckling
of the graphene layer is often present. Moreover, the band
structure of graphene is strongly modified, with the disap-
pearance of the Dirac cones and the opening of a band gap
at the Fermi level [21].

The alterations to the electronic structure in the former
case can be explained in terms of a difference in the work
functions of graphene and the metal substrate, which induces
a charge transfer at the interface and a shift of the Fermi
level, resulting in the formation of a surface dipole moment
[6]. For strongly interacting systems, however, there is still
debate as to what determines the interaction strength
between graphene and its metal substrate [13,21].

One possibility is related to the mismatch between the lat-
tice parameter of graphene and that of the underlying surface
which induces a different degree of re-hybridization on differ-
ent C atoms, and is known to drive the formation of moiré
superstructures of epitaxial graphene on transition metals
[22]. The geometry of the metallic surface not only causes
strain on graphene as its lattice parameter adapts to that of
the substrate, but could also influence its electronic proper-
ties. It has been demonstrated, in fact, that graphene on Cu
has a different degree of doping depending on the symmetry
of the surface over which it has been grown: (111), (110) or
(100) [23].

On the other hand, one can quantify the interaction by
extending Hammer and Nerskov’s model for the chemisorp-
tion of molecules on transition and noble metal surfaces
[24] also to graphene/metal systems [16,25]. This model
explains the chemical bonding between molecules and sur-
faces with a coupling between the valence orbitals of the
adsorbates and the metal d-bands. This coupling is maximum
when the orbitals of the molecule lie close in energy to the
metal d-band centre. In fact it has been shown that all sur-
faces which exhibit the strongest interaction with graphene
have a d-band centre lying around 1eV below the Fermi level,

whereas the interaction weakens as the barycentre moves
further away from it [13]. Also the spin polarization of gra-
phene on magnetic surfaces such as Ni(111) can be described
in terms of the hybridization between the metal’s d-band and
graphene’s = states [9]. The differences in the interaction
energy of graphene with transition metal surfaces have been
actually measured employing a nanoscale mechanical exfoli-
ation technique based on nano-scratching of graphene [26].

In order to understand the changes in graphene’s elec-
tronic structure induced by the coupling with different sub-
strates, angular resolved photoemission spectroscopy
(ARPES) is very often applied [7,15,27-33], as well as X-ray
absorption (XAFS), Raman and electron energy loss spectro-
scopies [8,27,34]. However, one of the limits of these powerful
approaches is that they do not allow to distinguish carbon
atoms in non-equivalent local configurations of the moiré
structures which are typically formed by graphene on top of
the metal surfaces. High energy resolution measurements of
the C1s core level, on the other hand, allow to study the elec-
tronic structure of metal-supported graphene layers in great
detail [12], since the dispersion of this level, which has actu-
ally been observed despite its being a core level, is very small
[35]. High energy resolution core level spectroscopy has
proved particularly effective in determining the doping of
weakly interacting graphene and in demonstrating its rela-
tionship with the work function of surfaces, since the energy
shift of the core levels reflects that of the valence band [36]. In
the case of strongly interacting graphene, however, chemical
bonding between the substrate and graphene introduces a
chemical shift in the core levels and the Binding Energy (BE)
does not depend exclusively on doping any more.

The primary aim of our combined experimental and theo-
retical investigation is then to distinguish the contributions
arising from the geometrical (lattice mismatch) and chemical
(elemental composition of the substrate) properties of the
surface on the interaction between graphene and metals,
and to verify whether C1s core level shifts are directly linked
to the surface chemical reactivity of the supporting metal
substrates.

