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Highlights

e Graphene grown on Ni(111) surface alloyed with
group IV atoms is studied by means of first princi-
ples methods.

e Alloyed surfaces reduce the interaction between
graphene and Ni.

e New substrates are proposed for high quality
graphene growth.
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Top view (left) and charge distribution (right) of graphene on GeNi, alloyed surface in the hep-fec
staking. The detachment of graphene layer is evident.
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Abstract

We report a systematic ab-initio density functional theory investigation of Ni(111) surface alloyed with elements of group
IV (Si, Ge and Sn), demonstrating the possibility to use it to grow high quality graphené.3Ni(111) surface represents
an ideal substrate for graphene, due to its catalytic properties and perfect matching withathe graphene lattice constant.
However, Dirac bands of graphene growth on Ni(111) are completely destroyed due to‘the/strong hybridization between
carbon p, and Ni d orbitals. Group IV atoms, namely Si, Ge and Sn, once deposited on Ni(l111) surface, form an ordered
alloyed surface with v/3 x v/3-R30° reconstruction. We demonstrate that, at variance with the pure Ni(111) surface,
alloyed surfaces effectively decouple graphene from the substrate, resulting unstrained.due to the nearly perfect lattice
matching and preserves linear Dirac bands without the strong hybridization with"Ni d states. The proposed surfaces can
be prepared before graphene growth without resorting on post-growth processes.which necessarily alter the electronic

and structural properties of graphene.
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1. Introduction

The extraordinary properties of graphene[l, 2] miainly
arise from its electronic features: linear dispersion of elec-
tronic bands (Dirac bands) originating from carbomp, or-
bitals around K points of Brillouin Zone (BZ). Electrons
have photons-like energy dispersion with’zero rest’ mass
showing extraordinary transport properties[3].

In recent years, thanks to the improvement of large
scale growth techniques, like chemical vapour deposi-
tion (CVD), it has been possible to obtain high quality
graphene[4, 5, 6] on different~metdl substrates allowing a
deep investigation of the.substrate’s role in determining
the structural and electronic properties of graphene.

The (111) surface of nickel (Ni(111)) can be considered
as an ideal substrate for graphene growth due to its cat-
alytic properties/and perfect matching with the graphene’s
lattice constant (@graphene = 2.46 A vs ay; = 2.49 A),
in contrast with other metallic substrates. Unfortunately,
Dirac bands ofgraphene growth on Ni(111) are completely
destroyed due to the strong hybridization between carbon
p. and Ni d orbitals and by the sublattice asymmetry
induced by different position of the two carbons in the
graphene unit cell. This behaviour has been recently ques-
tioned by means of ARPES measurements on graphene
grown on Ni(111) and Co(0001) surfaces[7] that evidenced
the presence of intact Dirac cones. However it was sug-
gested that it is due to dynamic hybridization between p,
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and d orbitals or to the stabilization of an high symmetry
(high-energy) stacking (see below)[7].

In order to recover the linear dispersing Dirac bands,
the intercalation with foreign atoms represents one of the
most effective experimental techniques[8]: the deposition
of adatoms on-top the graphene surface growth on Ni sub-
strate followed by thermal treatment induces the intercala-
tion of the adatoms in between the substrate and graphene,
detaching it from the substrate. Different kind of atoms
have been theoretically proposed and experimentally ex-
plored in the last few years [8, 9, 10, 11], but depending
on the atoms, charge doping, structural disorder and gap
opening can result after the intercalation process. For ex-
ample, it is known that noble metals (like Au) are particu-
lar efficient to produce high quality graphene with neutral-
ity point at zero[12], the same results have been recently
obtained by Verbitskiy et al. [13, 14] by Ge intercalation
in graphene growth on Ni(111); on the other hand, alkali
metals can produce a splitting of the Dirac point[15] or
returning an n-doped detached graphene like in the case
of Cs intercalation[16, 17, 18].

Although intercalation is rather efficient, it represents
a post-deposition process which is intrinsically not easily
controllable: for example the annealing can induce defects
and inhomogeneities in graphene, with subsequent varia-
tion of the stoichiometry, doping and structural properties.

The direct growth of graphene on a clean and or-
dered surface would be preferable, possibly reducing post-
deposition treatments and uncontrolled defect formations.
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In the last few years it was demonstrated that Ni-based al-
loys can be an effective and promising substrate for large
scale graphene growth[19, 20, 21]. In this paper we pro-
pose Ni(111) surface, alloyed with group IV atoms, as al-
ternative and promising substrates for free-standing-like
graphene growth.

Transition metal surfaces were already reported to form
ordered two-dimensional phases when alloyed with differ-
ent atoms. Overbury and Ku[22] in 1992 found the for-
mation of a stable two dimensional phase of Sn deposited
on Cu(111), Ni(111), and Pt(111) surfaces. The authors,
by means of LEED measurements, observed a surface re-
construction with (v/3 x v/3)-R30° (v/3) symmetry with
respect to the underlying Ni(111) (1 x 1) phase, and the
effective formation of the surface alloy, with Sn substitut-
ing surface Ni atom. The subject was recently re-examined
by Rahman et al.[23], which have demonstrated that the
same ordered structure can be obtained depositing sili-
con and germanium on-top the Ni(111) surface followed by
thermal annealing at 650 K. Structural analysis revealed
a XNiy (X=Si, Ge) stoichiometry of the surface, in agree-
ment with XPS[13]. Interestingly, the alloyed phases are
rather stable: for example the v/3 reconstruction of SnNiy
is still present up to temperature of about 1000K[22] (850K
for Ge(Si)Niz[23]).

