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Abstract
By combining nonlinear photoemission experiments and density functional theory calculations, we
study themodification ofNi(111) surface states induced by the presence of graphene. Themain result
is that graphene is able to displace theNi(111) surface states from the valence band close to the Fermi
level uncovering the d-band ofNi. The shift of the surface states away from the Fermi levelmodifies
their k-dispersion and the effectivemass. The unoccupied image state of graphene/Ni(111)has been
also characterized. The ab initio calculations give a theoretical insight into the electronic properties of
graphene/Ni(111) in the two stable top-fcc and top-bridge phases showing that the interface
properties are poorly dependent on the stacking. The screening properties to an externally applied
electricfield are also discussed.

1. Introduction

Growing graphene onmetal surfaces gives rise to a change in the electronic structure of the substrate and the
overlayer whose entity defines theirmutual interaction as ‘weak’ or ‘strong’, while the interaction energy is
usually small [1–12].

It is known that inweakly interacting graphene/metal systems, where the graphene/metal distance is
comparable with that of the graphene layers in graphite, theDirac cone andmetallic surface states appear
essentially unchanged [13, 14].

In the strongly interacting systems, inwhich the carbon/metal separation is small, the situation ismore
complicated. For example, in graphene/Ru an additional image state appears, which is themost strongly bound
and is characterized by a shorter lifetime and a higher effectivemass. The origin of such state was explained
accounting for the corrugation of the graphene layer [14].

In this light, graphene onNi(111), growing as aflat layer with a small graphene/Ni separation (about
d=2.1Å), represents amodel system among the strongly interacting graphene/metal interfaces [15].
Moreover, themagnetic properties of Ni are expected to induce amagnetic character in the electronic states at
this interfacemaking graphene/Ni(111) a suitable system for application in spintronic. Considering the
electronic band structure of graphene/Ni(111), the region around the K point delivers themost interesting and
important informationwith respect to the possible spin-filtering effects. Nevertheless, also the electronic
structure at the G point on cleanNi(111), being dominated by spin polarized surface states, is relevant. A recent
study [16] has definitively clarified the electronic structure at the G point ofNi(111). A Shockley surface state,
derived from the sp band, with amajority spin component presides over the electronic structure at the Fermi
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level, while itsminority component is unoccupied. A second surface state withminority spin character, deriving
from the d-bands also exists with its counterparts [17–19].

Moreover, an unoccupied image potential state (IPS) is present at 0.8eV below the vacuum level, with an
exchange splitting of about 14meV, in agreement with the theoretical estimation based on the bulk penetration
of the IPSwave function.While a complete and detailed study of the surface states on cleanNi(111) has been
addressed [16, 17] an equivalent investigation on graphene/Ni(111) is lacking.

In this work, on the basis of linear and two-photon photoemission (2-PPE)measurements performed for
both graphene-covered and cleanNi(111) surface, we are able to supply a complete characterization of
electronic states close to the Fermi level of the strongly interactingmodel system graphene/Ni(111). In
particular, 2-PPE spectroscopy, with respect to the photoemissionmeasurements where aHe lamp is employed,
using a photon energy lower than the sample work function, allows to investigate both occupied and unoccupied
states close to the Fermi level. The experimental results are supported by state of the art density functional theory
calculations.

Being the in-plane lattice constant of the two systems very close, the unit cell of graphenematches that ofNi
and the graphene/Ni(111) system can display stable domains inwhich the overlayer growswith perfect order at
the interface. Indeed, although the formation of rotated domains is also possible, epitaxial layers aligned to the
surface lattice are easily formed, with different possible stacking configurations of carbon atomswith respect to
the underlying substrate. Among them the top-fcc, top-hcp, and fcc-hcpwere initially proposed as themost
stable ones [10], althoughwith some controversy. Theoretical calculations, performedwith different exchange
and correlation functionals, identified different energetically favorable stackings [20–22].Ab initio calculations
including dispersion forces finally established that the top-fcc and the top-bridge are equally probable, being
characterized by very similar chemisorptionminima [23–25].

This was confirmed also by a series of experimental studies that demonstrated the coexistence of these phases
[4, 23, 25, 26].

