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First-principles calculation of the electronic structure and EELS spectra
at the graphene/Ni(111) interface
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A spin-polarized first-principles calculation of the atomic and electronic structure of the grapHaa&yNi
interface is presented. Different structural models have been considered, which differ in the positions of the
carbon atoms with respect to the nickel topmost layer. The most probable structure, which has the lowest
energy, has been determined. The distance between the floating carbon layer and the nickel surface is found
smaller than the distance between graphene sheets in bulk graphite, in accordance with experimental measure-
ments. The electronic structure of the graphene layer is strongly modified by interaction with the substrate and
the magnetic moment of the surface nickel atoms is lowered in the presence of the graphene layer. Several
interface states have been identified in different parts of the interface two-dimensional Brillouin zone. Their
influence on the electron energy loss spectra has been evaluated.
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I. INTRODUCTION and Tsukadd.Their calculation shows that the band structure
for the nickel substrate is not modified in presence of the

Graphene consists of a single graphite layer with strongarbon overlayer while the graphemebands change signifi-
covalent bonds between carbon atoms arranged in a honegantly due to the overlapping of the graphenerbitals and
comb lattice. The nearest neighbor distance in the graphergubstrated-bands. This overlapping is responsible for a gap
layer (1.42 A) is very cloge to the characteristic distance of gpening near th& point of the surface Brillouin zone and a
the Ni(111) surfaceay;/V6=1.44 A, whereay;=3.52 A is  mixing of the graphener-orbitals with the nickeld-bands.
the measured lattice parameter for fcc nickel. The small difYamamotoet al. have studied a 22 atoms clust@zHgNi; o)
ference between these two distances explains why a singlgith the same interatomic distances as for model A. Their
sheet of graphene can be grown on théllii) surface with  calculation concludes in a charge transfer from the metal to
perfect order at the interface. This two-dimensional system ishe graphene, due to occupied cluster hybridised orbitals
interesting from a fundamental point of view because thavhich result from the overlapping of nickel and graphene

electronic and magnetic structure of both nickel andorbitals of nearly the same enerfyThese two theoretical
graphene may change at the interface, but also because the

graphene/Nil1]) interface can be considered as the simplest Model A Model B Model C
model system to explain the properties of more complex g

carbon/metal interfaces. Examples of these interfaces can b |
found in intercalated graphifejncommensurate transition ’
metal/graphenéand carbide/graphene interfages in filled
fullerenes and nanotubfgsfor which curvature effects may
be important and modify the interaction between the filling
metal and the carbon graphitic coverage.

Epitaxial layers of graphene on (dil1) have been ob- ‘

tained recently by decomposition of ethylene at temperatures |~ |

higher than 900 K57 Electron diffraction studies have con- i S g g

firmed that the carbon overlayer is well ordered and pos-._g....... AP S IPS I P S 4%
sesses therB symmetry of the Nil1l) substraté:® Three w - d, hd j hd - w d,
different models, which preserve thisndymmetry, can be L 4 L
considered for the adsorption sites of carbon atoms. Resei - & i 2 e £ T ‘
al.8 have proposed a model where the carbon atoms occup.. G - @ gt . g - .4

all the hollow sites of the nickel surfagéhe so-called hcp

hollow sites just above the atoms of the second nickel layer 6 1 The three possible models witmymmetry for the

and the fcq hollow sites above the atoms qf the third n'Ckebraphene/Nilll) interface. Top: top viewthe Ni atoms are repre-
layen. In this model, shown as model A in Fig. 1, the carbonsented by big spheres and are colored with darker grey as their
layer is floating at 2.80 A over the topmost nickel layer andgistance from the interface increases, the carbon atoms are repre-

the distance between the nickel layers is the same as for thnted by small sphetesBottom: side view in the plane indicated
bulk metal, as deduced from surface sensitive Electron Enpy a dotted line in the top views. For the values of the distadges

ergy Loss Spectroscopf§EELS) experimeng The electronic  d,, andd,, see Table I. The two nonequivalent carbon atomsu@
structure for this model has first been calculated by Souz, are indicated for model C.
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studies of model A neglect the magnetic polarization of the2.2 a.u. for nickel atoms and 1.3 a.u. for carbon atoms. For
nickel substrate. Gamet al. have proposed two alternative the fundamental paramet&K,,, (product of the smallest
models for which half of the carbon atoms are located jusmuffin-tin radius by the largest wave-vector used in the plane
above the interface nickel atoms, while the other carbon atwave expansionwe usedRK,,=8.5 to calculate the elec-
oms are located either in the hcp hollow sitesodel B of  tronic structure of the NL11) surface andRK,=5.0 to

