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1. INTRODUCTION 

Deposition of single�layer and multilayer graphene
films on bulk transition metals has long been known
and widely used [1, 2]. The possibility of such deposi�
tion process is associated with the temperature depen�
dence of the solubility of carbon in transition metals.
Carbon can be introduced into thin (500 nm) nickel
films by means of the decomposition of highly diluted
gaseous methane [3]. Graphene films containing only
a few layers are grown by heating polystyrene films
deposited on a substrate of polycrystalline nickel in an
argon atmosphere [4]. In this method, there is no need
to use any reactive gas. Instead, the required thickness
of graphene films is predetermined by the initial thick�
ness of the polystyrene film. The number of graphite
layers in multilayer graphene affects the mechanical,
photomechanical, and thermal properties [5–7].
Therefore, the investigation of such layered thin films
is of technological interest. In [8], it was shown that
synthesized layered graphene structures have a high
stability, and the edges of individual layers act as
potential barriers for the flow of electrons. It was found
that the photocurrent depends on temperature gradi�
ents induced by laser excitation. A stack of graphene
layers significantly differs in the electronic properties
from a single�layer structure due to the interlayer
interaction. Even in the case of only two layers,
graphene loses a unique property: electrons cease to
behave like massless particles. For transition metal
atoms, it is energetically favorable to form clusters on
the surface of nanotubes or fullerenes [9]. However, it
has not been elucidated whether this tendency is
retained upon the transition to a flat thin carbon struc�
ture, namely, graphene. 

Several experimental facts indicate a strong inter�
action of nickel with graphene [10]. Owing to this

interaction, a moving nickel nanoparticle can cross
graphene exactly along the direction of the crystal lat�
tice. Intercalation of different metals (Cu, Ag, Au)
under a graphene layer located on the Ni(111) surface
results in the formation of crystalline layers of these
metals of monoatomic thickness [11]. The chemical
interaction of graphene with a nickel substrate leads
to bendings of the graphene layer, which repeat the
geometric structure of the substrate surface. The
understanding of the processes occurring at the inter�
face between the metal and graphene can be useful in
nanoelectronics for the fabrication of reliable con�
tacts between carbon nanostructures and metal elec�
trodes [12]. 

The purpose of this work was to investigate the
influence of high temperatures on the stability of sin�
gle�layer nickel films deposited on single�layer and
two�layer graphenes, as well as to determine tempera�
ture changes in the structure, the horizontal and verti�
cal components of the mobility of nickel atoms, and
the strongest stresses acting in the metal film. 

2. COMPUTER MODEL 

The calculations were performed by the classical
molecular dynamics method. In this study, we used
three types of empirical potentials specifying the car�
bon–carbon (in graphene), nickel–nickel, and
nickel–carbon interactions. The many�body poten�
tials used to simulate the first two interactions and the
method for calculating stresses in the metal film were
described in [13]. The representations of the interac�
tions in graphene were based on the use of the Tersoff
potential [14, 15]. In order to change over to the sim�
ulation of two�dimensional systems (for example,
graphite) with covalent bonding, it is necessary to

SURFACE PHYSICS 
AND THIN FILMS

Computer Simulation of Heating of Nickel Films
on Two�Layer Graphene 

A. E. Galashev 
Institute of Industrial Ecology, Ural Branch of the Russian Academy of Sciences,

ul. Sofii Kovalevskoi 20, Yekaterinburg, 620219 Russia 
e�mail: galashev@ecko.uran.ru 

Received December 10, 2013 

Abstract—The behavior of a nickel film on two�layer graphene in the temperature range 300 K ≤ T ≤ 3300 K
has been investigated using the molecular dynamics method. The kinetic, structural, and mechanical prop�
erties of this film have been compared with the corresponding characteristics of a similar nickel film on single�
layer graphene. It has been shown that the second layer of heated graphene plays a stabilizing role in retaining
the hexagonal cellular structure of the graphene layer contacting with the metal. 