In the following, the characterization of the graphene/Ni(111) surface states has been carried out comparing
the 2-PPEmeasurements with the theoretical analysis of the electronic properties for both the top-bridge and
top-fcc stacking.Wewill show that the properties of the surface states are in general poorly dependent on the
stacking configuration. Concerning themeasured IPSs, the drawback of density functional theory in describing
the asymptotic decay of the potential in vacuumdoes not allow a direct comparisonwith the experiments.We
calculate ab initio the screening properties of graphene/Ni(111) that are directly related to the formation of the
image potential tail.We show that the two stackings display some differences in the spin dependent polarization
charge and density of states (DOS) at the Fermi level. Nevertheless the response to an external electric field is
quite similar in the two configurations suggesting that also the IPSs are not affected by the local arrangement of
the surface.

2. Experimental details

The epitaxial graphenewas obtained using aNi(111) crystal presenting carbon-contaminated subsurface, as
defined in [27].We recall that in this case, after the usual cleaning procedure inUHV (sputtering and annealing),
as soon as the temperature is increased to 400 °C–600 °C, the formation of graphene seeds at theNi surface is
observed. Under these conditions, the graphene islands expand, fed by theC atoms from the subsurface
reservoir, leading to a complete,mainly epitaxial, graphene overlayer [27]. DosingC2H4 (10

−7
–10−6mbar) after

the graphene nucleation increases the growth rate, without affecting the final graphenemorphology. In this
work, a carbon-contaminated subsurfaceNi(111) substrate has been prepared upon extensive C2H4 dosing (p
=10−7

–10−6mbar), followed by several cycles of Ar+ sputtering at 2KeV andflash annealing at 600 °C.This
procedure was necessary to remove the surface contaminants and oxidation due to air exposure, but it was not
strong enough to remove also the carbon reservoir. Then it was annealed at 550 °C for 60minutes, back-filling
the chamberwithC2H4 (2×10−6mbar), obtaining a complete epitaxial graphenemonolayer, as confirmed by
XPS, LEED, andUPS.

For nonlinear angle-resolved photoemissionmeasurements, a Ti:Sapphire laser systemdelivering 0.6mJ,
150fs pulses at awavelength of 790nmand 1kHz repetition rate was employed. The laser pulses were also used
to pump a travelingwave optical parametric amplifier covering awavelength corresponding to an energy range
from0.80 to 1.07eV. By quadrupling the output of the parametric amplifier, the photon energy could be tuned
continuously from3.20 to 4.28eV. The near-UVpulses were focused on the sample, kept in anUHVchamber at
a residual pressure<2×10−10mbar and annealed before the photoemission experiments to 650K to remove
any physisorbed species andwater resulting from transport through air. Photoelectronswere detected bymeans
of a custom-made time offlight electron spectrometer with an angular acceptance of±0.85° and an overall
energy resolution of∼35meV at an electron kinetic energy of 2.0eV. The experimental geometry and the
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available photon energies allowed the investigation of the parallel crystalmomentum in a range of±0.3Å−1

around kP=0 (normal emission). The angle of incidence of the laser beamwith respect to the surface normal
was θ=30°. Linear angle-resolved photoemissionmeasurements onNi(111)were collected using the fourth
harmonics (6.28 eV) of a Ti-Sapphire oscillator, 80MHzof repetition rate, and aVG-Scienta R3000
hemispherical electron analyser. Allmeasurements were carried out at room temperature.

3. Theoreticalmodel

The ab initio electronic structure calculations were carried out in density functional theory [28]within the
generalized gradient approximation, employing the Perdew–Burke–Ernzerhof functional [29] to handle
exchange and correlation effects. According to the self-consistentmethod implemented in the SIESTA code [30]
the core electronswere described by a separable norm conserving pseudo-potential. The electronic wave
functionwas expanded on a double-ζ polarized numerical orbital basis set. As suggested in [31], we have used
enlarged cutoff radii for the basis function ofNi atoms. A symmetric slabwith 52Ni layers sandwiched by
graphenewas used for the calculation. For a better description of electronic surface states whosewave functions
are spatially localized in vacuum, the basis set has been expanded in the vacuum region outside the graphene
plane usingNi atomic orbitals and Bessel functions. The energy cutoff wasfixed to 400Ry and the Brillouin zone
was sampled by a 12×12×1Monkhorst–Pack grid. TheDOSwas calculated on a six times densermesh of k-
points and aGaussian smearingwidth of 0.02eV.

