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Atomistic modeling of epitaxial graphene on Ru(0001) and deposited ruthenium nanoparticles
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A bond-order potential is presented for the Ru-C system, aiming to model epitaxial graphene on Ru(0001)
and ruthenium nanoparticles on such substrates or on graphite. The model has been parametrized on electronic
structure calculations and improved to account for long-range London dispersion forces following an approach
similar to the Grimme D2 correction scheme, as well as possible nonadditive screening effects that are relevant
for epitaxial graphene on metal. The model correctly reproduces a variety of structural properties for different
commensurate moiré structures as observed in experiments or predicted by density-functional theory calculations,
although limitations are noted for very small adsorbates likely due to the lack of explicit charge transfer. The
energetic and thermal stabilities of Ru nanoparticles on graphite and epitaxial graphene have been addressed
using local optimizations and molecular dynamics simulations. While the nanoparticles exhibit relatively fast
diffusion on the graphite substrate, the corrugation of epitaxial graphene strongly stabilizes them against internal
rearrangement and global diffusion. The simulated vibrational spectra of epitaxial graphene show variations with
the moiré structure and temperature that provide insight into anharmonicities and emphasize the role of strain.
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I. INTRODUCTION

Discovered at least 50 years ago [1,2], epitaxial graphene
on metal has attracted growing interest during the last
decade [3,4]. Epitaxially grown graphene monolayers provide
sufficient amounts of carbon to chemically passivate a metal
surface, and such surfaces could provide a mirror for future
neutral atom or molecule microscopes [5]. Due to the mismatch
between the lattice constants of the two materials, various
moiré structures are observed upon contact, with different
geometries and relative stabilities. Those moiré patterns
constitute two-dimensional nanoscale meshes that can serve
as a template for depositing small clusters [6] with potential
applications in high-density information storage [6—8]. The
self-assembly of metal clusters on epitaxial graphene has been
observed experimentally [6,9—-13] and modeled by kinetic
Monte Carlo simulations [14,15].

Depending on the underlying metal, the deformation of
the graphene monolayer (and, to a lesser extent, of the metal
itself) varies as the result of the different interactions which
range from physisorption (platinum or iridium) to stronger
chemisorption (nickel). Ruthenium is another transition metal
to which graphene binds rather strongly [16]. Experimentally,
epitaxial graphene on Ru(0001) can be prepared by methane
[17] or ethylene [18-27] decomposition, surface segregation
[2,21,28-34], carbon vapor deposition [35], or by temperature
programmed growth where hydrocarbon molecules are
adsorbed at low temperature and subsequently annealed to
higher temperatures [21]. Studies have been achieved most
commonly using scanning tunneling microscopy (STM)
[17-19,21,23,24,26-29,31,32,34], low-energy electron
diffraction (LEED) [2,18,24,25,27,28,30,31], and Auger
electron spectroscopy (AES) [2,24,28,29,31]. On the
theoretical side, epitaxial graphene on Ru(0001) has been
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studied extensively by electronic structure calculations
[36—40] but usually at zero temperature.

From the quoted studies, several periodicities of moiré
structures appear to have been considered, which we denote
as x on y where x x x graphene unit cells match y x y unit
cells of the underlying triangular surface lattice of Ru(0001).
The cases of 10 on 9 [2], 11 on 10 [40-43], 12 on 11
[17,25,28,31,36,40,42,44], and 13 on 12 moirés [25,40,44]
are among the most documented. While those relatively small
values of both x and y make them convenient for theoretical
modeling, surface x-ray diffraction (SXRD) studies have
confidently shown that experimental moirés of graphene on
Ru(0001) are more likely of the 25 on 23 type [18,22]. The 25
on 23 system is approximately four times as large as the afore-
mentioned structures, and has also recently been addressed by
density-functional theory (DFT) calculations [40]. It contains
four subsystems called moirons, each containing a topographic
buckling or hill in the graphene layer. Detailed analysis shows
that three of them are equivalent [40].

Because of this rather large moiré structure, this system is
challenging for ab initio calculations, especially at finite tem-
perature where no predictions have been reported so far. In the
present contribution, we have constructed and parametrized a
many-body potential to model epitaxial graphene on Ru(0001),
allowing in turn large scale statistical simulations at finite
temperature for this complex substrate, but also for deposited
ruthenium nanoparticles. Our potential combines the bond-
order potential (BOP) for carbon developed by Brenner [45]
with an embedded-atom model (EAM) for ruthenium. Among
the various existing EAM models for this metal [46-51], we
have chosen the form and parameters by Li and coworkers
[48-50] that can be rewritten under the BOP format [52],
providing a uniform and simple expression for the general
Ru-C potential, similar to previous efforts carried by Albe and
coworkers for the Pt-C system [53]. In order not to degrade
those original potentials for the pure elements, only the
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parameters corresponding to mixed Ru-C interactions were
adjusted in order to reproduce available electronic structure
data [38,44].

Recent DFT calculations have additionally shown that Lon-
don dispersion interactions could be a significant contribution
to the binding of monolayer graphene on Ru(0001), owing to
their long-range nature and to the semi-infinite extension of
the two materials [37,39,40,43]. We have thus completed our
model for the Ru-C system by including dispersion corrections
as well, following the simple pairwise model of Grimme
and coworkers (D2 version) [54]. Nonadditive screening
effects due to delocalized electrons in the metal substrate
[55] were included phenomenologically by considering the
contribution from the first metal layer only [56,57]. Besides
the substrate itself, our model can be used straightforwardly to
treat ruthenium nanoparticles on carbonaceous substrates such
as graphene, graphite, or epitaxial graphene. Ru nanoparticles
are interesting in their own and have been shown to have
applications in catalysis for ammonia synthesis [58], hydrogen
storage [59], the oxidation of carbon monoxide [60], and
a wide range of alcohols [61]. Their practical use requires
formation (or deposition) on a substrate in a stable fashion,
carbon providing a low-cost and versatile element for such
supports [13,61,62].

The paper is organized as follows. In the following section,
we present the atomistic model and the parametrization
for the Ru-C system aimed toward epitaxial graphene.
Section III discusses applications for Ru clusters deposited
on graphite, for epitaxial graphene on Ru(0001) in bare form
and acting as a substrate for Ru clusters as well. In addition
to structural and energetic properties, the dynamical behavior
at finite temperature has been investigated from molecular
dynamics (MD) simulations. In particular, we report activation
temperatures for Ru nanoparticles diffusing on graphite as
well as a vibrational analysis of anharmonic properties through
the graphene Raman G band. Both properties, of experimental
relevance, were obtained from the long-time-scale trajectories
that would not have been practical had the electronic structure
of the system been described explicitly. Finally, we conclude
in Sec. IV by discussing the advantages, inherent limitations
and possible improvements of our approach.

II. BOND-ORDER POTENTIAL FOR RU-C

The original Brenner bond-order potential is widely used
in materials science owing to its ability to model metals and
covalently bound systems in a common framework [52]. It
has been parametrized for a number of combined elements
such as C-H [45], Pt-C [53], Si-C [63], Zn-O [64], Fe-C [65],
and even Be-C-W-H [66], among others. It naturally includes
many-body contributions for metals in the second moment
approximation to the tight-binding scheme (TB-SMA) [67],
which have notably been parametrized for ruthenium [48-50].
The BOP framework was thus naturally chosen to model
the system of interest here, namely, epitaxial graphene on
Ru(0001) and Ru nanoparticles deposited on carbon substrates.