We have achieved this by systematic intercalation of dif-
ferent metallic species at graphene-metal interfaces, follow-
ing the scheme reported in Fig. 1, a method which has
proved effective in decoupling graphene from the strongly
interacting Ni(111) surface [34]. The intercalation process, in
fact, modifies the chemical composition of the first surface
layer while preserving the symmetry and the lattice constant
of the substrate, provided the intercalated layer is of monoa-
tomic thickness. In order to make an extensive comparison in
controlled and reproducible conditions on model systems,
different single-crystal close-packed metallic surfaces were
used, one which interacts strongly with graphene (Ru(0001),
Iz, = 2.70 A) and one which interacts weakly with it (Ir(111),
I, = 2.72 A). Both substrates have a lattice parameter which
is larger than that of graphene (I = 2.46 A). The intercalated
species were also chosen in such a way that each of them pos-
sesses a different degree of interaction with graphene when
the latter is grown on their hexagonal close-packed surface:
besides Ru and Ir, we employed Rh (which exhibits an
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Fig. 1 - Schematic outline of the experimental procedure followed in the present work. (a) Pristine monocrystalline Ir(111)
(top row) and Ru(0001) (bottom row) surfaces. (b) Graphene growth. (c-e) Intercalation of different metallic species at the
graphene/metal interface. (A colour version of this figure can be viewed online.)

intermediate interaction strength with graphene) and Co
(which is even more strongly interacting than Ru).

2. Methods
2.1.  Experimental

All experiments were performed in Ultra High Vacuum condi-
tions, with base pressure never exceeding 2 x 10~*° mbar, at
the SuperESCA beamline [37] and at the Surface Science
Laboratory of the Elettra synchrotron radiation facility. All
photoemission spectra were measured at the beamline in
normal emission conditions; the electron BE scale was cali-
brated using the Fermi edge measurement in the same condi-
tions. The C1s spectra were measured using a photon energy
of 385eV with an overall experimental resolution of 40 meV.
Graphene was grown on Ir(111) and Ru(0001) surfaces using
well established procedures [18,38,39]. Its quality was verified
by measuring in situ the Cls core level spectra and the Low
Energy Electron Diffraction (LEED) pattern (further details
are provided in supporting information).

The intercalation of each metal was obtained by evapora-
tion while keeping the sample surface at 700 K. This temper-
ature was chosen because it generally allows metal atoms to
have enough mobility to diffuse above graphene, reach a suit-
able site for intercalation (mainly grain boundaries) and dif-
fuse below the surface, while it has been demonstrated that
metallic species deposited at ambient temperature usually
tend to form clusters on top of graphene, without intercalat-
ing [40-43]. After each deposition, we verified that the depos-
ited metals had indeed intercalated by monitoring the Ir4f;,,
or Ru3ds,, core levels’ line-shape (see supporting material).
LEED measurements confirmed that the lattice parameters
were not modified by the intercalation, i.e. the intercalated
layer was pseudomorphic.

About 1 monolayer (ML) of metal was deposited for each
system, in steps of approximately 0.1 ML each. The evolution
of the chemical, structural and electronic properties was fol-
lowed by acquiring the core-level spectra of graphene (C1s).
The photoemission spectra of the metallic substrate (either
Ir4f;,, or Ru3ds,) and of the intercalated species (Ir4f;,
Ru3ds,,, Co3ps/, and Rh3ds,,). were also acquired: the analysis
of these latter peak intensities was used to determine the cov-
erage of the intercalated metals (see supporting information).

After each intercalation step, the surface was cleaned by
means of repeated cycles of sputtering and annealing. The
surface cleanliness was again verified through photoemission
measurements before regrowing graphene using the same
procedures.

All photoemission spectra were fitted to a sum of Donjach-
Sunji¢ (DS) lineshapes [44] — characterized by a Lorentzian
width I', which takes into account the effect of finite core-
hole lifetime, and by the asymmetry index «, which describes
the low-energy electron-hole pair excitations near the Fermi
level — convoluted with a Gaussian distribution (full width
at half-maximum G) — which takes into account phonon,
inhomogeneous and instrumental broadening. The inelastic
contribution was modelled using a Shirley background [45,46].

2.2. Theoretical

Calculations were performed using Density Functional
Theory [47,48] with exchange-correlation effects included at
the level of the PBE-GGA [49] functional. We used the
Projector Augmented Wave [50] (PAW) method as imple-
mented in VASP [51,52] to account for the core electrons of
both metals and C atoms, with the 6s and 5d electrons of Ir,
5s and 4d electrons of Rh and Ru, 4s and 3d electrons of Co
and the 2s and 2p electrons of C explicitly included in the
valence. We used a plane-wave kinetic energy cut-off of
400eV.

