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INTRODUCTION

Graphene and materials on its basis can be used to
restore the environment and remove contaminating
wastes. They decompose organic polluters into less
dangerous species, decrease the high valence of toxic
metal ions.

Pure graphene has a higher adsorptive capacity
than the graphene oxide because of the feasibility of
π–π interactions between the graphene and organic
molecules [1–3]. The extent of the removal of ions of
heavy metals from an aqueous solution depends sub�
stantially on the interaction between the ions and the
functional groups of the adsorbent. Graphene and
graphene oxide have high adsorptive capacity with
respect to the ions of metals such as Cu, Pb, Cd, and
Co [4, 5]. Thus, in the case of the removal of the ions
of lead and cadmium from the sewage, graphene man�
ifests adsorptive properties characterized as 406 and
73 mg/g, respectively. It is usually expedient to use
magnetic graphene nanocomposites, for example, to
prevent interlayer aggregation. To remove pollutants
from aqueous solutions, graphene–Fe3O4 composites
are used. Compared with the magnetic graphene nan�
otubes, the graphene–Co2O4 composites have a higher
adsorptive capacity (71 mg/g). The nanoparticles of
the noble metals, such as Au and Pt, attract special
attention due to their excellent catalytic properties.
Their presence on graphene improves its electronic
properties.

It is only effective to use graphene as the adsorbing
material if it is used repeatedly. Therefore, the problem
appears of removing the deposited substances from
graphene, among which copper is of significant prac�
tical interest. One of the simplest and efficient meth�
ods of cleaning graphene is ion�beam bombardment.
However, here, it is important to correctly select the
energy of the bombarding ions in order to prevent the
damage of the graphene membrane.

The authors of [6] have performed a molecular�
dynamic (MD) simulation of plasma interaction on
the surface of graphite, using the modified Brenner
potential [7]. It was shown that, at an energy of the
incident beam equal to 5 eV, the graphite surface
absorbed the majority of hydrogen atoms, while at a
beam energy of 15 eV, almost all hydrogen atoms were
reflected from the surface. The vertical bombardment
with Ar10 clusters with a kinetic energy Ek < 30 eV per�
formed in the MD model [8] did not lead to a break of
the graphene sheet in a series of 100 tests. Graphene
was torn up at Ek = 40 eV.

This work is aimed at investigating the stability of a
thin film of copper at graphene under the action of a
bombardment by argon clusters with a kinetic energy
of 20 eV at angles of incidence of the cluster beam
equal to 75°, 60°, and 45°.
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COMPUTER MODEL

The Tersoff potential used to describe interatomic
interactions in graphene is based on the bond�order
concept. The potential energy between two neighbor�
ing atoms i and j is written as [9]

(1)

(2)

Here, the parameters A and λ(1) determine the repul�
sive force; the parameters B and λ(2) determine the

attractive force; the parameters  and  are
selected so as to include only the layer of the nearest
neighbors for the bulk structure of graphite or dia�
mond;  is the multiparticle parameter of the bond
order, which describes how the bond energy (attractive
part of ) is formed upon a given local atomic
arrangement owing to the presence of other neighbor�
ing atoms. The potential energy is a multiparticle
function of the positions of atoms i, j, and k and is
determined by the parameters

(3)

(4)

(5)

where βξ is the effective coordination number; q is the
exponent that specifies the three�particle effects; and

 is a function of the angle between  and 
which stabilizes the tetrahedral structure. The param�
eter d determines how rapidly the function g(θ)
changes; c assigns the character of the change in the
force depending on the angle θ; h represents the cosine
of the optimum bond angle, to which the real bond
angle determined by three interacting atoms is fitted.
We mainly used the parameters of the Tersoff potential
for carbon given in [9], but the distance corresponding
to covalent bonding was increased to 0.23 nm, and
included a weak attraction at r > of 0.23 nm specified by
a Lennard�Jones potential with the parameters given in
[10]. To eliminate the arising tortional moment at each
site of the graphene sheet, the torsional component of
the force created by the atoms of adjacent sites was
excluded. The analytical form of the local torsional
potential of interaction is given in work [10].
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The Sutton–Chen (SC) potential has been suc�
cessfully used both to simulate bulk metals [11] and
metallic clusters [12]. The SC potential energy is writ�
ten as