A. Potential form

In the Brenner BOP, the total binding energy of the system
at the collective set of Cartesian coordinates R = {#;} is
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expressed as a sum over individual bonds [45]:
E :ZZfij(VU)(VR — bijVp), ey
i j<i
where the repulsive (V) and attractive (V) parts both take
Morse-type forms:

i
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9
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The parameters in these equations are set separately for each
type of pairs of atoms, i.e., C-C, Ru-Ru, and Ru-C. Dy and r/
correspond to the binding energy and equilibrium distance of
an isolated dimer, S and A%/ denote six additional adjustable
parameters that can be related to the dependence of the bond
energy on the nearest-neighbor distances and the harmonic
vibrational frequencies of the diatomics, respectively. The
bond order b; ; carries the many-body character of the potential,
and involves triplets (i, j,k) of atoms where both k and i are
neighbors of j:

bi; = %(bij +bji), (@)

[N

by = {1+ Y frowg@eotn—h-onrt )

ki,
In the above equation, we have introduced the bending angle

® = jik between atoms i, j and k, and the angular dependence
of the function g is explicited as

2 2
2(©) = m[l + <C—’k - ik )] @)
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where (wijx, Vijk» Cijko anq d;jr are additional adjustable
parameters. The function f'/ finally provides a smooth cutoff
between the distances R and R®:

1 r< Rg}),
.. 1 r—R}!) 1 2
Fii(r) = 5[1 + cos (nW R <r<RY,
] 1y
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0 r > Rij .
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For the pure metal, the angular functions vanish and the BOP
expression simplifies into the TB-SMA potential [68]:

E=Y Vi—Vy (©)

with the attractive n-body contribution Vs and the repulsive
pair potential Vi expressed now as

1/2
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Casting the TB-SMA potential under the from of the Brenner
BOP [45,52] leads to the following identities valid for any pair
(i,j) or triplet (i, j,k) of atoms:

, ij

St = %’ (8)
ij 1 pijq[j
BY = — — ©
o
.. .. .. zlfj
N N [ Al pii \ 7
DY =2g;(1- L) (L), (10)
pY )\ &ijq"

. Al pii 1 .
=1 () ——— |7, a1
§ijq" ) P —q"

Vijk = 1, (12)
Cijk = 0, (13)
dijx =1, (14)
2q"
2ijr = BSTRE (15)
o

where it should be emphasized that ry # 7 .

In the present work, the carbon parameters were taken from
the original source [45], and more specifically its Table III,
without the overbinding corrections that are mostly relevant for
radicals. Those parameters are summed up in Table I. For pure
ruthenium, the parameters were borrowed from the work by Li
and coworkers [48] who managed to successfully reproduce
various properties of hcp Ru, including the experimental
cohesive energy, the lattice and elastic constants. In contrast
with the original work of Li et al., who used a sharp cutoff at
4 A [48], the same smooth function f%(r) already used in the
BOP was employed here with inner and outer cutoff radii at
4and 4.3 A, respectively. The other parameters of the Ru-Ru
potential are detailed in Table I as well.

B. Parametrization

No set of parameters corresponding to unlike Ru-C pairs
is available in the literature. In the present work they were

TABLE 1. Pair-type dependent parameter set for the Brenner
potential for Ru-C systems.

Ru-Ru Ru-C C-C
N 19.039 40.089 1.22
(AT 1.5444 1.2139 2.1
Dy (eV) 3.8503 0.71573 6
ro (A) 2.5584 2.0833 1.39
RD (A) 4.0 271 1.7
R® (A) 43 3.01 2

permutations of
Ru-Ru-Ru Ru-Ru-C and Ru-C-C C-C-C

Y 1 0.0038154 0.00020813
c 0 244.84 330
d 1 9.3054 35
2w A7 1.0011 0.35614 0
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adjusted by optimizing an error function targeting several
reference properties for epitaxial graphene on Ru(0001) and
small adsorbates thereon, obtained from previously published
DFT calculations [38,44]. The error function x? included
sums of square gradient components on the relaxed geometries
(vanishing force at equilibrium), and the interaction energies
of the graphene monolayer and of adsorbates on the same
substrate:

0= 3 3 VR + Yol - T

(16)
where x denotes the set of parameters to be optimized, the first
and last sum are over equilibrium configurations R;, the second
sum over atomic positions ¢,. In the last sum, I'; and Ffref)
denote the interaction energy E\" of the graphene layer or of
possible adsorbates obtained with the BOP or acting as target
for configuration R;, respectively. This quantity is defined as
the energy difference between the two subsystems in contact
and at infinite separation but kept at the same configuration.

The training set comprised configurations R; with three
relaxed structures of graphene on Ru(0001): a 12 on 11 and a
13 on 12 moiré structure containing three Ru(0001) layers
and a 13 on 12 geometry containing four of such layers,
all obtained from dispersion-free DFT calculations [44]. In
addition, two configurations with a Ru adatom (Ru trimer)
on a 12 on 11 moiré at the low fcc moiré registry and at
the hollow (bridge) adsorption site were included as well,
again originating from electronic structure calculations at the
same level of theory [38]. The exact definitions and more
details about these structures can be found in Refs. [38]
and [44]. The data to be reproduced included adsorption
energies of graphene on the Ru(0001) metal, and of the Ru
adsorbates on epitaxial graphene on ruthenium. The adsorption
energy of a system composed of two subsystems is defined
as E,s = Eor — Efllﬂ)J — Eﬁ,)b, where Ei is the potential
energy of the entire system after local relaxation, E;lli, and
Eiﬁz, the energies of the two subsystems optimized at infinite
separation. The members of this training set and the target
values are listed in Table II.

TABLE II. DFT reference data [38,44] for graphene on Ru(0001)
structures employed for the parametrization procedure, and pre-
dictions of the present bond-order potential. Unless otherwise
mentioned, all distances and energies are in A and eV, respectively.
All data are without dispersion correction.

Quantity DFT BOP

Graphene corrugation 1.51 [44] 1.50
Uppermost Ru layer corrugation 0.05 [44] 0.06
Smallest graphene-metal separation 2.22 [44] 243
Average graphene-metal separation 2.57 [44] 2.81
Graphene-Ruj distance 2.06 [38] 2.63
Graphene adsorption energy —3.9[44] —-3.57
Graphene interaction energy —10.0 [44] —6.96
Graphene deformation energy 5.7 [44] 3.28
Ru(0001) deformation energy 0.4 [44] 0.12
Ruj; adsorption energy (eV/atom) —0.77 [38] —-0.10
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In the error function of Eq. (16), the weighting pa-

rameters p; were taken as 20 and 100 A~ for con-
figurations without and with adsorbates. The parameters
X = {S,,B,Do,ro,R(l),R(z),y,c,d,M} were first optimized glob-
ally using a parallel tempering Monte Carlo procedure
with 24 replicas geometrically distributed in the pseu-

dotemperature range between T; =2 x 1072 eV? /Az and

Tou =2 x 10° eVz/Az. For each replica, 2.5 x 10 Monte
Carlo cycles were performed. A subsequent Monte Carlo
computation with the same number of steps was carried out
starting from the parameter set minimizing y 2, using pseudo
temperatures lowered by a factor 20. Finally, low-x? configu-
rations from all replicas were further refined locally using the
Levenberg-Marquardt algorithm and structural relaxations at
each optimization step.