Fig. 1) or in the fcc hollow sitesmodel C of Fig. 1.5 They  study the graphene/Mill) interface. These choices ensure
concluded from Low Energy Electron DiffractiofLEED) an equal energy cut-off of about 15 Ry for all the systems.
measurements that model C is the most favorable with &he basis of standard local orbitals which was used to de-
distance of 2.11 A and 2.16 A between the nickel substratscribe the valence states was augmented with additional local
and the two nonequivalent carbon atoms of the graphenerbitals for a better description of the semicome Sates of
overlayer. The buckling measured in this stu@y05 A) is  nickel and the & states of carbon. The irreducible wedge of
smaller than the estimated err@bout 0.07 A. This result the two-dimensional Brillouin zon€¢2D-BZ) was sampled
has further been confirmed by an Impact Collision lon Scatwith a k-mesh of 102 points. This mesh is generated with a
tering SpectroscopfiCISS) experiment where a distance of special grid used in the modified tetrahedron integratfon.
2.1 A has been measured between the overlayer and the subBhe surface and interfaces were modelled using symmetric
strate. The electronic structure of the graphen@M) inter-  slab cells periodically repeated in the whole space, with a
face has never been studied in a first principles spin polarizedacuum separation of 22 a.u. for the clean surface, reduced
calculation. Moreover, it would be interesting to compare theto 15-16 a.u. after adding the graphene overlayss took
electronic structure of this interface with that of the the same cell size for all the system¥é/e used a slab of 13
h-BN/Ni(111) interface because graphite is a semimetalayers of nickel, large enough for reducing interaction effects
while h-BN is an insulator. Grackt al. have studied the between the successive surfaces. Nicatyl. have shown
h-BN/Ni(111) interface in a spin-polarized calculation. They that such a large slab is necessary to avoid the effect of
found that the interface induces a reduction of the nickeprtificial splitting of the surface statés.

magnetic moment and is responsible for a spin-dependant
shift of theh-BN 7-band!

In the present paper, a spin-polarized calculation for the
three models of the graphene(lML1) interface is presented.
The results concern the structural relaxation, the magnetic In order to find the most stable interface atomic structure,
moment of the Ni atoms and the electronic structure of theve have performed a self-consistent calculation for the three
interface. Particular attention is given to the EELS study anchossible geometrieénodels A, B, and €shown in Fig. 1.
we present results for the calculated carliordge. Indeed,  Structure relaxation was allowed in tfi@11] direction by
the continuous progresses of electron transmission techminimizing the forces acting on the atoms of the graphene
niques with an ultimate lateral resolution of a few angstromspverlayer and of the first and second nickel layers. The dis-
allow the investigation of the electronic structure and its lo-tance between the othét11) nickel layers is the calculated
cal modifications at an interfacé-**Our paper is organized bulk valued=2.028 A. The minimum energy is finally cal-
as follows: in Sec. Il we give a rapid description of the culated for the different models when all the atoms have
theoretical methods that have been used in our calculationgeached their equilibrium positions. The results for the
In Sec. Il we describe the three different atomic structuresatomic structure are given in Table |, where we have reported
that describe the interface. For each of these structures, whe equilibrium values for the distance, between the
calculate the atomic positions and we show which structurgraphene layer and the (4iL1) surface, and the distancds
has the lowest energy. Section IV gives result for the elecandd, between the first three layers of the nickel substrate.
tronic and magpnetic structure near the interface. In Sec. V w&he calculated energy for the different models is also given
describe how the EELS carbdfredge spectra are modified in this table. A short inspection of these results shows that
by interactions with the nickel substrate and finally we con-model C is the most favorite configuration, in agreement

