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INTRODUCTION

Deposition of single� and multilayer graphite films
on bulk transition metals has been known for a long
time and is widespread [1, 2]. This deposition process
can be implemented due to the temperature depen�
dence of carbon solubility in transition metals. Carbon
can be introduced into thin (up to 500 nm) nickel film
by decomposing strongly diluted gaseous methane
CH4 [3]. Graphene films containing only a few layers
were grown by heating (in argon) polystyrene films
deposited on a polycrystalline�Ni substrate [4]. There
is no need to use any reactive gas in this method.
Instead, the necessary graphene�film thickness is
determined by the initial thickness of the polystyrene
film. This method of growing graphene films is safer
and simpler than chemical vapor deposition. The
number of graphite layers in multilayer graphene
affects the mechanical, photomechanical, and ther�
mophysical properties [5–7]. Therefore, an analysis of
these layered thin films is of technological interest. It
was shown in [8] that the thus�formed layered
graphene structures have a high stability and the edges
of individual layers serve as potential barriers for the
electron flux. It was established that the photocurrent
is affected by temperature gradients induced by laser
excitation. The electronic properties of a stack of
graphene layers differ strongly from those of a single�
layer structure due to interlayer interaction. In the case
of even two layers, the unique graphene property dis�
appears: electrons cease to act as massless particles. It
is energetically efficient for transition�metal atoms to
be agglomerated into clusters on the surface of nano�
tubes or fullerenes [9]. However, it was not shown
whether or not this tendency remains when passing to

a flat thin carbon structure (graphene). It would be
useful to understand the processes occurring at the
graphene–metal interface for forming reliable con�
tacts between carbon nanostructures and metal elec�
trodes in nanoelectronics [10]. The edges of graphene
generally determine its physical properties. Graphene
nanoribbons with a zigzag atomic arrangement at the
edge have no band gap (i.e., they are metallic). If
atoms have an armchair arrangement, the band gap
can be formed under certain conditions and, corre�
spondingly, the graphene nanoribbon exhibits semi�
conductor properties. The term “armchair” indicating
the graphene�edge configuration is generally accepted
in the scientific literature. 

The purpose of this study was to analyze the influ�
ence of high temperatures on the stability of mono�
layer nickel films deposited on two�layer graphene and
determine the temperature changes in the structure,
the horizontal and vertical components of the mobility
coefficient of nickel atoms, and the stresses acting in
the metal film plane.

COMPUTER MODEL

Our potential model of graphene implies the Morse
potential [11], which is widely applied [12]. The Abel
[13] and Tersoff [14, 15] potentials were developed
based on this potential and improved in [16]. The
potential function U can be written as
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where  is the distance between atoms i and j. The

bond angle  is determined as the angle between the
vectors  and  as follows:

where  is the coordinate vector from atom j to atom i. 

The dihedral angle  is determined by the angle
between the plane passing through atoms j, i, and k
and the plane passing through atoms i, j, and l. The

cosine of the angle  can be written as

The potential components describing repulsion

( ) and attraction ( ) are given by the Morse
potential; however, in contrast to [14, 15], we changed
the bond distance from 0.21 nm to 0.23 nm. The other
parameters of the potential forming C–C interactions
were kept the same. The weak Lennard�Jones attraction
with parameters from [16] was also applied to take into
account C–C interactions at distances  > 0.23 nm. 

Ni–Ni interaction was given by the Sutton–Chen
potential [17]

where  and 

The parameters of the  potential for nickel are
as follows: ε = 0.015707 eV, a = 3.52 Å, c = 39.432,
m = 6, and n = 9 [17]. Ni–C interactions were given by
the Morse potential with parameters established in
[18] for a Ni(001)–graphene system.

The stress in the position of the metal�film atom i is
determined as [17]

where Ωi is the volume per individual atom, which can
be associated with the volume of the Voronoi polyhe�
dron related to atom i. 