The Ru-C parameters optimized using this procedure
are shown in Table I, and the quality of the potential for
reproducing the target values can be appreciated from the
last column of Table II. Overall, the agreement between
target and obtained values is very satisfactory, which confirms
the ability of the original BOP to describe such complex
substrates and the possible presence of adsorbates. The main
residual discrepancy is the adsorption energy of the deposited
trimer, which is too low with the BOP. However, reoptimizing
the trimer in presence of dispersion corrections (see general
discussion below) significantly stabilizes it, the adsorption
energy increasing from 0.097 to 0.645 eV /atom, in much better
agreement with the (dispersion-free) DFT results of Sutter and
coworkers [38]. It would be useful to quantify the effects of
dispersion forces at the DFT level also for this system.

One possible way to assess the transferability of the
potential to situations away from the training set consists
of correlating the bond energy to the equilibrium distance
under various configurations. This so-called Pauling relation
[69] has been shown by Albe and coworkers [53] to be a
suitable testing ground for measuring the quality of bond-order
potentials away from their training set. The Pauling relation
imposes constraints on various parameters of the BOP. If only
nearest-neighbor properties are included in the training set, it is
possible to fit a potential in such a way that the Pauling relation
is automatically satisfied. The collective properties of interest
here such as the amplitude of graphene corrugation or the size
of moiré domains extend beyond the first neighbors and are not
directly impacted by the Pauling relation. However, it remains
interesting to see how the BOP performs toward this relation
especially when compared to more realistic calculations based
on explicit electronic structure.

The energy per bond as a function of the equilibrium nearest
neighbor distance for several Ru-C compounds [diatomic,
NaCl structure (B1), CsCl structure (B2), and zinc-blende
structure (B3)] have been determined with the present Ru-C
parametrization and compared to existing data for the Ru-C
diatomic [70,71] and the B1 and B3 mixed structures [72].
Energies per bond of —1.67, —1.30, and —1.89 eV have
been obtained at nearest-neighbor distances of 1.97, 2.24, and
1.92 A for the B1, B2, and B3 compounds, respectively. The
exponential decrease of the bond strength with increasing
bond distance indicates a very satisfactory behavior of the
present model toward the Pauling relation. The agreement
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with existing DFT calculations for the structures B1 and B3,
where bond energies of —1.39 and —2.20 eV at bond distances
of 2.17 and 1.98 A have been found [72], is also noteworthy
both for the bond energy and equilibrium distance, especially
considering how far these compounds are from the training
set. However, for the bare RuC diatomic the Pauling relation
is not satisfied, with a markedly long bond length of 2.08 A
and too low binding energy of —0.72 eV. Electronic structure
calculations for this molecule [71] indicate a strong chemical
bond with a significant charge transfer, the Pauling relation
being not fulfilled. Though lesser in magnitude, deviations
from the expected behavior are also noted for the zinc-blende
compounds at the DFT level. While those deviations mitigate
the apparent limitations of the present model, the ionic
character could also explain why the adsorption energy of the
trimer on epitaxial graphene is predicted to be too low.

C. Dispersion corrections

Adsorption on extended substrates may be significantly
influenced by dispersion forces, which have been shown to
play a specifically important role in the case of epitaxial
graphene on Ru(0001) [37,39,40,43]. In order to account
for dispersion interactions, the empirical Grimme D2 [54]
correction was added to the previously presented BOP, which
only accounts for metallic and covalent interactions due to
its short cutoff distance. In the D2 dispersion model, the
nonbonding interactions are expressed as

ci o

2 6
ERay ==Y == furo(rip), (17

—~ —

i j# U
where C¢/ = (C{CJ)!/? are dispersion coefficients and f;/ a
damping factor ensuring that the dispersion interactions do not

act at the range already covered by the BOP:

1
L +exp[ —20(7

faro(rij) = (18)

-l

In the latter equation, R is the sum of the van der Waals
radii of atom i and j. The dispersion coefficients and van
der Waals radii were adopted without modification from
reference [54], where the dispersion coefficients for carbon

and ruthenium are given by CS = 18.1376 eV A® and

Cgu = 255.6890 eV Aé, respectively, the corresponding van
der Waals radii being RS = 1.452 Aand RR" = 1.639 A. In the
present work, dispersion interactions are counted only within
the first periodic image of the system.

A known limitation of the D2 dispersion model is the
neglect of the possible dependence of Cg coefficients on
the local environment. The more recent D3 model [73,74],
introduced to address this issue specifically was also attempted
in the present work but turned out to be computationally
prohibitive in MD simulations due to the additional presence
of three-body terms.

One additional subtlety in dispersion interactions is their
nonadditive character when involving delocalized electrons
over extended media, as relevant here for the bulk ruthenium
metal [75]. Following earlier authors [56,57], such screening
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effects were accounted for empirically by including dispersion
interactions in the D2 model limited to the uppermost layer of
Ru atoms only.

Finally, the BOP was also used to model Ru adsorbates
on pure carbon substrates such as graphene or graphite. In
the original BOP for carbon [45], graphene layers do not
bind to each other in graphite owing to a too short cutoff,
and it is necessary to correct for this deficiency by explicitly
adding a new contribution. A simple Lennard-Jones (LJ)
pairwise potential first proposed by Che and coworkers [76]
was introduced in this specific case, only acting between
carbon atoms of different layers, with a well depth of 3 meV
and an equilibrium distance at 3.805 A chosen to reproduce
experimental properties of graphite. When modeling graphite,
no additional dispersion correction was included for those
intrasubstrate contributions in order to avoid double counting.

D. Computational methods

In the static limit, several geometric and energetic properties
were calculated for a number of adsorbates on graphite and
on epitaxial graphene on Ru(0001). At finite temperature,
locally relaxed structures produced during the parametrization
stage further served as initial configurations for molecular
dynamics simulations. Several geometric properties were
calculated to monitor the thermal response of the graphene
layer on the Ru(0001) metal for different moiré configurations,
including the corrugation amplitude and average graphene-
metal distance.

Adsorbates on graphene, graphite, and epitaxial graphene
on Ru(0001) were also simulated at finite temperature. From
the MD trajectories, the global diffusion properties were
addressed by calculating the mean square displacement of the
center of mass, from which the diffusion constant could in turn
be evaluated. The velocity time autocorrelation function was
also calculated and Fourier transformed to get the vibrational
spectrum for various systems.

Unless otherwise mentioned, the MD trajectories employed
a time step of 1 fs and were propagated over 5.5 ns, with the
first 0.5 ns disregarded as equilibration period. The simulations
were performed in the canonical ensemble using a Nosé-
Hoover thermostat. In order to avoid any perturbation from
the thermostat on the physical properties under evaluation,
the thermostat was not directly coupled to the system of
interest (adsorbate or epitaxial graphene layer), but only to the
remaining substrate (graphene, graphite, or ruthenium metal).
The bottom layer was also kept fixed so as to prevent undesired
drifting of the entire simulation cell.