The graphene layer was placed in both the top-fcc and top-bridge configurationwith respect to the
underneathNi substrate. TheNi atoms of the outermost layer and theC atoms of the graphene planewere
relaxed until the residual forces were smaller than 0.01eVÅ−1, while the cells size wasmaintained constant
during the calculation fixed by theNi lattice constant (a=3.58Å). The optimized graphene-Ni distance
resulted equal to 2.07Åand 2.09Åfor the top-bridge and top-fcc configuration, respectively.

4. Results and discussion

Figure 1(a) shows the electronic transitions giving rise to the features of the 2-PPE spectrum reported in
figure 1(b) and collected on graphene/Ni(111)with a photon energy of 3.90eV, withP-polarized light and at
normal emission (kP=0). Being the kinetic energy (EK) referred to the Fermi level, the edge atEK∼7.8 eV in
figure 1(b) represents the emission fromEF by two-photon absorption. Threemain features, labeled asQWS
(EK∼6 eV), IPS (EK∼7.2 eV), and BS (EK∼7.5 eV), are observed. To identify the structures belonging to the
occupied electronic states, a linear photoemission spectrum, using hν=6.28 eV andmainlyP-polarized

Figure 1. (a) Sketch of the graphene/Ni(111) electronic structures close to the Fermi level at the G-point of the Brillouin zone. Vertical
arrows indicate the expected excitation process responsible for the features in the 2-PPE photoemission spectrum. (b)Graphene/Ni
(111) 2-PPE spectrum, asmeasuredwithP-polarized light at a photon energy of 3.90eV and normal emission (kP=0) geometry. (c)
Linear photoemission spectrum collectedwith a photon energy of 6.28eV. The shaded peaks are the Lorentzian curves used to fit each
experimental feature, while the gray line shows the Fermi edge.
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photons at kP=0 (figure 1(c)), was collected. The structure atEK∼6 eV infigure 1(c)will be identified as the
BS state of the 2-PPE spectrum,while a newwide feature labeled as BSS atEK∼5.4 eV appears. The structures
observed in the spectra have beenfittedwith a Lorentzian convolutedwith aGaussian function accounting for
the experimental resolution (35 meV). For all themeasured features, except BS, two Lorentzians are necessary to
adequately fit the corresponding peak. This suggests that, conversely to the BS structure, two spin components
contribute to the IPS,QWS, andBSS photoemission signals. In particular, the last one is very broad and the two
spin components, shown infigure 1(c), are about 350meV apart, while the exchange splitting forQWS and IPS
(not shown in thefigure) amount to 150meV and 80meV, respectively. It is worth noting that the narrowness
of the BS feature could be due to the cut induced by the Fermi edge at 6.28eV. Comparing the two spectra
reported infigures 1(b) and (c)we assess that BS andBSS are occupied states with energy of−0.25±0.05eV
and−0.85±0.05eVwith respect to the Fermi level. The BSS state is not visible infigure 1(b) because it lies
below the IPS signal.

Differently, QWS and IPS are unoccupied states and their energies, referred to the Fermi level, are
2.15±0.05eV and 3.3±0.05eV, respectively.We ascribe the IPS to the n=1 IPS and its binding energywith
respect to the vacuum level results 0.95±0.1eV.

The scenario proposed above for the surface states is confirmed by collecting the 2-PPE spectra tuning the
laser photon energy from3.4 to 3.9eV (figure 2(a)) and tracking the energy position of IPS andBS versus the
photon energy (figure 2(b)). In these spectra, the occupied BSSmerges in the background due to its broadness
and to the presence of the IPS andQWS competitive channels. As expected, the energy position of the
unoccupiedQWS and IPS shifts as the laser photon energy (1 hnD ), while the occupied BS shifts with twice the
photon energy (2 hnD ). As can be observed infigure 2(a), the IPS feature can be detected only by using photon
energies larger than 3.55eV that corresponds to the transition fromBS to IPS. At this photon energy, we do not
observe a strong increase of the IPS photoemission intensity. The absence of a clear resonance suggests that the
BS structure is not a surface state. Surface state electrons, in fact, compared to electrons in bulk states aremore
likely to be laser-excited into the image potential since both, surface and IPS have a high probability density at
the surface and thus large spatial overlap. This causes a significantly higher 2-PPE intensity if the photon energy
is resonant with the energy difference between an occupied surface and the IPS [32].