Based on these experimental evidences, by means of
first-principles calculations, we predict the structural
and electronic properties of graphene growth on alloyed
Ni(111) surfaces demonstrating that, (i) good lattice
matching reduces strain effects, (i7) group IV -atoms
avoid the strong hybridization between Ni-d states and
graphene, de — facto decoupling graphene from the sub-
strate and (4#i7) graphene results with Diracipoint| close
to zero neutrality level. In addition, being.derived from
nickel, the alloyed substrates should have thé required cat-
alytic properties to allow the direct{growthief graphene,
without any post-deposition process.

2. Computational details

The calculations were performéd within first-principles
Density Functional Theory jusing the Vienna Ab-Initio
Simulation Package*(VASP){24, 25].

We used [(Projected Augmented-Wave (PAW)
pseudopotentials[26] and local density approximation
(LDA) for thewexchange correlation energy with an energy
cutoff of 500\€V./The surfaces were simulated within a
supercell approach considering six Ni layers with a /3
reconstruction (following the experimental results, see
below) and 24 A of vacuum. Graphene was adsorbed
on the topmost Ni surface layer. Integration of charge
density over the two dimensional Brillouin zone (BZ) was
performed using an uniform 6 x 6 Monkhorst and Pack
grid[27] with a Gaussian smearing parameter o = 0.1 eV.

Both ferromagnetic (FM) and non-magnetic (NM) solu-
tions were considered in the calculations. Structural opti-
mization was allowed for all the atoms but the first four

Ni layers (bulk-like) which are fixed to their ideal Ni bulk
positions.

3. Results and discussion

The description of graphene stacking on Ni(111) already
represents per se a challenging problem from a computa-
tional point of view, due to difficulties to take into account
dispersive forces and many-body effects beyond the local
density approximation[28]. However, it was demonstrated
that LDA accounts for many important structural and
electronic properties of graphene on Ni(111) surface find-
ing a quantitative agreement with experiments[29]. The
total energy for different stackingief graphene on Ni sur-
face (see Fig.1), using LDA, areysummarized in Tab.1.

In agreement with previous  first-principles
calculations[30, 31], we ‘prediet the bridge-top as the
ground state stacking (for both NM and FM phases,
see Tab.l). We note that bridge-fcc and bridge-hcp
configurations ((Fig.1(a)”and Fig.1(b), respectively) are
not stable and relax into the top-fcc or top-hcp upon
structural optimization which are, indeed, close in energy
with the ‘ground state. Inclusion of spin-polarization
does notnalter the qualitative results. The analysis of
the “structural properties reveals that graphene stands
essentially at two different height from the substrate,
depénding on the stacking: about 2A (for bridge-top,
top-fcc and top-hcp) and higher than 3A (for hep-fec).
This aspect is crucial in predicting graphene’s electronic
properties.

d AFE
Bridge-top | 1.93 (1.95) | 0.00 (0.00)
Hcep-fee 3.21 (3.31) | 1.28 (1.06)
Top-fee | 1.99 (2.02) | 0.13 (0.09)
Top-hep | 2.00 (2.02) | 0.26 (0.18)

Table 1: Structural and energetic properties of
graphene on Ni substrate in different stacking con-
figurations for NM (FM) phase. We report the dis-
tance between graphene and substrate surface (d(A))
and the total energy with respect the ground state
(AE(eV)).

The electronic band structure of the graphene/Ni(111)
surface (in the ground state phase), reported in Fig.2
(top panel), confirms that the C p, and Ni d orbitals are
strongly hybridized destroying the graphene Dirac cones.
On the contrary, the band structure of graphene in the
hep-fee phase (Fig.2, lower panel), resembles that of the
quasi free-standing system, thanks to the large distance
between graphene and Ni surface (see Tab.1). However,
this last phase is not thermodynamically stable.

As discussed in the introduction, while the intercala-
tion by foreign atoms can recover a quasi free standing



(a) Bridge-fcc (b) Bridge-hcp

(e) Top-fcc

(c) Bridge-top

(f) Top-hep

Figure 1: Considered stacking of graphene (brown atoms) on Ni(111) surfacemDifferent Ni layers are reported in gray
scale from light (topmost layer) to dark (inner layer) (see the lateral view onithe right-top panel). In the right-bottom
panel we report the (v/3 x v/3)-R30° (red unit cell) structure of alloyed.surface with IV-group adatom (red) substituting
a surface Ni atom (the 1x1 unit cell is also reported in black for reference):

graphene, here we propose a different strategy: stabilize
high energy stacking phases of graphene/Ni(111) systems
tuning the chemical composition of the substrate. The
possibility to obtain a surface alloying with group IV atoms
on Ni(111) surface represents a possible strategy we want
to explore.