The graphite substrate was modeled explicitly using three
layers (ABA fashion) and 10 x 10 graphene unit cells per
layer, at a surface density matching the equilibrium lattice
constant of graphene in the Brenner model of 2.51 Aat0K.
In the case of epitaxial graphene on metal, the graphene
layer plus three Ru(0001) layers were taken into account,
with lateral system sizes imposed by the commensurability
of the moiré. The structures considered here comprised the
12 on 11, the 13 on 12, and the 25 on 23 moirés. In all
calculations, lateral periodic boundary conditions of fixed size
were applied. In the calculations of epitaxial graphene on
Ru(0001), the simulation box was fixed with respect to hcp

PHYSICAL REVIEW B 92, 165425 (2015)

ruthenium, for which a lattice constant of a = 2.724 A was
imposed, the lattice constant of graphene being left to fluctuate
as no boundary condition except at the bottom layer was
applied in the corresponding direction. This choice imposes a
strain on the epitaxial graphene layer depending on the moiré
commensurability and temperature.

III. APPLICATIONS

The interatomic potential was applied to epitaxial graphene
on Ru(0001) and Ru adsorbates on carbonaceous substrates.
In order to evaluate the performance of the BOP in a variety
of situations, we have considered structural and energetic
properties in the static limit, as well as dynamical properties
at finite temperature.

A. Static properties

A single ruthenium adatom on graphene and graphite was
chosen as the most straightforward testing case for the present
model, especially for discussing the possible role of dispersion
forces on such extended substrates. Energy profiles of a Ru
adatom approaching the flat graphene and graphite surfaces
were calculated along high symmetry sites. The alpha and
beta sites are found directly over a substrate C atom and differ
only from the presence of another C atom at the alpha position
in the subsequent graphitic layer, whereas the beta site lies
above the center of a six-membered carbon ring (in graphene,
the alpha and beta sites are thus equivalent to each other). The
bridge and hollow sites lie over a C-C bond and the center of
a six-membered carbon ring, respectively.

The corresponding energy profiles along these four ad-
sorption sites were calculated using the regular BOP and its
dispersion-corrected version. Without any dispersion contribu-
tion, the results for planar graphene and graphite are identical
to each other, hence only three curves are shown in Fig. 1.

| 1 |
0 l->>___(a)alpha
1 no dispersion

f) iSD.) = = -
_03 s graphene (disp.) %

" ite (di R K
1 graphite (disp.) A_‘;f

Potential energy (eV)

o
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* ] ¢

o | . Vi
-
[y
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P-/——l
k)
o |

LY (0]

7]

. -
|
A
=
>
o
6—
=

1.8 21 24 27 3 212427 3 33
Adatom-substrate distance (A)

FIG. 1. (Color online) Interaction energy of a Ru adatom ap-
proaching planar graphene and graphite substrates along various
high-symmetry sites as a function of the distance from the surface.
The profiles have been computed with the BOP for Ru-C with and
without dispersion correction.
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For this simple system, the results indicate that dispersion
forces have a significant effect on the binding energy and, to a
lesser extent, on the equilibrium distance between the adatom
and the surface.

In presence of dispersion forces, the bridge site appears
as the most stable for both substrates (—0.60 eV binding
energy for graphene, —0.63 for graphite), followed by the
alpha and beta sites (—0.55/—0.59) and finally the hollow
site (—0.48/—0.51), the difference between the alpha and beta
sites being negligible also for graphite. Without dispersion
corrections, those values are reduced by about half an eV.
The role of dispersion forces is also manifested on the
slightly higher binding energies obtained on graphite relative
to graphene, by about 30 meV for all adsorption sites.

Dispersion interactions also affect the equilibrium position
of the adatom, but in a rather nontrivial way that depends
on the site. At the hollow position, dispersion forces push
the minimum away from the surface by 0.2-0.3 A, whereas
they pull the system 0.1-0.2 A closer to the surface for the
three other sites. This behavior results from the very shallow
nature of the hollow minimum, which in the present model is
barely bound at all in absence of dispersion forces. Relative
to graphene, dispersion forces further shift the minima of
Ru adatoms closer to the graphite surface by 0.02-0.04 A
depending on the adsorption site.

Besides energy profiles on selected sites, energy maps have
been calculated by minimizing the energy of a Ru adatom along
the perpendicular distance throughout the entire unit cell of
graphite. These maps (not shown) confirm the bridge position
as the most stable within the present models. Furthermore,
they demonstrate the absence of other metastable adsorption
sites, which suggests that surface diffusion can proceed from
one bridge site to the next via low barriers of less than 50 meV.

The BOP model was subsequently applied to increasingly
large Ru nanoparticles deposited on graphite, for which DFT
calculations would be less practical. Ruthenium nanoclusters
of icosahedral and truncated octahedral structure (Wulff
shapes) and up to 3871 atoms were deposited on graphite
and subjected to local relaxations. Initially, a (111) facet was
put into epitaxial contact with the substrate.

In the case of a Ru adatom, which has already been
discussed above, local geometry optimizations have been
carried out at all the high symmetry sites. The bridge site
remains the most stable one in calculations without and with
dispersion with adsorption energies of —0.67 and —0.15 eV at
closest Ru-C distances of 2.43 and 2.71 A, respectively. Upon
relaxation, also the alpha and beta site become metastable
with adsorption energies of —0.61 eV (including dispersion)
and —0.11 eV (without dispersion) at a Ru-C separation close
t025A weakly dependent on dispersion corrections.

The deposition of the icosahedral Ru;; cluster on graphite
is still most stable when the three atoms in contact with the
substrate surface occupy the bridge position. The distance of
the trimer to the uppermost graphene layer is about 2.7 A
(without dispersion) and 2.3 A (including dispersion) and
the adsorption energy with the substrate is —0.99 eV /atom,
or about —0.11 eV/atom in relaxations with and without
dispersion, respectively. However, the closest separation to
the substrate does not change significantly compared to the
single adatom.
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FIG. 2. (Color online) Adsorption energy of icosahedral (ico)
and truncated octahedral (t.oct) adorbates on graphite obtained
in local relaxations with and without the Grimme D2 dispersion
correction.

The larger highly symmetric clusters were all initially
placed with one facet in epitaxial contact with the substrate.
The center of the contact facet was put into the epitaxial bridge
positions. However, due to unequal lattice constants of the two
materials, the adsorption sites of the contact facet atoms of the
adsorbate away from the center may face other sites. In return,
such strain effects lead to a noticeable buckling of the graphite
surface that can be as high as 1.2 A in calculations including
dispersion and still reach 0.5 A when dispersion is disregarded.
The distortions of the adsorbates remain very limited, though,
especially in absence of dispersion corrections. Their closest
distance to an atom of the substrate ranges from 2.5 At27A
when dispersion is neglected and from 2.0 to 2.4 A including
dispersion. These closest distances do not differ markedly
between icosahedral and truncated octahedral adsorbates.

As shown in Fig. 2, the adsorption energy is almost
proportional to the number of atoms at the contact facet in
the case of the largest clusters, which is the expected behavior
in the bulk limit. The difference in interaction energy per
facet atom between the two types of adsorbed nanoparticles
is explained by the larger fraction of atoms in contact for
the Wulff particles. The slightly decreasing strength of the
substrate interaction with adsorbate size can be attributed to
the diminishing portion that cluster edges contribute to the
overall binding.