(6)

with

(7)

where ε is a parameter with the dimensionality of
energy; p is a dimensionless parameter; a is a parame�
ter with the dimensionality of length, which is usually
selected equal to the lattice parameter; and m1 and m2

are positive integers (usually, ). The power�law
form of the contributions makes it possible to success�
fully join short�range interactions (represented by the
N�particle term) with the van der Waals tail, which
determines long�range�order interaction. Here, the
following values of the parameters of the SC potential
for copper were used: m1 = 6, m2 = 9, ε = 12.382 meV,
and c = 39.432 [12].

The copper–carbon interaction was assigned in the
form of the Morse potential

(8)

with the following values of the parameters:  =
87 meV, κ = 1.7 Å–1, and  = 2.2 Å [13]. 

In the Ar13 cluster, the atoms interacted through a
Lennard�Jones potential with the parameters  =
0.3405 nm and  = 0.0103 eV [14].

The interaction between the atoms of Ar and atoms
of the target (Cu and C) was determined by the purely
repulsive Moliére potential [15]

(9)

where  and  are the atomic numbers of the atoms
i and j, respectively; e is the elementary electric
charge; r is the interatomic distance; and η is the Fir�
sov screening length [16]

(10)

Here,  is the Bohr radius. We neglected the weak
attraction between the atoms of Ar and Cu, just as
between the atoms Ar and C, since the primary pur�
pose of this study is energy and momentum transfer
rather than chemical bonding [17].

The copper film on graphene was formed in a sep�
arate MD calculation in two stages. At the first stage,
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the Cu atoms were placed above the centers of nonad�
jacent cells of graphene so that the interatomic dis�
tance between Cu and C atoms was equal to the dis�
tance 2.243 Å calculated according to the density�
functional theory (DFT) [18]. On this loose film,
which consists of 49 Cu atoms, another 51 Cu atoms
were randomly deposited. Then, the system consisting
of 100 atoms of Cu and 406 atoms of C, was brought
into equilibrium in an MD calculation with a length of
1 million time steps (Δt = 0.2 fs). The numerical solu�
tion of the equations of motion was carried out via the
fourth�order Runge–Kutta process. The thus�
obtained target was subjected to the bombardment
with icosahedral  clusters with an energy of 20 eV.
Five starting points for the location of the centers of
the  clusters were placed (through equal spacings)
on a line parallel to the oy axis (the armchair direc�
tion). This line was moved to the left (along the ox axis)
from the left�hand edge of graphene to a distance of
1.5 nm and was raised to a height (in the direction of
the oz axis) such that the angle ϕ between the ox axis
and the line of the direction of the incident cluster be
15°, 30°, and 45°. Thus, the height of the location of
the starting points increased by an effective constant
thickness  (4.9 Å) of the copper film. The interval
equal to the length of the graphene sheet in the direc�
tion of the ox axis (zigzag direction) was divided into
25 equal segments of length  At the begin�
ning of each following cycle of cluster strikes, the line
of the starting points of the  clusters was moved
forward horizontally by a distance  As a result, the
graphene sheet raised to a height  was covered with
125 evenly distributed points at which the cluster
strikes were directed. Each series included 25 cycles or
125 impacts. At the starting point, all atoms of an 
cluster were given the same speed along the direction
of impact. The clusters were in turn sent in the direc�
tion of the target. The lifetime (determined by the sum
of the time of flight and time of interaction with the
target) of each cluster was limited to 8 ps. After this
time, the Ar atoms of the destroyed cluster were
excluded from the examination and a new  cluster
began motion from another starting point. A cycle of
five cluster bombardments took on 40 ps (subse�
quently, the order number of a cycle will be designated
by n); a series of 25 cycles lasted 1 ns.