The structures were obtained by overlaying a graphene
sheet over a (12 x 12) and a (9 x9) supercell for Ru(0001)
and Ir(111) respectively, using a 3 x 3 x 1 grid to sample the
surface Brillouin zone. The metal surfaces were modelled
using a slab with a thickness of 5 layers, with the atoms of
the 2 bottom layers kept fixed at their bulk positions, while
all the other atoms were allowed to relax. By modifying the
chemical species of the topmost metallic layer we were also
able to model the systems obtained from the intercalation
of metals below graphene. A vacuum interspace of at least
15A (between metallic layers, excluding graphene) was used
to minimize the interaction between periodic images of the
slab along the direction perpendicular to the surface, result-
ing in a super-cell of 24A along the z axis.

This approach allows to describe systems where a single
layer of metal is intercalated below graphene with high accu-
racy; however, it does not take into account local defects,
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which are inevitably present in real systems, such as vacan-
cies or 3-dimensional islands composed of two (or more) lay-
ers of intercalated metal.

Core-level BEs for C atoms have been estimated in the so-
called final-state approximation. This estimate does not
include the effect of core electron screening, as the other core
electrons remain fixed at the electronic configurations used to
generate the PAW potential. However the screening from
valence electrons is included, thus providing an accurate esti-
mate of its effect on the core level BE. Although the core level
energies themselves are not directly accessible because of the
frozen core approximation, differences of core level energies
are accurately reproduced [53].

The positions of the d-band centre E; with respect to the
Fermi energy Er for the different graphene-free metal surfaces
has been calculated as

B [ @BE - Enpae)

where pd(E) is the electronic density of states obtained by pro-
jecting the Kohn-Sham orbitals onto spherical harmonics of
type d centred on the metal atoms, and E, is a cut-off energy
that we chose to be 7eV above the Fermi energy.

equivalent atomic configurations where the component at
lower BE is mainly generated by the atoms in the higher por-
tion of the corrugation, and the one at higher BE is generated
by atoms closer to the substrate, thus showing a more pro-
nounced interaction with the metal underneath [12,18,54].
In contrast, the Cls spectrum of graphene grown on Ir(111)
(shown in Fig. 3a) is dominated by a single very narrow com-
ponent (W) at a BE of 284.12eV, which is a fingerprint of quasi
free-standing graphene on Ir(111) [12,55].

In the series of spectra acquired during each intercalation
experiment, it is clear that the Cls spectrum (Figs. 2b-d and
3b-d) changes dramatically as the substrate is covered by
the intercalated species. In order to accurately analyse the
data, we first obtained the lineshape parameters (T, o, G) from
the spectra acquired at the highest coverage of the interca-
lated species, and assumed that the lineshape of each compo-
nent (I,x) was constant throughout all the experiment,
whereas the Gaussian parameter G was allowed to change,
in order to describe possible contributions due to structural
inhomogeneities.

For all of the graphene/metal/Ir(111) systems (Fig. 3b-d) we
observe that the W component loses intensity upon intercala-
tion, almost completely vanishing for the highest coverage.
On the other hand, several components appear at a higher

3. Results and discussion BE, indicating a stronger degree of interaction between gra-
phene and the substrate. The BE of these components does
3.1. Experimental results not depend on the coverage, only the relative intensities being

All photoemission components of the Cls core level which
appear in any of the systems we analysed are reported in
Table 1, together with their BEs. The analysis of the Cls spec-
tra of graphene on Ru(0001) (Fig. 2a) was complicated by the
overlap of the 1s core level of carbon and the 3d5/, core level of
Ru. It was therefore necessary, in the analysis of the Cls spec-
trum, to include the Ru 3ds/, core level, determining its line-
shape from the 3ds;, component (see supplementary
material). The same procedure has been adopted for the anal-
ysis of all spectra acquired during the intercalation of each
metal on the Ru(0001) surface, as well as for the intercalation
of Ru on Ir(111).