The adsorption of small ruthenium adsorbates on graphene
and graphite has been theoretically addressed in the past from
density-functional theory, usually focusing on the adatom case.
The most stable adsorption site on graphene was found by
various authors to be the hollow site, with an adsorption energy
ranging from —3.2 eV [77] to —4.03 eV [78] and —4.43 eV
[79], with a closest separation between Ru and C atoms ranging
from 1.62 A [79] to 2.23 A [77]. The migration barrier has also
been estimated to range between 0.72 eV [78] and 0.96 eV
[79]. Clearly those energetic and structural properties do not
fully agree with the predictions of the present model, which we
attribute essentially to its poor description of charge transfer
(almost one electron) in the case of the single adatom [77]. This
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TABLE III. Moir€ structures of graphene on Ru(0001): structural properties, including graphene corrugation Ay, Ru(0001) corrugation
Ag, and the lowest spacing Ag,, between the graphene layer and the metal surface; adsorption energy E,q4, of graphene on Ru(0001) per
carbon atom as obtained upon structural optimizations without and with screened dispersion corrections, as well as electronic structure and

experimental reference data.

Method System/size Ay (A) Ary (A) Agugr (A) Eqgs (meV)
BOP 12o0n 11 1.50 0.06 243 —12.4
BOP 130n 12 0.99 0.05 243 —16.8
BOP 25 on 23 1.33 0.06 242 —14.3
BOP + screened dispersion 120n 11 0.66 0.11 2.19 —213.5
BOP + screened dispersion 13 0on 12 0.57 0.04 2.24 —220.0
BOP + screened dispersion 25 0n 23 0.51 0.05 2.34 —-217.3
PBE [36] 12o0n 11 1.5 2.2 —-233
PBE [42] 12o0n 11 1.67 0.2 22 —21
GGA [31] 12 on 11 0.4

DFT [24] 12o0n 11 1.65 2.13

PBE [44] 12on 11 1.51 0.05 222 —13.5
PBE [44] 130n 12 1.44 0.04 2.24 —-8.0
PBE [25] 12o0n 11 1.50 2.1

PBE [25] 130n 12 1.59 0.1 22

revPBE + D2 [39] 12o0n 11 1.17 2.18 —224
revPBE + dispersion [40] 12on 11 1.17 —220
revPBE + dispersion [40] 13 0on 12 1.11 —230
revPBE + dispersion [40] 250n23 1.16 0.17 2.09 —240
Surface segregation, STM [28] 30 A, 120n 11 1.1

Surface segregation, STM [29] 30 A 1

CVD, SXRD, parametric model [18] 250n23 1.5 0.2 2.2

CVD, SXRD, CTR [18] 250n23 0.82 +0.15 0.19 £0.02 2.0

CVD, STM [19] 27A 0.2-1.2

CVD, STM [24] 12o0n 11 1.7

CVD, LEED [25] 130n 12 1.53 +£0.2 0.26 2.1

is also related to the aforementioned weak performance of the
BOP to reproduce the properties of the bare RuC diatomic.

Electronic structure calculations for Ru adsorbates larger
than the trimer are scarce, but a noteworthy effort from Gao and
Zhao on the Ru,; cluster adsorbed on the outer face of (12,12)
carbon nanotubes deserves mentioning [77]. These authors
reported a Ru-Ru bond distance of 2.62 A in the free Ruis,
which increases by 9% upon deposition on the nanotube. For
this adsorbate, the most stable adsorption sites were found to
be the top and bridge positions. These results on Ru;3 compare
well with our data obtained for the flat graphite substrate,
with similar most stable adsorption sites. This provides
strong support for the model in its ability to treat larger
adsorbates.

The bond-order model was also employed in situations
closer to its training set, to treat epitaxial graphene on Ru(0001)
but under different commensurability ratios. In simulations
performed with a common periodic box, the moiré dimensions
have to be imposed in advance, which entails some tensile or
compressive strain depending on commensurability, leading
in turn to possible variations in the calculated properties at
zero or finite temperatures. Here we have focused on the 12 on
11, 13 on 12, and 25 on 23 moirés, the latter being closest to
the experimental observations but also harder to address with
explicit descriptions of electronic structure. The two smaller
moirés provide upper and lower limits on the strain imposed by
the common box size on the graphene layer, while providing a

computationally more convenient size about four times smaller
than the 25 on 23 structure. The scaling ratios imposed to
graphene relative to the Ru(0001) surface amount to 0.9938,
0.9974, and 1.0007 for the 12 on 11, the 25 on 23, and the 13
on 12 moiré structures, respectively.

Upon structural optimization, the interaction between the
graphene layer and the Ru(0001) surface induces corrugation
in both materials by amplitudes that we denote Ay and Agy,
respectively. We further denote by Agy g the shortest distance
of the graphene layer from the laterally averaged position of the
topmost Ru layer. These observables, together with the average
adsorption energy E,qs per carbon atom, are listed in Table IIT
as obtained from calculations without and with dispersion cor-
rections using the screened version of the Grimme D2 model.

Including dispersion corrections generally reduces the
corrugation of the graphene layer and pulls it about 0.1-0.2 A
closer to the metal surface. Energetic stability is strongly
increased by these long-ranged forces. Those static prop-
erties appear relatively independent on the particular moiré
commensurability, and only the corrugation of the graphene
layer depends rather strongly on lateral strain imposed by the
simulation box. Comparison with various existing DFT results
also listed in Table III indicates very satisfactory agreement
for all observables. In particular, we note that adding the
dispersion correction has very similar consequences in the
model and in the DFT calculations, which was achieved
without additional fitting parameter. The screening effect of
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dispersion forces due to delocalized electrons in the metal
seems to be of limited importance, calculations with the
unscreened original Grimme D2 model leading to adsorption
energies only 21% larger than those computed with the
screened version. In contrast, fully neglecting dispersion forces
leads to a 13—17-fold decrease in the adsorption interaction.
Stradi and coworkers [43] carried out structural optimizations
of the 11 on 10 moiré, evaluating the effects of dispersion
forces and their screening on the resulting structure. These
authors scaled down the dispersion coefficients to mimic
screening and found adsorption energies with magnitudes of
27,206, and 163 meV per carbon atom in calculations without
dispersion, with unscreened dispersion and with screened
dispersion, respectively, those values being fully consistent
with the general trends obtained with the present model.

Several predictions can also be compared to experimental
measurements obtained using different methods such as STM,
SXRD, x-ray crystal truncation rod (CTR), or LEED, and
carried on different moiré structures produced by chemical
vapor deposition (CVD), as listed in the bottom part of
Table III. Also here good overall agreement is reached for
most structural properties, except perhaps for the buckling
of the uppermost ruthenium layer which appears somewhat
underestimated in the present calculations. One cause for such
discrepancies could be the finite temperature employed in the
experiments, and such effects are discussed in the following
section.