DOI: 10.1134/S1063783414050102



PHYSICS OF THE SOLID STATE  Vol. 56  No. 5  2014

COMPUTER SIMULATION OF HEATING OF NICKEL FILMS 1049

modify this potential [16]. In the proposed model, the
scale of covalent interaction was increased from 0.21
to 0.23 nm. Outside the covalent interaction, we used
a very weak attractive Lennard�Jones interaction with
the parameters taken from [16]. To prevent rotation of
the graphene sheet, the “retardation” at each atomic
site of the graphene atomic was provided by the force
–dVij(Ωkijl)/drij, where the torsional potential Vij(Ωkijl)
was defined in [16]. The interaction between the Ni
atoms was specified by the many�body Sutton–Chen
potential [17], and the interaction of the C and Ni
atoms was described by the Yamaguchi–Maruyama
potential [18] with the parameters taken from [19]. In
[11], the interaction of the C and Ni atoms was
described by the Morse potential. Except for this fea�
ture, the calculation method used in the present work
is similar to the method proposed in [13]. It should be
added that graphene sheets were arranged according to
the Bernal stacking (ABAB…) in exactly the same
manner as in bulk graphite. The distance between the
graphene sheets was taken to be equal to that predicted
in the density functional theory approximation
(3.347 Å) [20]. The interaction between the C atoms
belonging to the layers A and B was considered in
terms of the Lennard�Jones potential with the param�
eters given in [21]. 

The initial packing of the Ni atoms was represented
by a monolayer in the form of a loose (111) plane of the
face�centered cubic (fcc) lattice (parallel to the
graphene plane) with the distance between the nearest
neighbor atoms rNi–Ni = 0.6336 nm. In this case, the
Ni atoms were arranged directly against the centers of
hexagonal cells formed by carbon atoms, and the
shortest distance between the C and Ni atoms rC–Ni =
0.2018 nm corresponded to rC–Ni calculated in terms
of the density functional theory [22]. In the bulk nickel
crystal, rNi–Ni = 0.2489 nm. Therefore, the Ni film was
initially in a stretched state due to the lattice mismatch
between graphene and nickel. The shortest distance
between the C atoms in graphene was rC–C = 0.142 nm. 

3. RESULTS OF THE CALCULATION 

At high temperatures, nickel actively interacts with
different carbon forms. In this respect, graphene as a
form of carbon is not an exception. The difference in
the behavior of the nickel film on single�layer and two�
layer graphenes can be seen from Fig. 1, which shows
configurations of the corresponding systems obtained
to the instant of time of 200 ps at a temperature of
3300 K. It is seen that, in both cases, the Ni atoms are
in fairly close contact with the C atoms and, even
through the formed defects, can penetrate through the
single�layer graphene sheet. The Ni film on single�
layer graphene seems to be more homogeneous,
whereas on two�layer graphene, it looks like a joint of
two clusters. The single�layer graphene supporting the
Ni film is subjected to significantly stronger destruc�

tion than the two�layer graphene sheet under the metal
film. At a temperature of 3300 K, sufficiently large
cavities for the penetration of Ni atoms are formed in
single�layer graphene. At this temperature, the upper
sheet of two�layer graphene under the Ni film pre�
dominantly retains, except for the edges, the hexago�
nal cellular structure. This is favored by the influence
of the lower graphene sheet with the structure still less
distorted by thermal fluctuations. 

In both cases, the horizontal components Dxy of the
self�diffusion coefficient of the Ni film exhibit a simi�
lar behavior (Fig. 2). In the initial part of the studied
temperature range, the observed sharp decrease in the
value of Dxy is caused by a decrease in the distance
between the nearest neighbor nickel atoms, i.e., by an
increase in the density of the film. In these environ�
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Fig. 1. Structures of (a) single�layer graphene and (b) two�
layer graphene with a nickel film at an instant of time
200 ps and at a temperature of 3300 K. The atomic coordi�
nates are given in angstroms. 
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mental conditions, the atoms tend to form a dense
condensed phase, because the initial stretched state of
the film is not stable. However, the initial location of
the metal atoms in non�adjacent hexagonal cells of
graphene made it possible to tightly bind the metal
film to the substrate. As a result, even at T = 3300 K,
only one Ni atom could move away from single�layer
graphene over a large distance and lost contact with it.
At this temperature, all the Ni atoms of the film are
bound with two�layer graphene. At the same time, our
computer experiments with a close�packed metal (Cu)
film on graphene showed that the film is destroyed
even at T = 300 K. In both cases, a decrease in the
coefficient Dxy for the Ni film occurs at temperatures
up to 1800 K. Then, this coefficient slightly increases
with increasing temperature. An increase in the self�
diffusion coefficient Dxy at T > 1800 K is also possible
due to the melting of the film. It should be noted that
the experimental value of the melting temperature Tm

of nickel corresponds to the temperature of 1726 K.
The behavior of the vertical component Dz of the self�
diffusion coefficient of the Ni film depends signifi�
cantly on the substrate type (single�larger or two�layer

graphene). In the case of single�layered graphene, the
coefficient Dz continuously increases with an increase
in the temperature, whereas the increasing depen�
dence Dz(T) of the metal film on two�layer graphene
has two maxima. It is worth noting that the values of Dz