Ill. ATOMIC STRUCTURE
OF THE GRAPHENE/Ni(111) INTERFACE

clude in Sec. VI. with LEED and ICISS experimental conclusiohs.We
found that the energy is, respectively, 62 meV and 66 meV
Il. EIRST PRINCIPLES METHOD higher for model A and model B than for model C. These

energy differences are comparable kgT, where T is the
We performed the self-consistent calculation of the totatemperature found in the literature for the synthesis of the
energy and charge, as well as the determination of the eleinterface. No appreciable buckling between the two non-
tronic and atomic structure, using a relativistic “full- equivalent carbon atoms was found in our calculation and the
potential” method based on “augmented-plane-wavesgalculated distance between the graphene layer and the sub-
+local orbitals”(APW+lo) as implemented in the WIEN2k strate(about 2.12 A is very close to the measured vafie.
code!® This code uses a basis of wave functions, which isAs expected, this calculated distance is nearly the same for
very efficient for solving the Kohn-Scham equation in themodel B and model C, but the energy difference found be-
density functional theoryDFT) framework. The exchange tween these two models shows that nickel atoms of the sec-
and correlation potential was treated in a generalized gradiend and third layers also intera@ven if weakly with the
ent approximatiofGGA) in the parameterization of Perdew, graphene layer. The rather high equilibrium distance between
Burke, and Ernzerhdf We used atomic sphere radii of the graphene layer and the substrate found for model A
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TABLE |. Results for the atomic structure of the three grapheri@ld interface models and for the
clean N{111) surface:d, is the distance between the graphene overlayer and the interface nicke(treyer
two values for the two nonequivalent carbon atoms are indigateds the distance between the interface
nickel layer and the second nickel layds;is the distance between the second and third nickel laydtss
the energy difference between the energy calculated for the different slabs and the energy calculated for
model C;mis the interface/surface nickel spin magnetic moment.

Ni(1112) Model A Model B Model C
do A) 3.050/3.050 2.113/2.120 2.122/2.130
dy A) 2.006 1.975 2.034 2.011
d, (A) 2.029 1.999 2.015 2.014
AE (eV) +0.062 +0.066 0.000
m (ug) 0.716 0.673 0.514 0.553

(about 3.0 A indicates that the electronic structure of clean N{111) surface(+7%). For the three interface models
graphene will not be strongly modified by the nickel surfaceand for the clean surface slabs, the magnetic moment con-

in this configuration. verges to the same valB.67 ug) in the center of the slabs.
The small discrepancy of 0.0dg found between this value
IV. ELECTRONIC AND MAGNETIC STRUCTURE OF THE and the calculated bulk value can be due to the different
GRAPHENE/Ni(111) INTERFACE k-meshes used in the sléwo-dimensional mestand in the

bulk (three-dimensional mesltalculations. In accordance
Results for the nickel magnetic moment as a function ofwith the results of Gradet al. in the case of the

the distance from the interface are shown in Fig. 2 for theh-BN/Ni(111) interface'! we have observed oscillations of
three interface models. These results are also compared the magnetic moment in the slabs, with amplitude of 0.45%
the same figure with those calculated for the cleafiMi and a period of 6—8 layers. These oscillations can also con-
surface. For each of these systems, the interfac¢he sur-  tribute to the 0.04g discrepancy between the magnetic mo-
face is on the right-hand side of the figure while the centerment in the center of the slab and the bulk value.
of the slab is on the left-hand side. The horizontal dashed In Fig. 3 is reported the majority spin band structure of
line refers to the calculated magnetic moment of bulk nickeffour different systems: the clean (411) slab (a), the
(0.66 ug). The magnetic moment is evaluated from the dif-graphene monolayefb), the slab terminated by graphene/
ference between majority and minority spin electrons insidé\i(111) interfaces with the same atomic structure as for
the atomic spheres. Its absolute value depends of course @iedel A(c) and with the same atomic structure as for model
the chosen atomic sphere radius. The most important infoiC (d). The band structure for model B is very similar to that
mation in Fig. 2 is the relative variation of the magnetic of model C and is not shown here. The band structure shown
moment for the top nickel layer when compared to the bulkn Fig. 3@ has been calculated with a 13 nickel layer slab
value. For the two models with carbon atoms just above th@nd we have checked, with a thicker 19 nickel layer slab, that
interface nickel atomémodel C and model B the magnetic  all the features represented in FigaBare accurately calcu-
moment shows a reduction of 16% and 22%, respectivelyiated. In particular, the surface state whose energl &
while for model A the magnetic moment is slightly enhancedclose to the Fermi energlfe is perfectly reproduced. This
(+2%). This enhancement is lower than in the case of thesurface state, which has predominanglyand p characters,