Graphene sheets were arranged according to the
Bernal packing (ABAB…) in the same way as for bulk
graphite. The distance between the graphene sheets
was chosen to be equal to the value (3.347 Å) predicted
within the functional�density approximation [19].
The interaction between C atoms belonging to layers A
and B was considered using the Lennard�Jones poten�
tial with parameters taken from [20]. Ni atoms were
initially located on a graphene sheet in the form of a
loose (111) fcc�lattice plane (oriented parallel to the
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graphene plane) with the distance  = 0.6336 nm
between the nearest atoms. In this case, Ni atoms were
located strictly against the centers of hexagonal cells
formed by carbon atoms, and the closest distance

= 0.2018 nm between C and Ni atoms corre�
sponded to the rC–Ni value calculated within the den�
sity�functional theory [21]. In a bulk nickel crystal,

 = 0.2489 nm. Therefore, Ni films were initially in
the stretched state due to the lattice mismatch between
graphene and nickel. The smallest distance between C
atoms in graphene is  = 0.142 nm. We investigate
two systems: system I is a nickel film on two�layer
graphene, while system II is two�layer graphene
coated with identical Ni films from both sides. The
motion equation was integrated by the 4th�order
Runge–Kutta method with a time step  = 0.2 fs.
The calculation time for each temperature value was
106Δt (or 200 ps). The calculations started with 300 K.
After each million time steps, the temperature of the
system was increased by 500 K and the next calcula�
tion of the same duration was carried out. The last cal�
culation corresponded to a temperature of 3300 K.
The temperature in the model was maintained using a
Berendsen thermostat [22]. The total energy of a free
one�sheet graphene was obtained at T = 300 K to be
⎯7.02 eV, which is in agreement with the quantum�
mechanical calculation (–6.98 eV) [23]. The physical
properties of one� and two�layer graphene strongly
differ from those of graphite [24, 25]. 

The radial distribution function was calculated as

(1)

where  is the number of atoms spaced from
atom i by a distance from r to  and ρ is the num�
ber density of the system. There is no division by N in
formula (1) because the function was calculated for
one (nearest to the graphene�sheet center) Ni atom.
The angle brackets indicate time averaging. 

The spectrum of individual atomic vibrations is set
as the Fourier transform of the average autocorrelation
function of velocities: 

where m is the atomic mass and kB is the Boltzmann
constant. 

The self�diffusion coefficient was determined in
terms of the mean�square atomic displacement

 as 

where Γ is the space dimension.
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RESULTS AND DISCUSSION

The configurations of the nickel–two�layer
graphene system (graphene is coated with metal from
one side) at the instant of 200 ps and temperatures of
300 and 3300 K are shown in Fig. 1. It can be seen that
Ni atoms are agglomerated into a dense two�dimen�
sional “drop” located in one of the graphene�sheet
corners even at 300 K. However, the structure connec�
tivity in the “drop” is violated. There are a detached
chain of four atoms and even one removing atom.
Both graphene sheets retain the correct hexagonal cell
structure at this temperature. Graphene sheets
become deformed with an increase in temperature,
compressing at the middle in the armchair direction.
At 3300 K, this leads to bulging of the sheet vertices. In
the vicinity of sheet edges of the armchair direction,
atoms are somewhat disordered; however, none of the
C atoms detached from its sheet at T = 3300 K. On the
whole, graphene sheets, as previously, retain the cell
structure, and no global melting is observed (although
there is slight melting at the armchair edge in the
metal�atomic position). At 3300 K, more than half of
the Ni atoms have evaporated. The metal atoms that
remained on graphene are mainly arranged along the
sheet edges, and only one Ni atom is in the central
region. 

It is interesting to compare the structural deforma�
tions of graphene sheets initially coated with Ni and Al
films, which arose upon heating to high temperatures.
Although Al atoms are lighter than Ni atoms by a fac�
tor of ~2.2, they affect graphene with no less strength.
At the same temperature (3300 K), graphene sheets
released from Al have more local deformations with
fewer atoms involved in the defect, because Al atoms
are more mobile than Ni atoms. In addition, in the
case of Al films the graphene edges are less bent. This
is due to the much stronger interaction between Ni
and C atoms. 

When Ni atoms are located on the external sides of
the upper and lower graphene sheets, the structures of
the lower and upper metal films differ significantly
even at a temperature of 300 K, although their initial
structures were identical. The difference in the struc�
tures of metal films for one� and two�sided coatings is
partially due to vertical film stratification in the latter
case. Figure 2 shows the radial distribution functions