in the second case are significantly higher than in the
first case. The coefficient Dz for the Ni film on two�
layer graphene, which is calculated using the corre�
sponding autocorrelation function, also has two simi�
lar maxima. The continuous growth of the Ni film on
single�layer graphene is due to the gradual structural
transformation in single�layer graphene with an
increase in the temperature. In this case, the structure
of graphene becomes increasingly less ordered and,
hence, increasingly less able to bind the Ni atoms. As
a result, the coefficient Dz increases with an increase in
the temperature. Since two�layer graphene has a
higher thermal stability, it is bound with the Ni film
due to the matching of the lattice constants. The
degree of lattice matching changes in cycles with
increasing temperature, which determines the cyclic
behavior of the coefficient Dz. Owing to the regularity
of the structure and the influence of the second layer,
the interaction forces of graphene with the metal film
in this case are substantially stronger, and, therefore,
the coefficient Dz has higher values. 

The spectra of individual vibrations of atoms in the
Ni film on single�layer graphene at T = 3300 K are
similar to each other for both the horizontal and verti�
cal vibrations (Fig. 3a). In these spectra (both fxy(ω)
and fz(ω)), apart from the principal peak at a fre�
quency of 1.8 × 1012 s–1, there are several other addi�
tional peaks of lower intensity. These peaks are attrib�
uted to vibrations of atoms of the substrate, i.e.,
graphene. The intensity ratios of the first and second
(in magnitude) peaks in the spectra fxy(ω) and fz(ω) of
the Ni film on single�layer graphene are equal to 4.8
and 2.9, respectively. Therefore, in the horizontal
direction, the vibrations at the fundamental frequency
dominate over the additional vibrations to a greater
extent as compared to the vertical direction. In the fre�
quency spectra (both fxy(ω), and fz(ω)) of the Ni films
on two�layer graphene, the principal peak is located at
a frequency of 2.3 × 1012 s–1 (Fig. 3b). The intensity
ratios of the first and second peaks in this case are
equal to 3.1 and 1.4 for the spectra fxy(ω) and fz(ω),
respectively. Again, as in the previous case, the funda�
mental vibrations in the horizontal direction are more
pronounced than those in the vertical direction. How�
ever, the intensity of fundamental vibrations and their
prevalence with respect to other vibrations are lower
than those for the Ni film on single�layer graphene.
The spectrum of vertical vibrations fz(ω) for the Ni
film on two�layer graphene has a more pronounced
tendency to a decrease in the intensity with an increase
in the frequency as compared to the corresponding
spectrum of the Ni film on single�layer graphene. The
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Fig. 2. Self�diffusion coefficient of nickel atoms in (a) Ni
film on single�layer graphene and (b) Ni film on two�layer
graphene: (1) in the horizontal plane and (2) in the vertical
direction. 
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spectrum fz(ω) of the metal film on two�layer graphene
at low frequencies has a substantially higher intensity.
The relative increase in the fraction of low�frequency
vertical vibrations in this case is caused by a noticeable
decrease in the fraction of the corresponding high�fre�
quency vibrations because of the mutual decrease in
the vibrational activity due to the asynchronous vibra�
tions of C atoms in different graphene sheets. It should
be noted that the higher is the vibrational frequency,
the larger is the degree of asynchronism for carbon
atoms of the upper and lower graphene sheets.
Changes in the lattice dynamics of graphene are trans�
ferred to the Ni atoms closely contacting with
graphene. 

The radial distribution functions of the graphene
film at T = 3300 K are characterized by four peaks for
metal films both in the case of single�layer graphene
and in the case of two�layer graphene (Fig. 4). The
intensity ratios of the peaks in the first and second
cases are 48.8 : 9.8 : 5.5 : 1 and 33.4 : 12.0 : 3.0 : 1,
respectively. The radial distribution function of the
metal film on two�layer graphene has deeper first and
second minima and, accordingly, the first and second

peaks are characterized by a higher resolution. The
second peak of the radial distribution function of the
nickel film on single�layer graphene is split, whereas
the corresponding peak of the function g(r) of the
metal film on two�layer graphene has a shoulder on the
left wing. The positions of the peaks also differ mark�
edly. While the peaks of the radial distribution function
of the Ni film on single�layer graphene are located at
0.24, 0.51, 0.65, and 0.92 nm, the corresponding peaks
of the function g(r) of the metal film on two�layer
graphene are observed at 0.27, 0.48, 0.68, and
0.87 nm. As was already mentioned in Section 2, bulk
crystalline nickel is characterized by the distance
between the nearest neighbor nickel atoms rNi–Ni =
0.2489 nm (T = 300 K), and this distance in the nickel
melt is rNi–Ni = 0.262 nm (T = 2000 K) [23]. Thus,
according to the interatomic distance rNi–Ni, the high�
temperature Ni film on single�layer graphene corre�
sponds better to crystalline nickel, whereas the nickel
film on two�layer graphene is closely similar to liquid
nickel. 