As experimentally demonstrated the V3 phase is formed
substituting 1/3 of monolayer of Ni with of group IV atom,
with a final stoichiometry of XNiy (X=Si{ Géand Sn) (see
Fig.1).

SiNi, GeNiy SnNi,
Bridge-top | 2.07 / 0.03/] 2.15%,0.12 | 2.15 / 0.88
Hep-fec 3.44 / 0:16.3.53'/ 0.00 | 3.88 / 0.03
Top-fee 2.14 / 0.00 || 2.14 / 0.08 | 3.77 / 0.00
Top-hep | 2722 /0:04| 2.30 / 0.11 | 3.78 / 0.00

Table 2: Graphene on XNiy substrate in different
stacking\configurations. We report the distance be-
tween graphene and substrate (d(A)) and the energy
with respeet the ground state (AE(eV)) for each
compounds (d/AFE)

The structural and energetic properties of graphene on
XNiy surface are summarized in Tab.2. As in the case
of pristine Ni(111) substrate, the conclusions of the FM
calculations qualitatively agree with the NM ones and are
not reported. Already for the first substrate considered,
SiNis, we find an important difference with respect to pure
Ni surface: the most stable configuration for graphene is

the topsfec. However, although the graphene-Ni(111) dis-
tancepincreases after Si alloying, graphene still remains
quite close to substrate, mainly due to the small Si ionic
radius, still indicating a strong binding.

As a general trend (common to all the considered stack-
ing), we observe that the Si atom is pulled down into the
Ni surface, mainly due to the smaller ionic radius of Si
with respect to Ni. Increasing the effective ionic size of the
substitutional atom, thus considering GeNis, the opposite
trend is observed: Ge atoms protrude from the surface and
the most stable configuration results the hcp-fcc with an
effective distance of 3.53A (see Tab.2).

The SnNiy surface follows the same trend: Sn stands
out from the surface for all the considered configurations
(except in the case of bridge-top, which results stabilized
by the strength of chemical bond between graphene and
Ni top atoms, despite an high formation energy). We find
the top-fce structure as the ground state phase, nearly
degenerate with the top-hcp stacking, resulting in a very
large graphene-Ni(111) distance (3.77 A, see Tab.2).

The stabilization of high distance stacking can be as-
cribed to a structural feature. The electronic properties of
group IV atoms do not depend on the graphene’s stacking:
from the density of states projected on surface atoms (not
shown), we observe that, for all the considered systems,
group IV atoms slightly dope Ni surface, irrespective of the
stacking configuration. Thus, it is the larger ionic radius
of the dopants with respect to Ni atom, that causes the
protrusion from the surface and the subsequent increase of
the graphene distance.

Based on the structural properties of the three different
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Figure 3: Electronic dispersion for graphene on XNiy (X=Si, Ge and Sn) in the (/3 x,4/3)-R30%ground state geometry
(indicated at the bottom of the figure). The size of the circles for each eigenvalue i§ proportional to the weight of the
corresponding wavefunction on the carbon sites.
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Electronic dispersion for graphene on
Ni(111) in the (v/3x+/3)-R30° ground state geometry
(upper panel) and hep-fee phase (lower panel). The
size of the circles for each eigenvalue is proportional
to the weight of the corresponding wavefunction on

substrates, we.can infer that GeNiy and SnNiy substrates
can be suitable to growth a quasi-free-standing graphene.
In ordeér.to confirm the details of graphene electronic prop-
ertiesson.the three different substrates, we calculated the
band“structure projected on the graphene atoms (Fig.3).
We obsetve that Dirac bands does not exists in graphene
grown on SiNis due to strong hybridization with substrate,
similar to pure Ni, while GeNiy and SnNiy substrates allow
to recover linear Dirac bands at the Fermi energy. In ad-
dition, in the GeNis case, the graphene’s neutrality point
is close to zero (40.02 eV). SnNiy substrate induces an
electron doping, with Dirac point at about -0.43eV below
Fermi energy in both the degenerate stacking.

4. Conclusion

In present work, we studied the structural and elec-
tronic properties of graphene on XNis alloyed surfaces
(with X=Si, Ge, Sn). We have demonstrated that the
substrates determine different stacking of graphene due
to the different ionic radius of substitutional atoms. We
studied the possibility to growth graphene on alloyed sur-
faces and we found several indications to consider GeNiy
and SnNiy as suitable substrates to stabilize quasi-free-
standing graphene: ¢) the rippling of the surface induced
by the alloying guarantees the structural decoupling of
graphene from the substrate with distances higher than
3A, i1) the electronic dispersion preserve the linear Dirac
bands near the Fermi energy, ii¢) graphene on GeNis sub-
strate results neutral (while when growth on SnNiy it is
n-doped), iv) Ni-rich surfaces should guarantee compara-
ble catalytic properties like pure Ni(111) surface, v) post-
growth processes can be avoided. We believe that the pro-
posed surfaces can represent an important alternative for
high quality quasi-free-standing graphene growth and call
for further experimental confirmation.
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