In order to demonstrate that the occupied BS structure is theNickel d-band, we have collected linear
photoemissionmeasurements (hν=6.28 eV) on polishedNi(111). Infigure 3(a), the comparison between the
linear photoemission spectra ofNi(111) and graphene/Ni(111) at the G point for both S andP polarization is
reported. The spectra have been reported in kinetic energy referred to the Fermi level, evidencing the difference
in thework function that we estimate equal to 5.5eV forNi(111) and 4.25eV for graphene/Ni(111).

Themeasurements performedwithP-polarized light onNi(111) (black line) show two structures at
90±5meV and 260±5meV from the Fermi edge that can be attributed to the two surface features of
Ni(111), namely S1 in themajority component and S2 in theminority one, already reported in literature [17].
This is consistent with the capability ofP-polarized photons to evidence surface specific features. Differently, the
S-polarized light produces a photoemission spectrum forNi(111) (black line) characterized by only one feature
at 200meVbelow the Fermi energy, which is intermediate with respect to that of the features observedwithP-
polarized photons. Because S-polarization does not allowphotoemission frompure surface states, we attribute
the observed peak to theminority spin d-band ofNi. The spectra relative to graphene/Ni(111) display only one
broad feature, corresponding to the BS state, that is unchanged by varying the polarization. As a consequence, we
ascribe the latter to the d-band ofNi. The d-band collected by using a photon energy of 6.28eV appearsmuch

Figure 2. (a)Graphene/Ni(111) 2-PPE spectra collected by tuning the photon energy across the BS-IPS transition (from3.4 to 3.9 eV),
at normal emission (kP=0) andwithP-polarized light. (b)Kinetic energy of the IPS, SS, andQWS features versus pumpphoton
energy and linearfit to determine the number of photons (b values) involved in the photoemission process. The point where the two
lines cross corresponds to the BS-IPS transition energy.
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narrower than the valence d-band collected by using photon energies of tens of eV, for example using aHe lamp
(see the supplementarymaterial available online at stacks.iop.org/NJP/20/103039/mmedia).

In this light, we can state that the presence of graphene onNi(111) clears away from the surface states the
electronic structure close to the Fermi level, leaving, at the G point, only spin selected states belonging to the
minority d-band.

From angle-resolved photoemission data, it is possible to track the kP-dispersion for theNi(111) surface
states and for both occupied and unoccupied states of graphene/Ni(111) (see the supplementarymaterial). The
Ni(111) S1 state disperses, as expected [17], toward the Fermi energy, forming an electron pocket, with an
effectivemass equals to 0.42±0.02me, whereas the dispersion of the S2 state is hole-likewith
m 0.33 0.02* = -  me. TheQWS shows an effectivemass of about 0.6±0.02me. The IPS effectivemass
confirms the free electron like character of this state being m 1.1 0.02* =  me.

This value completes the characterization of the n=1 IPS on graphene/Ni(111). The IPS binding energy
(0.95± 0.1 eV) could be comparedwith the n=1 IPS (0.80± 0.03 eV)measured on cleanNi(111) [33] and
0.74±0.03eV on a similar interface (graphene/Au/Ni(111)) [13, 34].We note that the binding energy of the
graphene/Ni(111) n=1 IPS, heremeasured, results in disagreement with previous theoretical predictions
(0.41eV) [35].