Within the entire temperature range under study,
the nickel films both on single�layer graphene and on
two�layer graphene are characterized by the highest
values of the stress tensor components σxx, σyy, and σzz.
The temperature variations of these components are
shown in Fig. 5. The components σxx and σyy initially
(at T = 300 K) have high values, which usually
decrease as the temperature increases to 1300 K for the
nickel films on single�layer and two�layer graphenes.
Above T = 1300 K, these components have a tendency
toward an increase with increasing temperature. The
component σxx increases beginning from 800 K, while
the component σyy increases beginning from 1300 K.
In general, except for some features in the temperature
range 1300 K ≤ T ≤ 2800 K, the components σxx and
σyy behave identically in both cases. At T = 3300 K, the
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Fig. 3. Spectra of (1) individual horizontal and (2) individ�
ual vertical vibrations of nickel atoms in (a) Ni film on sin�
gle�layer graphene and (b) Ni film on two�layer graphene. 
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component σxx for the Ni film on two�layer graphene
is 1.14 times less than the corresponding value for the
metal film on single�layer graphene. At the same tem�
perature, the component σyy of the Ni film on two�
layer graphene, on the contrary, is significantly
(1.60 times) higher than the value of σyy for the nickel
film on single�layer graphene. The values of the com�
ponents σxx and σyy are mainly determined by the
structure of the film and depend weakly on the sub�
strate state. A different behavior with an increase in the
temperature is exhibited by the component σzz. In
both cases, this component initially is characterized by
very low values but, with increasing temperature T,
tends to increase. It is worth noting that an increase in
the temperature of the metal film on two�layer
graphene leads to an almost monotonic change in the
component σzz, whereas with an increase in the tem�
perature of the film on single�layer graphene, the
function σzz(T) passes through two maxima: at 1300
and 2800 K. A wave�like increase in the value of σzz for
the Ni film is dictated by significant structural changes
occurring in single�layer graphene beginning with a

temperature of 1300 K. In turn, at these temperatures,
the structure of graphene substantially changes only
upon interaction with nickel. For example, this effect
is not observed for copper on an intensively heated sin�
gle�layer graphene layer. For two�layer graphene, the
structural changes caused by heating are less pro�
nounced and do not lead to similar fluctuations in the
values of σzz for the Ni film on graphene. This explains
the monotonic increase of the component σzz. 

4. CONCLUSIONS 

The transition metal nickel atoms initially located
in non�adjacent hexagonal cells formed by the carbon
atoms are assembled in a dense nickel droplet both in
the case of single�layer graphene and in the case of
two�layer graphene. Owing to the strong coupling
between nickel atoms and graphene, a flat metal drop�
let is formed initially, which then acquires a volume
with an increase in the temperature. The droplet does
not have a strong tendency to evaporation of the metal
atoms at temperatures up to 3300 K. At high tempera�
tures, individual nickel atoms penetrate through struc�
tural defects formed in single�layer graphene. Two�
layer graphene even at a temperature of 3300 K has no
defects through which the nickel atoms can migrate.
There is a significant difference between the behavior
of nickel atoms on two�layer graphene at high temper�
atures and their behavior observed in the case of sin�
gle�layer graphene. In the former case, nickel atoms
are characterized by a higher vertical mobility, which
increases in a wave�like manner with an increase in the
temperature. Accordingly, the spectrum of individual
vibrations of nickel atoms on two�layer graphene has a
considerably higher intensity in the low�frequency
range. The first two peaks of the radial distribution
function of the Ni film on two�layer graphene are bet�
ter resolved than the corresponding peaks of the func�
tion g(r) of the metal film on single�layer graphene. In
both cases, for the Ni film on graphene, the stress ten�
sor components σxx, σyy, and σzz have the highest val�
ues. As the temperature increases, the stress tensor
components σxx and σyy in both cases exhibit a similar
behavior, whereas the σzz component changes
smoothly for the metal film on two�layer graphene and
in a wave�like manner for the film on single�layer
graphene. 

Thus, it has been demonstrated that the second
graphene layer plays a stabilizing role in retaining the
structure of the graphene layer contacting with the
metal up to high temperatures. It has been found that
there are differences in the kinetic, structural, and
mechanical properties of nickel films deposited on
two�layer and single�layer graphenes. 
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