0.75
[ + 7%
[Bulk — + 2% ]
.70 -
’-_,=§i-J j - [ _ Lt - 22% _— 16%; FIG. 2. Calculated nickel magnetic moment
2 oesk | TFrrA- "t TT 117 FFEl- - - FHA T - 7 for the three models of the grapheng/Nil) in-
g - — ; terface and for the clean (ill) surface. For
<) - each system, the magnetic moment is plotted for
E 0.60 ] . the successive nickel layers from the center of the
® 3 ] slab (left sidg to the surface/interfacdright
§7 0551 | side). The horizontal dashed line is the value cal-
= F ] culated for bulk nickel. The difference between
=4 [ ] the interface/surface magnetic moment and the
o050k B _' bulk value is indicated.
Ni(111) A B C
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FIG. 3. Calculated majority spin band structure for: a cleaflNi slab(a), a graphene monolayéb), a slab terminated by graphene/
Ni(111) interfaces with the same atomic structure as for modét)Aand with the same atomic structure as for modeédC

has been observed in inverse photoemission experintetts. tight-bind calculation by Tersoff and FalicévThese states,

The two unoccupied states whose energyl'ais, respec- Whose energy is close to the Fermi energy, may hybridize
tively, 4.63 eV and 5.16 eV correspond to the image statewith the 7 states of graphene.

which has been observed experimentally at about 4.6 eV The band structure for graphene shown in Fi¢b)3s
aboveE.1"18The rather good agreement between the calcuactually calculated for a periodic structure where graphene
lated and measured image state energy is surprising becausnolayers are separated by the same vacuum distance as

the DFT-GGA used in our calculation cannot reproduce thgq the graphene/Ni11) slabs. This band structure shows the
exact shape of the image potential in the vacuum and far

from the surfac&® The splitting of the image state is an crossing of them and #* bands at theK point and at the
artefact of the slab method used in our calculafitre wave ~F€'mi energy(graphene is a semimefais well as the flat
function for this image state extends rather far in the vacuuriinoccupiedo™ band at about 8.0 eV abov:. Figure 3b)

side of the surface and a small Over|ap between image Staﬁ:_lSEShOWS two additional parabOIiC bandS, with their minima
wave functions across the 22 a.u. vacuum layer can hardlgt I' and at energies 3.02 eV and 5.73 eV above the Fermi
been avoided The flat band above the splitted image stateenergy. These two spurious bands, which are not shown in
refers to the bulk projected band structure. Finally, we notehe band structure of graphene presented by Setial® are

the presence of occupied surface states with predomindntly due to the residual interaction between adjacent graphene
character(and with a small mixing withp orbitals in the  monolayers in our calculatiotslab structure artefactThe
three bulk gaps at thi€ point. Similar states were found in a wave functions which correspond to these unoccupied spuri-
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FIG. 4. Calculated minority spin band structure for: a slab terminated by graphéhEINnterfaces with the same atomic structure as
for model A(a), and with the same atomic structure as for mode€bC