B. Finite temperature dynamics

The production of nanoparticles with a narrow size dis-
tribution is essential in catalysis and information storage.
One experimental way of optimizing size selection consists
of preforming the nanoparticles and soft-landing them on the
substrate of interest [80]. It is important that the nanoparticles
thus designed be thermally stable over reasonably long time
scales. The present BOP model is convenient for addressing
this issue with molecular dynamics directly at the atomistic
level. Here the relevant properties that characterize the internal
and relative motions of the nanoparticle with respect to the
substrate (graphite or epitaxial graphene) were chosen to
rely on the fluctuations of interatomic distances along MD
trajectories. Two Lindemann indices measuring the amount
of fluctuations within the nanoparticle or between the particle
and the substrate are defined as

am=N(N_ Yoy — 19

lEadS jE€ ads

J#I

Sinter = N x M, Z Z o - . (20)

i€ads j € subst
1%layer

]]

where r;; designates the distance between atoms i and j, the
subscripts “subst” and “ads” referring to the substrate and ad-
sorbate, respectively. In these equations, the angular brackets
denote time averages, N is the number of adsorbate atoms and
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M, the number of substrate atoms from the uppermost layer
over which the adsorbate-substrate fluctuations are counted.

The two parameters Singra and dineer complement each other
and are sensitive to the fluxional state of the adsorbate and to
its motion over the substrate, respectively. Low values of those
indices (below 5%—10%) indicate a solidlike system vibrating
close to a fixed substrate site, whereas high values (reaching
or exceeding 15%) respectively denote fluxional states and
some motion of the adsorbate relative to the substrate. The
Lindemann indices should be considered as qualitative, in
the sense that they provide information only about the
nature of the dynamics, but not about the isomerization or
diffusion rates. In addition to these dynamical indicators,
the shape of the adsorbate was quantified from the principal
momenta of inertia A > B > C, from which an asphericity
index is defined as x = 3(2A — B — C)/2(A+ B + C). The
nanoparticles deposited on the substrate are initially symmetric
(truncated octahedra with x = 0), and variations in shape are
directly manifested on x . By construction, yx is always positive
and deviates from zero as the system increasingly deforms,
values reached for oblate deformations (A > B = C) being
higher than for prolate deformations (A >~ B > C).

MD simulations have been performed for Rusg and Ruy,
initially deposited with (111) facets in epitaxy on the honey-
comb graphite surface, at temperatures ranging between 100
and 1500 K, and using the explicit Grimme D2 approach to
account for dispersion forces, or neglecting them altogether.
Figure 3 shows the evolution of the three dynamical and
geometrical parameters Ginga, Oineer» and x as a function
of increasing temperature. In absence of dispersion forces,
the two nanoparticles keep vibrating around their initial
configurations but eventually desorb at 500 K (Rusg) or 1100 K
(Ruyg;) under the time scales of nanoseconds covered by the
MD trajectories.

Once dispersion interactions are included, the nanoparticles
appear much more thermally stable and do not desorb from
graphite even at 1500 K. As commonly shown by the sharp
increase in ipy, and y, the smaller 38-atom system rearranges
near 700 K into a much less spherical and flatter structure,
but remaining three-dimensional. Internal rearrangements also
occur in the larger adsorbate, but require a much higher tem-
perature 7 > 1300 K to become discernible. As shown by the
substrate-adsorbate fluctuation index §inr, all adsorbates but
Ruyg; bound by dispersion-corrected forces exhibit significant
mobility over the substrate already below room temperature.
This mobility can be quantified further by calculating the
surface diffusion coefficient D from the long-time variations of
the mean square displacement (MSD) of the adsorbate center
of mass 7o as

D = lim - (Feom(©) — Feom ()P, @1
t—o00 4t
where the angular brackets specifically indicate an average
over equilibrated initial configurations at time ¢ = 0. For the
present system, the MSD was evaluated over time windows of
20 ps, and the long-time regime was considered to be reached
over the last 40% of the time window.

Figure 4 shows the resulting diffusion coefficients obtained
for both adsorbates bound to the substrate with additional
dispersion forces, and for Ruyp; in absence of dispersion
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FIG. 3. (Color online) Shape and thermal stability of Rusg and
Ruyg; on multilayer graphite, quantified by () Sinias (b) Sinter, and (c)
the asphericity index x as defined in the text, and as obtained from
MD simulations based on the BOP model corrected for dispersion
forces (disp.) or uncorrected (no disp.).

corrections but limited to 7 < 1100 K since above this limit
thermal desorption occurs. The logarithmic plot of D versus
1/T clearly shows that the diffusion constants follow the
Arrhenius behavior

D ~ D(/)e*Euct/kBT’ (22)

where E, is the activation energy of the diffusion process
and kp the Boltzmann constant. In the case of the Rusg
adsorbate, the rearrangement into a flatter structure above
700 K is manifested by a marked change in slope and an
increase in the activation energy. Values of E,, = 0.31 and
0.14 eV are obtained for Ruyg; in simulations with and without
dispersion correction, 0.35 and 0.11 eV for Rusg at high and
low temperatures, respectively. The higher values obtained for
the activation energy for dispersion-corrected interactions are
of course consistent with the lower mobility inferred from
Fig. 3(b) and from the greater binding of the nanoparticles on
the substrate with dispersion contributions (see Fig. 2). This
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FIG. 4. (Color online) Surface diffusion coefficients of Rusg and
Ruyg; on graphite shown as an Arrhenius plot. The simulation data
were obtained from MD trajectories at temperatures covering the
range 500-1500 K, and linear interpolations are also shown.

result confirms the importance of the dispersion correction for
the stability of the clusters and emphasizes their role at finite
temperature. The higher value of the activation energy for
Rusg at high temperature is consistent with the large contact
area of this system after it has annealed and left the truncated
octahedral shape.

The high adsorbate mobilities obtained from our simula-
tions agree with earlier experimental results [81], where fast
diffusion of metal clusters on graphite has been attributed to
the very flat potential energy surface felt by the adsorbates
owing to the longer equilibrium distance between metal and
carbon atoms relative to carbon-carbon interactions.

The thermal stability of epitaxial graphene on Ru(0001) has
been also evaluated using the same computational methodol-
ogy for the moiré structures described in Table III. From 1 ns
long MD simulations, the corrugation of the graphene layer
was evaluated from the standard fluctuations of the Cartesian
coordinate z¢ ; of the carbon atoms in the normal direction to
the surface:

A = (&) = tec’]"™ @3)
The distance between the Ru(0001) surface and the graphene
layer is here redefined as the difference between (zc;) and
the corresponding averaged coordinate (zgr, ;) of the topmost
Ru layer. The advantage of these new observables over earlier
definitions chosen for comparison with DFT data and based
on upper and lower distances is their lesser dependencies on
extreme values, hence on system size. However, in comparing
the two definitions of corrugation, it is important to notice that
the value obtained from the statistical fluctuations (in time and
space) is only a fraction of the one based on extreme values.

Figure 5 shows the variations of Afb,r with temperature for
the three moiré structures 12 on 11, 13 on 12, and 25 on 23,
as obtained from simulations using the BOP model with and
without dispersion corrections. Here, all dispersion corrections
were screened by considering only the contribution of the
uppermost metal layer. As expected, temperature generally
leads to an increase in the corrugation of the graphene layer.
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FIG. 5. (Color online) Graphene corrugation A}, and graphene-
Ru(0001) distance (zc;) — (zrui) Versus temperature for the three
moiré structures computed with and without dispersion corrections.
For comparison, the corrugation of free graphene having the same
surface density as its epitaxial counterpart is also shown.