It is worth noting that a theoretical description of IPS needs to reproduce the long range decay of the image
potential tail in vacuum, a requirement not accomplished by density functional theory treatment. Different
possible alternatives, less demanding than amany body approach, have been adopted, such as an empirical
correction to the ab initio potential in vacuum [36] ormore simplified one dimensionalmodels [37]. IPSs of
graphene on noblemetal surfaces were calculated through aThomas–Fermi theory applied to a 1Dpotential.
These calculations show that there is a relationship between the screening length of the supported graphene, the
charge transfer and the binding energy of the IPS [34, 38]. An alternative approach has been proposed by
Armbrust et al [39] that exploit an analyticalmodel potential for graphene onmetals showing that the IPS
binding energy is essentially determined by the graphene-metal distance. Following thismodel the IPS of
graphene/Ni(111) is expected to behave approximatively as that of graphene/Ru(0001) in the regions of strong
interaction, i.e. small equilibriumdistance. Nevertheless thesemodels workwell for weakly interacting
graphene/metal systems inwhich the charge density of graphene due to the doping level can be related, through
a simple analytical equation [40], to the difference of thework functions between graphene and the substrate and
to theirmutual distance. For strongly interacting graphene/metal systems, inwhich the chemical interaction
between the overlayer and the substrate significantlymodifies the electronic properties of thewhole systemwith
respect to the pristine ones, thismodel is not well grounded.

To assess the scenario of the states at the graphene/Ni(111) interface, theDOS and the band structure have
been calculated by a density functional theory approach and are reported in figure 4. The surface features in the
band structure are highlighted in red, while different colors in theDOS correspond to the projection on different
atoms in the system.We consider both the top-fcc (top panel) and the top-bridge (bottompanel) graphene

Figure 3. (a)–(b): Comparison between the linear photoemission spectra ofNi(111) (black line) and graphene/Ni(111) (red line)
collected by a photon energy of 6.28eV at the G point for bothP- and S-polarization. (c)–(d): kP resolved linear photoemission spectra
ofNi(111) forP- and S-polarization. The Fermi edge, at 6.28eV, ismarked by a solid gray line.
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stacking.Note that, in the latter the irreducible Brillouin zone is larger compared to that ofNi(111), due to the
lacking ofC3 symmetry in the system (while theC2 symmetry is preserved). As highlighted in the inset, the K M
and K M¢ high symmetry paths are nomore equivalent.

Differently, in the top-fcc stacking theC3 symmetry is preserved but the two carbon atoms are not equivalent
being one on top of theNi atomand the other in the fcc position. The broken symmetry betweenA andB
graphene sublattices gives rise to the opening of energy gaps in correspondence of theDirac cones at the Fermi
level and below [41], that are absent in the top-bridge stackingwhere theDirac cone is preserved. The theoretical
binding energies of the surface features at the G point are reported in table 1.

Concerning the occupied states, our theoretical calculations confirm the experimental finding. At the G
point we do notfind any evidence of surface state at−0.25eV. In this energy range there is instead theminority
spin band ofNi related to BS feature. The BSS is originated by a downward dispersing surface state which is

Figure 4.Density of state and band structure of graphene/Ni(111) in the top-fcc (top panel) and top-bridge (bottompanel) stacking.
The total DOS and theDOS at the G point of the two spin components are reported in the lateral panels with different colors,
corresponding to projection on different atoms/volumes. In themajority (left) andminority (right) spin band structures andDOS the
graphene states have been highlighted in red.

Table 1.Experimental and theoretical energies of the surface states of graphene/Ni(111)with respect to the Fermi level.
Energies in parenthesis are referred to the vacuum level.

Energy (eV) EffectiveMass (me)

Exp
top-bridge top-fcc

Exp top-bridge top-fcc

up dw up dw

BSS −0.85 −1.42 −0.89/−0.77 a −1.3a −0.72 — — —

BS −0.25 — d-band — d-band — — —

QWS 2.15 2.35 2.45 2.17 2.26 0.6 0.6 0.72

IPS 3.30 (−0.95) 3.68 3.80 3.50 3.60 1.1 — —

a Resonance state.
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shifted at higher binding energywith respect to S2 state of cleanNi(111). In the top-fcc configuration itsmajority
component results hybridizedwith the d-bandwhile theminority one retains its surface state character lying in
the energy gap. In the top-bridge stacking both the spin components can be identified at the G point. Notably in
the top-bridge stacking the BSS is split in two peaks for each spin component. One of the two spin contributions
is below the d-band, lying in the gap, and it resultsmore visible in the photoemission spectrum. The lifted
degeneracy characterizes also the surface states at lower energy, as for example the feature at−4.2eV. The
exchange splitting betweenmajority andminority spin BSS is comparable to the experimental one (see table 1).