ous states are maximal in the vacuum space betweenhich was located above the nicketbands for the majority
graphene layers. spin, is located in one of the nickel band gaps for the
The majority spin band structure for the slab terminatedminority spin.
by graphene/Nil1]) interfaces with the same atomic struc-  The majority spin band structure for the slab terminated
ture as for model A is represented in FigcB This band by graphene/NiL1]) interfaces with the same atomic struc-
structure shows negligible differences with respect to the suture as for model C is represented in Figdj3\We have seen
perimposed band structures of graphene and cleghlNi that the total energy is lower for this system because of the
slab. This proves that the interaction between the metal su3lrong interaction between the carbon layer and the substrate.
strate and the carbon overlayer is weak because of the rath@f & clear evidence of this strong interaction, Figd)3
large equilibrium distance between the graphene and inteS0WS noticeable modifications of the graphene and nickel
face nickel layers. The only modifications of the graphen and structurg. The first mod!flcatlon consists of a nonrigid
bands induced by this weak interaction consist in a rigigdownward shift of the occupied graphene bands: atlthe
0.35 eV downward shift of the graphene bands with resped?Cint, thea band is shifted by 2.35 eV while the band is
to E. This shift is consistent with the charge transfer from©nly shifted by 1.25eV. These values are in very good
nickel to graphene, which has previously been predicted in #9reement W;tzh the photoemission measurements of Na-
paramagnetic calculation for model"ANote that the spuri- 9@shymaet al** The unoccupiedr band is also shifted by
ous bands found in the band structure of graphene are thie11 €V. The interaction between graphene and metal layers
only ones not shifted with respect .. The only nickel Mplies a hybridisation of the graphene bands with the
state modification induced by the weak interaction with theickeld bands(and secondary with the nickelandp bands
carbon layer concerns the nickel surface and image state@ Shown in Fig. 5. In particular, three occupied and one
Figure 3c) shows indeed a small upward shift of the nickel unoccupied interface states, with a strong contribution of the

surface state, just above the Fermi energy afitipgint. The F:arbon P, orbitals (the O_Z_aXIS being p_erpgndlcular to the
wave function for this surface state reaches its maximal valinterface, are clearly visible near th& point. The three
ues in the vicinity of the top nickel layers and presents arPcCupied interface states, which we labellgd I, and Is,
exponentially decaying tail, the amplitude of which is smallh@ve the energies —3.37 eV, -2.40 eV, and -0.20 eV, re-
at the distance of 3.05 A from the interface nickel. This isSPectively. The unoccupied interface sthiés just above the

the reason why this state, even if shifted, still exists in the"€Mi €nergy0.02 eV). The interface statel andl, result
presence of the overlayer for model A. The GGA equivalenffom @ 0.22 eV gap opening between the graphene occupied
of the image state, which was observed for the clean nicketr and unoccupieds* bands at theK point. These interface
slab, is not present when the graphene layer covers the swstates correspond probably to the states which are found ex-
face. The minority spin band structure for the nickel slabperimentally by Nagashymat al?? The interface statek,

with model A for the interface atomic structure is representedind I, can be attributed to the carbon atoms just above the
in Fig. 4(a). It is very similar to that of the majority spin interface nickel atom§C, carbon atomy while the state$;
except from an upward shift of the nickel derived bands. Theand I3 only involve the carbon atoms,CAnother interface
minority spin graphener and 7* bands still cross each other state(l.) is clearly visible near th& point of the Brillouin

at the K point, but the crossing point of these two bands,zone at 3.18 eV. This state results from a hybridisation of the
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4.0

between the two carbon atoms. The minority spin band struc-
\ ture for this slab is represented in Figh# Its lowest occu-

20 : pied graphenelike bands have exactly the same energy as
those of the majority spin. Differences with majority spin
band structure appear for the nickel bands, which are shifted
upwards, and for the interface states. Minority spin interface
stated, |,, andl; are located just at the edge of the substrate

energy gaps, near th€ point and at the energies -3.24 eV,
-1.96 eV, and 0.18 eV\ithe interface staté; is unoccupied

for minority spin. The unoccupied minority spin interface
statesl, andl; have the energies 0.57 eV and 3.32 eV, re-
spectively. The different behavior of the majority and minor-
ity spin interface states explains why the carbon layer pos-
sesses a small magnetic momén®.01 ug and 0.02ug for

C, and G, respectively. Note that the magnetic splitting of
the unoccupied interface statésbout 0.55 eV forl, and
0.14 eV forls) is smaller than the energy difference between
these two kinds of statgabout 3.0 eV. This means that the
contributions from these different interface states may be
easier to separate than the contributions from minority and
majority spin in an EELS experiment.