As already found in the static case, dispersion forces tend
to flatten the graphene layer, and those effects remain at finite
temperature. Interestingly, we find that the lateral constraints
imposed by the different moiré structures have little influence
on the globally averaged graphene corrugation once thermal
effects set in. Those constraints are better appreciated by
looking at the corrugation amplitude for the free graphene layer
kept under the same surface density as in the corresponding
moiré. The graphene sheet corresponding to the 13 on 12
moiré experiences tensile stress and is flat at zero temperature
(A’gr = 0). At finite temperature thermal ripples set in and sig-
nificantly increase this corrugation index. Substantial thermal
effects are also found for the graphene sheet corresponding to
the 25 on 23 moiré, which undergoes compressive stress and
has a nonzero Ay, already at 7 = 0. Even a minor amount of
thermal fluctuations contributes to increasing the out-of-plane
corrugations, even though the dual combination of strain and
thermal effects becomes much more regular above 100 K.
With respect to epitaxial graphene on Ru(0001), and except
sometimes at 0 K, the freestanding graphene monolayers
are always more corrugated than epitaxial graphene, which
is consistent with the larger corrugation experienced by
graphene lesser bound to the metal in absence of dispersion
forces.

Comparing the different moiré structures also gives insight
into the respective effects of size and strain: the 12 on 11
and 13 on 12 moirés have primitive cells with similar sizes,
but the graphene layer experiences strain ratios of 0.9938
and 1.0007, respectively. The 25 on 23 moiré is about four
times larger, but also undergoes some strain (by a factor of
0.9974). Due to the high inplane stiffness of graphene [82],
the resulting differences in strain are large enough to influence
the corrugation significantly. The tensile strain on graphene
in the 13 on 12 simulation cell reduces its corrugation in all
three cases. In the 12 on 11 moiré, compressive strain has an
opposite effect on this observable and in the case of epitaxial
graphene in the 25 on 23 structure, the intermediate strain
leads to intermediate corrugations. Only for free graphene in
the largest simulation cell does the size effect dominate, with a
slightly larger corrugation as the one found for the two smaller
free graphene sheets.
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In addition to the corrugation of the graphene layer, its
distance to the metal can be evaluated from the MD trajectories.
The thermally and spatially averaged separation between the
graphene and uppermost metal layers are shown in panels (d-f)
of Fig. 5. As expected, the additional dispersion corrections
pull the graphene layer closer to the metal surface by a fraction
of Angstrom. As was the case for the intrinsic graphene
corrugation, no significant dependence on the moiré structure
is found in presence of dispersion corrections, the distance
between the graphene and uppermost metal layers remaining
close to 2.6 A. However, when the graphene layer is weakly
bound without dispersion forces, its average distance to the
metal surface mainly decreases with increasing temperature,
which suggests that graphene better accommodates with the
metal surface under thermal excitations.

This assumption is supported by looking at the corrugation
of the uppermost layer of the Ru(0001) substrate. Using the
definition used in the DFT calculations quoted in Table III,
significant values in excess of 0.3 and 0.6 A are obtained at
300 and 1000 K, respectively, independently of the moiré size
and possible account of dispersion forces. These larger values
with respect to the static calculations mentioned in Table III
are indeed better compatible with experimental measurements,
which again emphasizes the importance of thermal effects on
such structural observables.

Molecular dynamics also provides a suitable framework
for accessing vibrational properties in anharmonic regimes.
Raman spectroscopy has notably been widely employed to
study graphene and even to count the number of graphene
layers on a substrate and to gauge their quality or the amount of
strain [82—84]. In addition, Raman spectra can be further pro-
cessed to give insight into thermomechanical properties such
as the thermal expansion coefficient [85]. Unfortunately, the
present BOP model lacks electrostatic components and cannot
be used to simulate infrared or Raman intensities directly.
Despite those limitations, the entire vibrational spectrum
can be determined by Fourier transformation of the velocity
time autocorrelation function C,,(¢) = (v(¢) - ¥(0)), enabling
a possible correspondence with experimental measurements
for specific bands.

C,» was evaluated in windows of up to 40 ps and with a
time resolution of 8 fs, which sets the spectral resolution to
1 cm™! and a maximum detectable frequency of 2085 cm™!.
Vibrational spectra have been evaluated in the 100-1000 K
temperature range for epitaxial graphene in the 13 on 12
and 12 on 11 moirés, with and without screened dispersion
interactions and for the free graphene layers experiencing the
compressive and tensile strains at the same surface densities.
Typical spectra obtained for graphene in the 13 on 12 moiré
at 500 K have been depicted in Fig. 6(a) in the specific
spectral range covering 1560—1720 cm™' that corresponds to
the Raman G band of graphite [86]. In comparison to the result
obtained for the free graphene layer, the interaction with the
metal broadens the peak and shifts it to higher frequencies,
especially when dispersion is taken into account. This com-
pares well to experiments, where a blueshift of the G peak has
been observed for epitaxial graphene on metal with respect
to freestanding graphene [87]. The temperature dependence
of the peak position in this range is shown in Fig. 6(b) for
the six situations considered. In all cases, anharmonicities are
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FIG. 6. (Color online) (a) Vibrational spectra of free graphene
and epitaxial graphene on Ru(0001) in the 13 on 12 moiré at 500 K,
as obtained from simulations with and without screened dispersion
corrections; (b) Frequency of the graphene G peak as a function of
temperature for the 13 on 12 and the 12 on 11 moirés, calculated with
and without screened dispersion corrections. For comparison, the G
peak frequencies of free graphene layers having the same surface
densities as their epitaxial counterparts are also shown.

manifested by a linearly increasing redshift with a slope in the
range of —0.041-0.053 cm~'K~!. Comparable gradients have
been observed in experiments on pure graphene [88].

Strain effects are better seen on the overall peak position,
rather than its dependence on temperature. Graphene layers
experiencing compressive strain as in the 12 on 11 moiré
exhibit a blueshift, while tensile strain leads to redshift.
Size effects have also been quantified by repeating those
simulations for the 25 on 23 moiré, but no difference was noted
(data not shown). Changes in the peak positions in Fig. 6 are
thus the result of strain effects rather than minor variations
in system size. The difference in compressive strain between
the 13 on 12 and the 12 on 11 moiré structures amounts to
0.69% in favor of the latter, which is fully consistent with
recent Raman spectroscopy measurements on graphene where
redshifts of the G peak of 70 & 3cm™! per percent of strain
were reported [89]. It is also noteworthy that in both cases,
binding to the substrate leads to an additional blueshift of
the G peak, especially prominent when dispersion interactions
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FIG. 7. (Color online) Thermal stability and shape of Rusg clus-
ters deposited on epitaxial graphene on Ru(0001), as quantified in the
MD simulations by the Lindemann indices (a) iya; (D) Sinter; as well as
(c) the asphericity index. Triangles correspond to simulations initiated
from a soft-landed configuration, circles correspond to simulations
repeated from annealed structures. The results are shown for the two
BOP models with (dashed lines) and without (solid lines) screened
dispersion corrections.

