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In this theoretical study, we perform direct ab initio molecular dynamic simulations for the collisions of
Cr/Fe atom/dimer with the graphene surface to study the evolution of magnetic moment. During the
dynamic process, the change in magnetic behavior of those systems is monitored and explained in
accordance with the spin-polarized electronic structure analysis. While the magnetic moment of Fe
dimer is found to remain almost unchanged (total magnetization > 6 pg) on the graphene surface, we

find that the Cr dimer-graphene system possesses either 0 (non-magnetic) or a ferromagnetic state of
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~10 pp. Those observations offer explanations to the switch of magnetic states during the collision
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1. Introduction

Over the past decade, graphene [1,2] has attracted a huge
attention of the research community owing to its extraordinary
electronic and mechanical properties, which secure promising ap-
plications in the field of nanotechnology [3—5]. It is required that a
finite band-gap should be opened for the utilization of graphene in
field-effect transistors [3]. This requirement can be achieved by
cutting graphene into nanoribbons [6,7] or performing graphene
hydrogenation [8]. In the later approach, the adsorption of atomic
hydrogen on graphene was actually shown to open a substantial
gap between the occupied and unoccupied electronic states [9]. An
overview to the functionalization of graphene was discussed in a
recent review devoted by Pykal et al. [10] Adsorption of atoms on
graphene appears to be effective in controllable modification of this
material [11—13]. In recent years, the adsorption of metal atoms on
the graphene surface has been increasingly studied with a major
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focus on the magnetism aspect [14—20]. It was shown that large
magnetic moments [14] and anti-ferromagnetic ordering [15] can
appear in the case of 3d transition metal atoms adsorbed on gra-
phene. In addition, the variance in the number of metal atoms
adsorbed on graphene [18] as well as in the adsorption sites [20]
can also lead to significant differences in the resultant magnetic
moments. In terms of electronic structure, Khomyakov et al. [21]
showed that the bonding between graphene and metal surfaces
(Al, Ag, Cu, Au, and Pt) was weak but had an effect on the shift of the
Fermi level. Experimentally, the interaction between graphene and
different metal films was investigated using Raman spectroscopy,
which revealed peak shift in the case of electron doping with the
cobalt contact and hole doping with the nickel contact [22]. The
doping of graphene by noble metal caused an effect on the elec-
trochemical behavior, thus enhanced the catalytic capability of the
compound [23]. By employing surface-enhanced Raman scattering
technique, Lee et al. [24] concluded the interaction between Ag
nanoparticles and graphene to be thickness dependant. Electronic
resistance has been a critical concern in graphene-metal junction
developments. In a previous experimental study, the circular
transfer length method was employed to characterize the Ag, Au,
Ni, Ti, and Pd contacts with graphene [25]. The resistance between
graphene and the palladium surface was previously shown to
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decrease with temperature decreasing [26]. In a recent effort to
reduce resistance of graphene-metal contact, Guo et al. [27]
demonstrated the utilization of sandwiching graphene square
flakes between the graphene and metal layers, and the contact
resistance was reported to be reduced by 74.3%.

Fe/Cr atom/cluster binding to graphene has been the subject of
several recent works [11,28—33]. Chan and co-workers contributed
an effort to study the graphene-metal systems (12 different metals
in consideration) to explore the electronic structure, dipole
moment, and work function [11]. For the specific case of Fe, it was
found that Fe at a single vacancy site was non-magnetic, while an Fe
atom residing at a double vacancy site had a higher magnetic
moment [28]. Interestingly, the adsorption of Fe in the graphene
trivacancy was proved to open an energy gap in graphene [31]. A
dynamic study was presented by Markevich et al. [32] to explore
the mechanism of Fe migration at mono-vacancy and double-
vacancy sites. In general, it was shown that doping graphene with
Fe should be effective to introduce magnetism in graphene [33].
Other than Fe, Cui et al. [30] suggested a possibility of attaching Co
on the N atoms in the graphene plane, which should be capable of
working as a counter electrode.

The understanding of magnetic properties in the graphene-
metal system is necessary to fabricate graphene-based electronic
and spintronic devices. In fact, the magnetic behavior of graphene
at nanoscale is difficult to determine experimentally [17]. Studies
based on density-function theory calculations (DFT) [34,35], on the
other hand, provided an atomic-level understanding of the metal
atoms-graphene interactions. Moreover, investigating the dynamic
process helps to understand the relationship between the metal
atoms-graphene interactions and the rise of magnetism given by
the coordination interactions. In this study, we perform ab initio
direct molecular dynamic (MD) simulations of metal atom/dimer
bombarding the graphene surface. In particular, a Cr adatom and
Cr,, Fe, dimers are set to strike the graphene surface with relatively
high velocity in comparison with thermal translation. During the
process, we focus on the evolution of magnetic alignment of those
systems, which is deliberately examined and explained in accor-
dance with the spin-polarized electronic structures.

2. Computational experimental set-ups and details

The objective of this study is to investigate the progress of

magnetization change when a single transition metal atom (M) or
M, dimer is set to collide with the graphene monolayer. This goal
can be attained by performing classical MD on a direct ab initio
force field with three primary steps:

(i) Setting up a configuration of periodic graphene equilibrated
with thermal fluctuation at 300 K.
(ii) Executing direct ab initio dynamics for the graphene-metal
system.
(iii) Selecting representative configurations from the trajectories
to perform highly-qualitative self-consistent calculations.

In the following sub-sections, we will present how computa-
tional experiments are set up and what information is to be ob-
tained for the later discussions.

2.1. Setting up a thermally equilibrated configuration

Initially, a graphene monolayer consisting of 50 C atoms in a
(5 x 5) supercell and a metal atom/dimer at 9 A apart from the
graphene layer are allowed to fluctuate around the equilibrium
positions for 10,000 steps with a fixed step size of 5 Rydberg time
units (Rtu). In real time unit, the whole integration period accounts
for 2.4 ps. Upon the consideration of a (5 x 5) supercell, the a lattice
parameter is 12.34 A, while the c lattice parameter is chosen as
2434 A. Both of these parameters ensure a good vacuum
assumption for the metal atom/dimer in the periodic system.

We then conduct Car-Parrinello molecular dynamics [36]
(CPMD) for this early stage for the graphene-metal system with a
cut-off energy of 35 Rydberg and the Martin-Troullier norm-
conserving pseudo-potentials [37] are employed for the partici-
pating atoms (C, Fe, Cr). In order to make our systems experimen-
tally realistic, the temperature is thermostated at 300 K. After
accomplishing the CPMD process, we obtain a graphene layer and
M atom/dimer with well randomized configurations. It should be
noted that the CPMD process would not produce an alternation to
the distance between metal atom/dimer and graphene. In other
words, the centers of mass of metal atom/dimer and graphene are
preserved during the CPMD process.

When a metal dimer is set to strike a graphene surface, there are
many different interacting configurations that M, can interact with
graphene. Therefore, in the metal dimer investigations, we consider
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Fig. 1. Definition of the aligning angle (o) made between the vector connecting two metal atoms and the approximated graphene surface. (A colour version of this figure can be

viewed online.)
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