Energy (eV)

V. EELS SPECTRA AT THE GRAPHENE/Ni(111)
INTERFACE

FIG. 5. Calculated majority spin band structure for a slab termi-  The K-edge EELS spectra calculated within the dipole
nated by graphene/Mill) interfaces with the same atomic struc- approximation for the interface carbon atokmsodel Q as
ture as for model C. The radius of the circles is proportional to theye|| as for a graphene sheet and bulk graphite are shown in
partialp, density of states of the two carbon ato(@} to the partial - Fig, 7, The spectra shown in this figure are calculated for the
d density of states of the interface nickel atofis, and to the  gcattering vectoq parallel and perpendicular to the graphene
partials andp density of states of the interface nickel atofos For layer. The integrated spectra, which correspond to an aver-
a better clarity, the radius of the circles has actually been multiplieq}lging over all the possible directions fgrare also shown in
by 5.0 in(a) and by 10.0 in(c). this figure.

interface nickel,, p,, andd orbitals with carborp, orbitals. ~ Experimental broadening of the spectra has been taken
Other unoccupied states which mix tsep, and d nickel  into account by a convolution with a 1.0 eV full width at half
orbitals with thes (and a small minority op,) carbon orbit- ~maximum Gaussian function. The main peaks of the
als are also formed in the gap near thepoint at about 9raphene spectrurfat 1.9 eV and 8.3 eV abO\/éz) corre-

2.0 eV. We cannot say if these states, which extend rather f&PoNnd, respectively, to transitions to the and o* bands.
in the vacuum layer, originate from a coupling between thel Ne inter layer spurious states do not give significant contri-

clean nickel surface state and graphene states or if they apyition to the graphene spectra. Indeed, the matrix elements

only spurious inter slab states. In Fig. 6 we plotted the den\_/vhich describe transitions between the initial carbon core

sity of states for the three occupiég I, andl5 and the two state and one of these spurious states are very small because

unoccupied , and 5 interface states. The densities are plot-the wave functions for inter graphene states is maximal in
ted in the plane perpendicular to the interface and whict{n® vacuum region between graphene layers and negligible

contains the two nonequivalent carbon atomsafd G (this ~ N€ar the carbon atoms. The® bands are modified by the
plane is indicated by a dotted line in Fig. 1 interaction with the nickel magnetic substrate. The first peak

Figure 6 shows that the corresponding wave functions ar@f the interface carbon spectfat about 0.8 ey corresponds
located in the vicinity of the interfacdmainly in the (© the interface statd,. The second peak, near 3.0 eV,
graphene layer and in the top and second nickel layefih mainly comes from the unoccupied interface statat theM
no contribution from the nickel atoms in the center of thepoint. The contribution from the interface states, which have
slab. As shown in this figure, the different interface statesenergy of about 2.1 eV at tHeé point, is not very important.
correspond to: bonding between carbon atorpsu@ inter-  The small magnetic splitting between majority and minority
face nickel atomgl,), bonding between carbon atoms C spin that has been calculated cannot be observed in the main
and interface nickel atom@,), antibonding between carbon peaks of Fig. 7 because of the 1.0 eV broadening which has
atoms G and interface nickel atomds), and antibonding been used to calculate the spectra. Btigoeak is shifted to
between carbon atoms;@nd interface nickel atomd,). 7.3 eV for the carbon atoms at the interface. The detailed
The interface statés, which involves the nickel atoms and shape of the spectra between 10.0 eV and 25.0 eV is also
the carbon atoms £and G, corresponds to a bonding orbital severely modified by the interaction with the other graphene
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a) - @ FIG. 6. Calculated majority spin local density
we T . q —
G @ of states for thek point interface statek (a), I,

(b), 13 (c), andl, (d) and for theM point interface
statels (e). The grey levels are proportional to
rlp(r)]*2

layers(in graphite or with the nickel layerdfor the inter- nickel magnetic moment. Several occupied and unoccupied

face), as can be seen in Fig. 7. interface states have been identified and we have shown that
the later manifest themselves by noticeable modifications of
VI. CONCLUSION the carborK-edge EELS spectrum.

The atomic and the electronic structure of the graphene/
Ni(112) interface have been studied with a first-principles
calculation. For the lowest energy structure, carbon atoms This work was supported by the European Research
are located just above interface nickel atoms as well as in th&raining Network New Fullerenelike Materials, Contract No.
fcc hollow sites, at a distance of 2.13 A from the top Ni HPRN-CT-2002-00209. The calculations presented in this ar-
layer. We found that the interaction with the graphene overticle have been performed on the CALMIP/UPS Toulouse
layer is responsible for a 16% reduction of the interfaceparallel computer center.
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