The Cls spectrum of epitaxial graphene on Ru(0001)
(Fig. 2a) shows two distinct components, a weaker one (S3)
at 284.47eV and a more intense and narrower one (S1) at
285.13eV. The presence of two components is widely recog-
nized as a sign of the corrugation of graphene on Ru(0001)
[12,16-18]. They arise from a continuous distribution of non-

modified throughout the experiment.

Specifically, after Rh intercalation (Fig. 3b) we see a main
component at 284.42eV (S3) and two additional components,
with lower intensities, at higher BEs (S1-2) (Table 1). It can be
noticed that the BE of the S3 peak is quite similar for this sys-
tem and for the low BE component of graphene grown on
Rh(111), thus suggesting that this component could arise
from buckled areas of the graphene sheet. Component S1,
on the other hand, is close in BE to the high BE component
of graphene on Rh(111), and is most likely related to carbon
atoms strongly interacting with the substrate [56-58|.
Component S2, lying in between, most probably arises from
atoms in an intermediate configuration between the two.

A similar behaviour is observed for the intercalation of Ru
on Ir(111) (Fig. 3c): also in this case, three components (S1-3)
are detected (Table 1), lying between 284.41 and 285.10eV.
These components have BEs close to those found for the Rh
intercalation. Their relative intensities, however, are different
from the previous case, as the component at higher BE (S1)

Table 1 - BE of each component of the C1s core level photoemission spectrum in all systems studied in this work. The main

component in the spectrum of each system is indicated in bold.

System S1 (eV) S2 (eV) S3 (eV) W (eV)
GR/Ru(0001) 285.13eV = 284.47eV =
GR/Ir/Ru(0001) - 284.89eV — 284.23eV
GR/Rh/Ru(0001) 285.13eV 284.91eV 284.47eV =
GR/Co/Ru(0001) - 284.97 eV 284.47 eV -
GR/Ir(111) - — - 284.12eV
GR/Rh/Ir(111) 285.05eV 284.83eV 284.42eV =
GR/Ru/Ir(111) 285.10eV 284.75eV 284.41eV =
GR/Co/Ir(111) = 284.93eV 284.40eV =
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has a larger (almost double) spectral weight than the low BE
one (S3): this could indicate, on average, a stronger interaction
with the Ru layer than for the Rh layer. Besides the presence of
the S2 component, the spectral distribution is quite similar to
the one of graphene directly grown on Ru(0001) (Fig. 2a).

Finally, for the Co evaporation on Ir(111), we obtained a
large component (S52) at 284.93eV, and a weaker one (S3) at
lower BE (Table 1), indicating a generally strong interaction
with the Co layer.

By comparing the intercalation experiments on Ir(111), we
notice that the Cls core electrons of graphene (and therefore
also its interaction with the substrate) show significant
changes depending on the chemistry of the substrate. In par-
ticular, the interaction increases when passing from Ir to Rh,
Ru and finally Co, which has, on average, the strongest inter-
action with graphene among the systems studied.

Also for the experiments performed on Ru(0001) we
observe a very different behaviour depending on the element
being intercalated. In the case of Ir intercalation (Fig. 2b) we
notice a weakening of component S1, which almost com-
pletely disappears, while another weak component is present
at lower BE (S2). The intensity of component S3, however,
increases until it becomes dominant, while its BE moves lin-
early towards lower values, reaching 284.23eV at a coverage
of 0.8 ML (Table 1). At this point, the spectrum strongly resem-
bles that of graphene grown on Ir(111) and the dominant
component is similar to component W of the latter system.
This change in BE can be attributed to a smooth modification
of the properties of graphene, from few-atom buckling above
Ru(0001) towards a completely raised, weakly interacting gra-
phene above the Ir layer. The presence of the weak compo-
nent S2 could be attributed to the formation of local defects
and to inhomogeneities in the distribution of the Ir atoms.