 plotted for one Ni atom, which is closest to
the graphene�sheet center, for both upper and lower
coating layers at T = 300 K. On the upper sheet, Ni
atoms are arranged in a more compact group, which is
indicated by the strong first and (partly) second peaks,
whereas other peaks have low intensity. Ni atoms are
arranged much more uniformly on the lower graphene
sheet. In this case, four peaks (with subpeaks) are pro�
nounced; however, the first�peak intensity is much
lower (by a factor of 2.5). On the whole, the shape of
these functions indicates different arrangements of
metal atoms with respect to small central regions of
the upper and lower sheets. This is mainly due to the
fact that vertical displacements of Ni atoms lying on
different sides of two�layer graphene upwards (along
the  axis) are nonequivalent. The reason is that the
upper metal atoms can move unlimitedly in this direc�
tion, whereas the lower atoms cannot, because their
displacement is limited by the lower graphene sheet.
Counter motion of the upper and lower Ni atoms is
due to their long�range interaction of the attractive
type. After interaction with graphene, the upper Ni
atoms, having acquired a vertical velocity component,
may easily be evaporated, whereas the lower atoms
remain near the graphene surface for some time, col�
liding with other Ni atoms, and then move away in dif�
ferent directions of the lower half�space. An increase
in the system temperature accelerates this process so
that at T = 3300 K there are hardly any Ni atoms
remaining on the surface of the lower graphene sheet.
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Fig. 1. Structure of two�layer graphene with a nickel film at the instant of 200 ps at temperatures of (a) 300 and (b) 3300 K. The
atomic coordinates are given in Å. 
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The presence of the lower metal�atomic layer also
affects the graphene structure so that at 3300 K
detaching C atoms can be observed near one of the
vertices of both upper and lower sheets. In this case,
the type of deformation of graphene sheets at high
temperatures is basically identical to the case of coat�
ing of two�layer graphene with nickel from one side.
The scale of damages in the upper graphene sheet at
T = 3300 K is larger than that for the lower sheet. This
concerns a stronger bending of the front zigzag edge
and more extended fracture of the left armchair edge.
The lower sheet underwent strong local fracture only
near one of the corners.

The kinetics of Ni atoms on the surface of two�layer
graphene is shown in Fig. 3, where the temperature
dependence of the self�diffusion coefficient of this
metal is presented for the cases of one� and two�sided
coatings of graphene with nickel. It can be seen that
the mobility coefficient  of Ni atoms in horizontal
directions (Fig. 3a) for system I first decreases up to a
temperature of 1800 K and then sharply increases. The
amplification of adhesion between Ni atoms and the
graphene substrate causes the initial decrease in the
coefficient  until a certain threshold temperature.
The second reason is compacting of the nickel film on
graphene, which is caused by the mismatch between
the initial density of Ni and its density in the con�
densed state. The experimental nickel melting tem�
perature Tm is 1726 K. Therefore, a further increase in
the temperature (above 1800 K) will most likely cause
film melting and the related increase in the mobility
coefficient  Note that the melting temperature of a
monoatomic Ni film on graphene may differ from the
Tm value of crystalline nickel. At T > 2300 K, the 
value of the one�sided Ni film continues to increase
with an increase in temperature, but with a more mod�
erate rate. The situation is quite different for the nickel
films of system II. In this case, the coefficient 
almost monotonically increases with an increase in
temperature, and this is typical of both the upper and
lower Ni films. The monotonic behavior of the tem�
perature dependence of  can be explained by the
dominance of stronger Ni–Ni interactions occurring
in same film in comparison with interactions between
Ni atoms belonging to different films, as well as Ni–C
interactions. Note that the mobility coefficient  for
the upper Ni film is much smaller than that for the
lower film at all temperatures under study. For exam�
ple, at 3300 K the latter value may exceed the former
by a factor of 4.3. This fact indicates the tendency of
Ni atoms to leave the lower graphene sheet. 

The components Dz of the vertical�mobility coeffi�
cient of Ni atoms also behave differently for systems I
and II with an increase in temperature (Fig. 3b). The
coefficient Dz in system I remains constant and small
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up to 1800 K. However, with a further increase in tem�
perature, the Dz value for Ni atoms of this system rap�
idly increases. System II exhibits no such very rapid
increase in the Dz value. In this case, the coefficient Dz
for Ni atoms first slightly increases (up to T = 1800 K
for the upper Ni film and 1300 K for the lower film)
and then its behavior becomes oscillating; as a result,
it is only slightly increased when the temperature of
3300 K is achieved. A significant increase in the coef�
ficient Dz in system I at T > 1800 K is due to evapora�
tion (directed mainly upwards) of a part of the
Ni atoms from the graphene�sheet surface. The inter�
action between Ni atoms belonging to different films
hinders this process in system II. In this case, Ni atoms
leaving the graphene surface have larger horizontal
velocity components. 