are included. This intuitive effect further confirms that Raman
spectroscopy could also be used to unravel the nature of the
graphene-metal interaction in some of its intimate details.
Finally, we have considered the thermal stability of Ru
nanoparticles on epitaxial graphene on Ru(0001) under the 12
on 11 configuration. In contrast with the graphite substrate
which is able to accommodate nanoparticles of arbitrary size,
the relatively restricted spatial extension of the moiré structures
makes it more relevant to focus on small nanoparticles of
dimensions not larger than the moiré lattice. Here, we have
chosen to focus on Rusg as a realistic example. In a first series
of MD simulations of the soft-landing type, the adsorbate
was initially placed at the low fcc moiré registry [38] and
locally optimized, as depicted in Fig. 7(a). The system was
subsequently simulated at increasing substrate temperatures,
and the same two Lindemann indices Singra and Sineer already
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introduced for adsorbates on graphite were calculated to char-
acterize the internal state of the cluster and its overall motion
on the corrugated substrate. Likewise the asphericity index
was evaluated to determine possible shape transformations
during the heating process. Figure 7 shows the variations of
these observables as a function of temperature, as obtained
from simulations carried without and with screened dispersion
interactions. Without dispersion and at low temperatures, the
diffusion of Rusg on graphene/Ru(0001) is very similar to its
diffusion on graphite, with the adsorbate moving freely without
deforming over the substrate. A peak in §j,e; near 300 K and
the stabilization of this index to low values above 500 K
shows that the adsorbate finds a more stable position closer
to the substrate than in its initial deposition site. However,
the truncated octahedral structure remains stable up to about
1300 K, above which the cluster reorganizes and flattens.

In the simulations including dispersion, the trajectories
spontaneously converge to a more stable minimum already at
low temperature and above 300 K the cluster isomerizes into a
lower-energy, flatter structure with only three layers instead of
four as in the initially deposited truncated octahedron. Having
found lower energy minima, the configurations from the MD
trajectories were systematically minimized for both models
and the simulations were restarted from those annealed struc-
tures depicted in Fig. 8(b). These additional MD simulations
closer resemble the experimental situation in which the clusters
are grown in situ from the atomic vapor [6]. As expected,
the annealed structures appear much more stable over the
entire temperature range, and even rather robust against global
diffusion on the substrate. The nanoparticles also remain
rigid and only exhibit some minor fluxionality in presence
of dispersion forces above 700 K, before melting takes place

(a) soft landed

structures
nanoparticle on epitaxial graphene on Ru(0001) in the 12 on 11 moiré
template. (a) Truncated octahedral minimum obtained assuming
soft-landing and global migration to the most stable (fcc) registry;
(b) flatter minimum obtained by annealing the high-temperature MD
trajectories.

FIG. 8. (Color online) Low-energy of the Rugg
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above 1300 K. With dispersion interactions, the nanoparticle
displays lesser mobility and becomes fluxional only at the
highest temperatures considered here, suggesting less rugged
energy landscapes and higher isomerization barriers.
Compared to the flat graphite substrate, Ru nanoparticles
deposited on epitaxial graphene are thermally much more
stable. When dispersion forces are included, this greater sta-
bility can be traced back to the greater dispersion coefficients
between metal atoms. However, even in absence of dispersion
the particles show much less mobility, which we attribute to
the moiré effect and the corrugation of the graphene layer
that increases its contact surface with the particle and binds it
more efficiently. Another contribution to the higher stability
of the nanoparticles on epitaxial graphene relative to graphite
that was proposed based on electronic structure calculations
[90] is the local change of hybridization of the carbon atoms
sandwiched between the bulk metal substrate and the deposited
nanoparticle. Although the present model does not explicitly
quantify hybridization levels, a similar behavior is obtained
here, as supported by the three-dimensional structure of the
locally optimized configuration represented in Fig. 8(b).

IV. CONCLUSIONS

The stability of nanoparticles self-arranged onto two- or
three-dimensional arrays is a prerequisite for their practical
use in any application. Epitaxial graphene on metals has been
suggested as a promising route for achieving this goal by pin-
ning the particles on ordered sites of the resulting moiré struc-
tures. In the present article, we have developed an atomistic
potential of the bond-order, Brenner-type family to simulate
ruthenium nanoparticles on epitaxial graphene on ruthenium,
and more generally on carbonaceous substrates such as
graphene or graphite. The potential is aimed at modeling such
systems at finite temperature, for which ab initio molecular
dynamics is computationally expensive. Based on existing
potentials for pure carbon or ruthenium, the potential was
carefully parametrized on dedicated electronic structure data
for reference structures especially including epitaxial graphene
[38,44]. The potential is particularly accurate for medium-
size and large adsorbates on graphite and for bare epitaxial
graphene on Ru(0001). However, it is less appropriate for very
small adsorbates or adatoms, for which charge transfer should
better be accounted for explicitly. Its accuracy was confirmed
by adding dispersion corrections in the empirical pairwise
format made popular by Grimme [54], and for which the
dispersion-corrected BOP also reproduces existing electronic
structure properties likewise evaluated by taking dispersion
effects into account [43], this agreement being reached without
introducing any additional fitting parameter in the potential.

Dispersion forces turn out to be rather significant in binding
the graphene layer to the Ru(0001) substrate, but also for the
interaction between the nanoparticles and the substrates, in-
creasing the adsorption energy by a typical order of magnitude
in the latter case. The finite temperature thermal stability was
addressed by carrying molecular dynamics simulations, from
which specific dynamical properties were also inferred such
as the diffusion constant of adsorbates or the main vibrational
frequency corresponding to the Raman G band of graphene.
Ru nanoparticles soft-landed on graphite were found to diffuse
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quite significantly, which agrees with earlier experiments on
other nanoparticles [81].

Application of the present models to epitaxial graphene
on Ru(0001) under different commensurate ratios reveals
moiré structures that are in good agreement with existing
density functional calculations or available measurements.
Some properties, such as the corrugation of the upper metal
layer, were found to agree best only once thermal effects are
taken into account. Although size effects were not generally
found as significant, the strain resulting from employing
a common simulation supercell for the two materials was
identified as a very sensitive issue notably influencing the
corrugation and the vibrational response.

Ru nanoparticles on epitaxial graphene on ruthenium were
also found to be thermally much more stable than when
adsorbed on graphite. To the price of some internal structural
rearrangements upon deposition, the annealed nanoparticles
diffuse less and remain solid at high temperatures under the
nanosecond time scale. This observation remains valid in
absence of dispersion interactions, although some differences
in the internal isomerization dynamics and in the onset of
global mobility were noted. Those changes in the dynamical
behavior suggest different underlying energy landscapes de-
pending on the magnitude of dispersion forces. Characterizing
those landscapes could be valuable in the future in order to
rationalize the simulation results. Another natural extension
worth considering could be to determine the relative thermal
stability of the deposited nanoparticles on different moiré
structures with different commensurabilities or originating
from different relative orientations between the two lattices. In
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particular, it is unclear whether such strong stabilities would
remain in moirés with larger periodicities associated with
lesser buckling.

Additional applications of interest for the present BOP
include bilayer graphene on Ru(0001), where several rota-
tional domains with different properties have been evidenced
experimentally [30,37,91-93]. Local defects in the substrate,
especially in the case of graphite, could also alter the diffusion
rates of adsorbates [94,95], promote pinning and thus enhance
their stability. This is notably relevant in the context of
magnetic storage or catalysis, where coalescence between the
deposited nanoparticles should be avoided.

One more ambitious goal could be devoted to constructing
a coarse-grained model in order to treat entire assemblies over
more realistic time and length scales than those covered at the
present atomistic level. The specific coalescence mechanisms
could be addressed by performing biased simulations and
determining the effective interaction (potential of mean force),
which would subsequently feed the coarser model through
stochastic dynamics.
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