The calculatedQWSdisplays at the G point an energy (with respect toEF) of 2.17eV and 2.35eV for the
majority spin component in the top-fcc and top-bridge geometry, respectively. The exchange splitting ofQWS
at G is 0.1 and 0.09eV for the two configurations. The effectivemasses of theQWS, estimated by a parabolic fit
in the (−0.15, 0.15)Å−1 kP range, are slightly different, being equal to 0.6me in the top-bridge and 0.72me in
the top-fcc, as expected due to the slightly different energy position ofQWS in the gap.

The comparison between the band structures of the graphene-coveredNi(111) and that of the clean surface
(see the supplementarymaterial) sets that the unoccupiedQWS is originated from the occupied S1majority spin
surface state ofNi(111) that results upward shifted in energy due to the interactionwith the graphene layer. This
assignment is supported also by the projectedDOS in different volumes showing that this state is spatially
localized on theNi surface layer (purple line), as usually happens for the Shockley surface state.

TheDOS and band structure display also a surface feature at about 3.9eV above the Fermi level that cannot
be directly comparedwith the IPS because it is generated by a potential which does not appropriately include the
image potential tail. Although a precise description of IPS is precluded by the adopted formalism, ab initio
calculations can give information about the screening properties of the system, that are directly related to the
formation of the IPS.

In order to address the differences between the two possible local arrangements of graphene onNi(111), we
have calculated the response of both the top-fcc and the top-bridge stacking to a small external electric field.We
consider the induced screening charge density which is reported infigures 5(c)–(f) for the two spin components.
The 2Dplot has been obtained selecting a plane passing through the two carbon atoms and the outermostNi
surface atom. Although theNi contribution remains higher, graphene contributes significantly to the screening.
The induced screening charge density ismainly due to theminority spin states that outnumber themajority ones
at the Fermi level, as shown in figures 5(a) and (b) inwhich an enlargement of theDOS is reported, also projected
on the three atoms that identify the plane for the 2Dplot.Moreover, the top-fcc stacking is characterized by a
major contribution of the carbon atom in the fcc positionwith respect to that adsorbed on top. Differently, in
the top-bridge configuration the two carbon atoms contribute equivalently. Although both the spin and spatial

Figure 5. (a)–(b)Density of states of the top-fcc and top-bridge configuration, projected onto different atomic volumes. (c)–(f)
Induced screening charge density on a plane passing through the two carbon atoms in the unit cell and the outermostNi atom. Top
panel: top-fcc stacking for themajority (right) andminority (left) spin component. Bottompanel: the same for the top-bridge
stacking. Red (blue) color corresponds to a reduction (increase) of charge upon application of the electricfield, the green color is the
reference zero density.
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descriptions of the induced screening charge density evidence some differences in the two stackings, these ones
are almost completely lost in the overall response to the electric fieldwhich is reported in figure 6 as the
normalized planar average of the total induced screening charge density n1(z) [36], as a function of z, normal to
the surface.

In particular, figure 6 shows that the graphene contribution to the response function is only slightly larger in
the top-bridge configuration. The image plane can be obtained as centroid of n1(z) [36]:

z z n z z n z zd , where d 1. 1im 1 1ò ò= =
-¥

¥

-¥

¥
( ) ( ) ( )

Due to the similarity of the two curves it results almost equal to 1Å for both the stackings. This implies that
the binding energy of the IPS does not depend on the arrangement of graphenewith respect to the substrate.

5. Conclusions

By a joint effort of linear and nonlinear photoemissionmeasurements and ab initio calculations, we characterize
the electronic states at the graphene/Ni(111) interface. The presence of graphene frees the occupied d-band
from the twoNi surface states. One shifts in the gap becoming an unoccupied state (QWS) and the other at
higher binding energy (BSS)with respect to the Fermi level. The image state, despite the small distance between
the graphene layer and theNi surface, seems to preserve its properties. The binding energy results, in fact,more
similar to that ofNi(111) rather than to the predicted theoretical value [35]. The one-potentialmodels, reported
in literature to calculate energies andwave functions of the unoccupied interface states, are able to reproduce the
experimental data of weakly interacting graphene/metal interfaces. Graphene/Ni(111), as underlined in the
introduction, is amodel system for strongly interacting systems and the experimental results here reported
require that themodels, so far proposed, have to be revisedwhen graphene strongly interacts with the substrate.
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