Also the intercalation of Rh on Ru(0001) (Fig. 2c) leads to an
increase in the low BE component (S3). In addition, there are
two weaker components (S1-2) at higher BE (Table 1). In this
case, though, there are no changes in the BE of any component,
indicating that the modifications are limited to a change in
populations of weakly and strongly interacting atoms.

Finally, after the intercalation of Co on Ru(0001) (Fig. 2d)
the high BE component (S1) is replaced by a new one (S2), at
a slightly lower BE (Table 1). These two components are
always distinct and their BEs remain constant with increasing
Co coverage. On the other hand, the low-BE component (S3)
decreases: in general the spectral weight moves towards
higher BE, indicating a slightly stronger interaction of gra-
phene with Co than with Ru.

In conclusion, we observe a very similar trend to the
experiments on Ir(111), in which the spectrum greatly varies
depending on the chemical composition of the topmost layer
of the substrate, with which graphene interacts. Also in this
case, we found that the interaction with Ir is the weakest, fol-
lowed by Rh and Ru. Only Co has an interaction with gra-
phene stronger than Ru.

3.2. Theoretical results

Figs. 4 (intercalated layer on graphene/Ru(0001)) and 5 (inter-
calated layer on graphene/Ir(111)) show the theoretically

simulated minimume-energy geometric configuration for all
the systems studied in this experiment. The colour scale indi-
cates the vertical distance (z) of each carbon atom from the
surface plane of the metallic substrate. The metallic substrate
itself is actually corrugated when it strongly interacts with
graphene. This corrugation, however, is an order of magni-
tude lower than that of graphene. For this reason, the vertical
distance has been referred to the mean vertical position of all
atoms composing the metallic surface.

For all systems, graphene’s properties strongly depend on
the chemical composition of the topmost layer of the sub-
strate. In particular, where the topmost layer consists of Ir
(Figs. 4a and 5a), the distance between graphene and the sub-
strate is larger than 4A and the former has a very small cor-
rugation. This is in contrast with all other systems, where
the distribution is much wider, with the nearest atoms closer
than 2A to the surface and the farthest between 3.4 and 3.9A.
For all systems, the unit cells of graphene whose atoms are
farthest from the surface are those where the centre of the
honeycomb lies in an on-top site of the substrate, and there-
fore both atoms lie in hollow sites. On the other hand, the
cells closest to the substrate are those where the centre of
the honeycomb lies in bridge sites, and both C atoms lie above
a metallic atom.

In particular, the distribution along z of the atoms of gra-
phene above a Co layer (Figs. 4d and 5d) has a very sharp peak
at low z values (between 1.9 and 2.1A), with only a small num-
ber of atoms located at more than 2.1A from the surface (and
up to 3.5A), 25% of all C atoms on Ir(111) and 13% on
Ru(0001).

In the case of graphene on Ru, most of the C atoms lie at a
small distance from the substrate (between 2.1 and 2.3A). The
others, which are more than 25% in the case of
graphene/Ru(0001) and almost 50% for graphene/Ru/Ir(111),
lie at a higher distance, reaching up to 3.7A on the former
substrate (Fig. 4c) and up to 3.9A above the latter (Fig. 5c).
The number of weakly interacting C atoms and the range of
the C atoms’ z values for Ru are larger than for Co, indicating
a slightly weaker average interaction.

Finally, the distance of graphene from the Rh layer has a
quite uniform distribution which ranges from 2.1 to 3.7 A for
Ru(0001) (Fig. 4b), and from 2.1 to 3.9A for Ir(111) (Fig. 5b),
thus suggesting a smoother corrugation and a weaker inter-
action of graphene with Rh than with Co or Ru, but still stron-
ger than with Ir.