Let us now consider what dynamic properties
graphene acquires at high temperatures. The tooth
shape of the  spectrum of individual horizontal
vibrations of C atoms in the upper and lower graphene
sheets at T = 3300 K indicates rapidly changing direc�
tions of the motion of carbon atoms (Fig. 4a). Non�
zero values of the  spectra at a zero frequency
indicate that C atoms acquired translational mobility
in these directions. On the whole, the  spectra
are similar for the upper and lower graphene sheets
and, accordingly, the behaviors of horizontal displace�
ments of C atoms, belonging to different sheets, are
also similar. A somewhat different situation occurs for
vertical displacements of C atoms of the upper and
lower graphene sheets at T = 3300 K (Fig. 4b). In this
case, the  spectra also have nonzero values at a
zero frequency, which indicates the presence of verti�
cal translational motion of C atoms for both sheets.
However, the  spectrum for the lower sheet is
characterized by higher intensity of other peaks and
better peak resolution at high frequencies. This indi�
cates that the lower sheet is characterized by not only
vertical translational displacements of C atoms but
also vibrational atomic motions in the vertical direc�
tion, which are less developed for C atoms of the upper
sheet.

It is reasonable to consider the main stresses in the
temperature range 300 ≤ T ≤ 1800 K, when there are
still sufficient numbers of metal atoms remaining on
the graphene surface (Fig. 5). The film on one side of
two�layer graphene is characterized by the lowest
stresses. The highest stresses of a particular sign acting
in the metal�film plane manifest themselves at tem�
peratures of 300 or 800 K. The  and  stresses
caused by horizontal forces are somewhat increased in
the film of system I with an increase in temperature,
whereas the  stresses caused by a vertical force
become weaker. When two metal films are deposited
on two�layer graphene, they have much higher hori�
zontal stresses as compared with the case of one
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deposited Ni film. These stresses relax to some extent
upon heating so that the magnitudes of the  and 
stresses in the metal films of system II at 1800 K are
always smaller than those at T = 300 K. In principle,
the situation for the  stress is similar but not so pro�
nounced. For example, in the case of the upper Ni
film, the  stress at T = 1800 K is lower than that at
T = 300 K by only 2.6%. Since the major part of Ni
atoms of the lower metal film is weakly coupled with
graphene at 1800 K, all three stresses (  , and

) in the upper film are close to the corresponding
stresses in system I. 

The cell hexagonal structure in two�layer graphene
has a high thermal stability. Two�layer graphene coated
with a Ni monolayer retains the honeycomb structure
even at high temperatures. For example, only individ�
ual atoms located in the sheet corners are detached
from graphene at 3300 K. A perfect structure remains
in the rest of the sheet. When Ni films are deposited on
two�layer graphene, the horizontal dynamics of Ni
atoms in the upper metal layer is significantly deceler�
ated, which is due to Ni–Ni interlayer interactions.
The stresses in the metal films on two�layer graphene
mainly cease to relax at T = 800 K; the  and 
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stresses for the lower Ni film remain longer than the
others.

CONCLUSIONS

The behavior of monoatomic nickel films on two�
layer graphene upon heating of the system from 300 to
3300 K was analyzed by the molecular�dynamics
method. The presence of Ni atoms only slightly affects
the thermal stability of graphene. Even at 3300 K, only
individual corner C atoms are detached from carbon
sheets. The presence of the second graphene sheet
increases significantly the stability of the flat hexago�
nal cell structure to heating. It was found that even at
T = 300 K Ni atoms deposited on the upper and lower
graphene sheets form films with different structures
(metal atoms on the upper substrate are more close�
packed). The nickel films are destroyed upon heating
of the system. However, even at T = 3300 K a part of
the Ni atoms remains on the upper graphene sheet
irrespective of whether or not the lower sheet was pre�

viously coated with metal. The lower graphene sheet
loses all Ni atoms when the temperature of 3300 K is
achieved. The spectrum of individual horizontal vibra�
tions of C atoms has a shape that differs significantly
from the shape of the vertical�vibration spectrum. The
horizontal�vibration spectra of the upper and lower
graphene sheets are basically identical, whereas the
corresponding spectra of vertical vibrations differ. The
temperature dependences of the horizontal and verti�
cal components of the self�diffusion coefficient of Ni
atoms have a sharp kink at T = 1800 K when two�layer
graphene is coated with a metal film from one side.
However, when the metal coating is two�sided, the
dependence  monotonically increases for each
coating; the  values for the lower Ni film are much
larger than those for the upper film. The dependences

 for the upper and lower nickel films have only a
slight kink at T = 1800 K. The stresses acting in the
metal�film plane (  and ), which are caused by
the horizontal components of interatomic forces, are
much higher in the case of a two�sided coating of
graphene with nickel than those for the one�sided
coating. The  stresses are comparable in these
cases; however, the  stresses for the metal film
deposited on graphene from only one side disappear
more rapidly upon heating.
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