The calculated distance between graphene and Ru(0001)
is in good agreement with experimental values found in liter-
ature [59]. This is also the case of the separation between gra-
phene and intercalated Co on Ir(111), which is in very good
agreement with previous experiments on the same system
[60]. Moreover, the z value of about 2A found for the majority
of atoms in both systems corresponds to the height found for
all atoms of graphene above Co(0001), where graphene
matches the lattice of the surface forminga 1 x 1 commensu-
rate structure [13,61]. The two systems where graphene lies
above an intercalated Rh layer have the same corrugation as
graphene on Rh(111) [13,62]. The separation of graphene from
Ir(111) appears instead to be overestimated, being by more
than 1A larger than the inter-layer distance of graphite [14].
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This can be attributed to the presence of dispersive forces
which are not included in the present calculations [25,63]
and which are not negligible in this case.

The DFT calculations were also used to calculate the core
level BEs of all C atoms, but since such theoretical methods
only provide the relative positions of the Cls BEs for non
equivalent atoms, we first had to rigidly shift the energy scale
to align its reference to that of the measured data. To this pur-
pose we first aligned the centre of the calculated BE distribu-
tion for the Ir(111) system to the actual experimental data,
and then shifted the BE scale for all systems by the same off-
set. The graphene/Ir(111) system was chosen because it dis-
played both the narrowest experimental spectrum and

theoretical BE distribution, thus minimizing the error in the
calibration.

The 1s BE distributions of the C atoms inside the moiré cell
for each of our systems are reported in Figs. 6 and 7. A differ-
ent behaviour of the Cls BEs distribution can be observed for
different chemical compositions of the substrate’s topmost
layer, regardless of its geometry. Graphene lying above Ir
has a very narrow distribution of Cls BEs, centred around
284.20eV for graphene on Ir(111) (Fig. 7a), and between
284.25 and 284.28eV for graphene on Ir intercalated on
Ru(0001) (Fig. 6a). On the other hand, the distribution is much
wider for graphene sitting on Rh, Ru and Co (Figs. 6b-d and 7b-
d). Most of the computed C1s BEs, in fact, fall in the range
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between 284.50 and 285.35eV and in some systems — such as
Ru on Ir(111) (Fig. 7c) — can reach up to 285.5eV. What differs
among these corrugated systems, however, is the shape of the
distribution, which is different depending on the topmost
metallic layer. Around 50% of the C atoms lying above Rh have
closely spaced Cls BEs ranging between 284.5 and 284.7eV,
while the others are evenly distributed at higher BEs. On the
other hand, most atoms of graphene above Ru have a Cls
BE between 285.1 and 285.3eV, while only around 13% of the
atoms above Ru(0001) and 25% of those above Ru on Ir(111)
are concentrated at low BE. Finally, C atoms belonging to gra-
phene lying above Co have a sharp peak in their C1s BE distri-
bution centred at around 285.20eV, with only around 15% of
the C atoms having a 1s BE lower than 284.7eV.

As can be observed in the bottom graphs in Figs. 6 and 7,
there is usually a correlation between the distance of each
carbon atom from the underlying surface and its C1s BE, with
the latter decreasing as the former increases. The situation is
more complicated for the case of graphene on Rh (Fig. 6b),
where some adjacent atoms, despite being at the same dis-
tance from the substrate (about 2.5A), show a large difference
(up to 500 meV) in the C1s BE. In this case, in fact, the energy
of each atom is related to the site it occupies on the surface:
in particular, the BE is maximum for atoms occupying on-top
or bridge sites and minimum for threefold hollow sites. This
particular behaviour has already been observed for epitaxial
graphene on Rh(111) and has been explained in terms of
the hybridization of the = states of graphene not only with
the d,. but also with the d,x and d,, bands of Rh [64]. This
dependence of the BE on the site is not observed for atoms
either too close to the surface (around 2A) or too far (above
3A).

The theoretical simulations also allowed us to compute
the average distance of each C atom from its three nearest
neighbours; the distribution is described in detail in the sup-
porting information. This is one of the parameters influenced
by geometry: since the moiré unit cell is preserved in the
intercalation process, the average separation between C
atoms is larger (by around 0.02A) in systems having the moiré
unit cell of graphene/Ru(0001) than in systems having the
moiré unit cell of graphene/Ir(111).

The similarity between the histograms representing the
C1ls BE distribution and the measured XPS spectra for each
of the systems studied in this work underlines the accuracy
and validity of the calculations. In order to further confirm
their agreement, we have compared the barycentre of each
calculated distribution with that of the corresponding exper-
imental spectrum. To do this with the best possible accuracy,
we calculated it for all the coverages up to a monolayer, and
then used the value obtained through a linear fit. In most sys-
tems, the experimental values agree with the calculated ones,
within an uncertainty of 40 meV. The only cases where we
found a slightly worse agreement were both systems obtained
from Rh intercalation and the one obtained by intercalating
Ru at the graphene/Ir(111) interface. All these systems were
characterized by a higher disorder, indicating that these
experimental systems were in part different from those sim-
ulated in the calculations. In particular, in the first two cases,
the reason can be ascribed to the fact that a small portion of

Rh atoms were not completely intercalated but also formed
clusters on the graphene surface, a behaviour previously
observed for the low temperature Rh deposition on
graphene/Ir(111) [41].

3.3. Discussion

From the comparison of the data obtained in the different
intercalation experiments, it is clear that there are major dif-
ferences in the geometric and electronic properties of the gra-
phene layer among systems with a different chemical species
at the interface. For example, the intercalation of Ir on
graphene/Ru(0001) leads to a very weakly interacting gra-
phene layer, as for graphene/Ir(111), while intercalation on
graphene/Ir(111) leads to stronger interaction with the sub-
strate, resulting in a buckling of the graphene layer. On the
other hand, interfaces having the same chemical species
show very similar properties regardless of the difference in
the lattice parameter of the supporting substrate.

These results suggest that the key role in determining the
strength of interaction is played by the chemical composition
of the substrate. Geometry, on the other hand, mainly determi-
nes the periodicity of the moiré, which is preserved after interca-
lation. This is particularly obvious if we consider the case of
graphene interacting with Co: it is flat and commensurate on
Co(0001) [13], while it is buckled in the case of the Co
intercalation.

A further proof of the important effects of the electronic
structure and the composition of the substrate on its interac-
tion with graphene comes from the correlation between the
position of C atoms with respect to the surface sites and their
Cls BE. As has been already mentioned, the BE — and there-
fore the interaction — is maximum for C atoms in on-top con-
figuration and minimum for those in hollow sites, even
among atoms located at the same distance from the sub-
strate. This effect demonstrates that the interaction between
graphene and metal surfaces depends on the hybridization
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between the r, orbitals of graphene and the d-band of the
substrate [24].

In order to find the relationship between the C1s core levels
and the chemical properties of the supporting substrates we
plotted (in Fig. 8) the experimental and theoretical C1s spectral
barycentres versus the calculated d-band centre of the topmost
metalliclayers. Indeed, as firstly pointed out by Wangetal. [17],
and more recently extensively described by Toyoda et al. [25],
d-band metals greatly influence the potential-energy surface
of graphene on transition-metal surfaces and are largely
responsible for the adsorption properties of graphene.

Besides the very good agreement between experimental
(round markers) and theoretical (square markers) values, we
found a strong linear relationship between C1s spectral cen-
tre of mass and calculated d-band centres. Although core-
level BEs are certainly affected by final-state contributions
which are intrinsic to the photoemission process, their contri-
bution does not obscure this linear relationship. This offers a
further proof that core level spectroscopy can be considered a
useful experimental descriptor of the interaction strength of
graphene with transition metal surfaces.

4, Conclusions

In summary, we have studied systems in which graphene is
supported on monocrystalline transition metal surfaces con-
strained to the periodicity of Ir(111) and Ru(0001), both from
a theoretical and experimental point of view. We have
demonstrated that the chemical species of the topmost layer
of the substrate plays a major role in determining the
strength of interaction between graphene and its substrate.
We have verified that the Cls spectral barycentre has a linear
relationship with the d-band centre position, which is recog-
nized to strongly influence the coupling between graphene
and the metal surface. We have therefore demonstrated that
C1s core level spectra contain relevant information on gra-
phene-metal interfaces and can be considered a reliable
descriptor of the graphene-substrate interaction strength.
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