The effect of cluster bombardment is almost inde�
pendent of the electric charge of the clusters. If the
bombardment was carried out by charged clusters, then,
because of the electron transfer, the electric charge
would be neutralized on the surface. The electrons
move at least three orders of magnitude more rapidly
than the atomic nuclei. Therefore, the dynamics of the
argon ion will be similar to the dynamics of the argon
atom. The accumulation of charge upon the bombard�
ment of the target is impossible because of its neutral�
ization upon the contact of the ion with the target.
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The strike of a cluster on the surface is accompa�
nied by the heating of the system. The moderate
removal of the separated heat from the system was per�
formed according to the Berendsen scheme with a
coupling constant τ = 4 fs [19]. In order to control the
heating, the velocities v were scaled at each time step
as follows:

(11)

where λ is the scaling factor,  is the assigned temper�
ature (300 K), and T is the current temperature.

The self�diffusion coefficient is assigned through

the mean�squared atomic displacement  

(12)

where Γ = 3 is the dimensionality of space. The desig�
nation  means averaging over the time.

The stress at the position of an atom i of the metal�
lic film is defined as [12]

(13)

where α and β represent x, y, and z coordinates; the
volume that refers to an individual atom can be associ�
ated with the volume of the Voronoi polyhedron
related to the atom,  The other symbols that enter
into (13) are identical to the designations used in for�
mulas (6) and (7).

To calculate the stresses that appear in graphene,
the graphene sheet was divided into elementary

regions. The atomic stresses  on a surface element
with an order number l for each of the directions x, y,
z with a current index J are determined by calculating
the kinetic energies of atoms on this element and of

projections of forces  that act on the lth surface ele�
ment from all the other atoms

(14)

where k is the number of atoms on the lth surface ele�
ment, Ω is the volume per atom, m is the mass of an

atom,  is the Jth projection of the velocity of an ith
atom, and  is the area of the lth surface element. The
compressive stresses at such a definition can have plus
or minus signs in accordance with the directions of the

forces  This feature determines the difference

between the microscopic stress  and the macro�
scopic stress 
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The roughness of the surface (or the mean devia�
tion of the profile) was calculated as

(15)

where N is the number of sites (atoms) on the
graphene surface,  is the level of atom i,  is the level
of the graphene surface, and the quantities  and  are
determined at the same time moment.

The total energy of free one�sheeted graphene
obtained at T = 300 K is equal to –7.02 eV, which
agrees with the quantum�mechanical calculation
(⎯6.98 eV) [20]. The heat capacity c

v
 of the copper

film calculated from the fluctuations of the kinetic
energy increases in the temperature range of 300 ≤ T ≤
1300 K from 19 to 28 J/(mol K), which agrees with the
rate in the growth of the experimental values of c

v
 of

polycrystalline copper (23.74–26.80 J/(mol K)) [21].
The internal energy (–3.2 eV) of an icosahedral cop�
per cluster consisting of 55 atoms, which we deter�
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mined in a separate calculation (at T = 300 K), agrees
with the MD calculation of this value (–3.034 eV) for
a Cu cluster of 45 atoms [22].

CALCULATION RESULTS

The moment of the flight of the Ar13 cluster that
started from the first starting point, with an angle of
incidence equal to 75°, above the target is demon�
strated in Fig. 1a. In the field of the figure, only 8 Ar
atoms of the 13 initially contained in the cluster are
seen. The remaining Ar atoms became scattered after
the interaction with the target. The occurrence of the
eighth cycle of strikes (this moment is demonstrated in
Fig. 1a), the majority of Cu atoms proved to be
knocked out of the film and also lost their connection
with the graphene. It can be seen that the knocked�out
Cu atoms are located outside the territory of the
graphene sheet and only few of them are over this ter�
ritory. All subsequent cycles of the strikes of the Ar13
clusters prove to be hardly effective and do not move
away Cu atoms from that part of the sheet that meets
the cluster flux. At the subsequent moments of time,
the clusters strike either the rear (with respect to the
flux) side of the graphene sheet or flow past the sheet.
On the whole, the bombardment at the angle of inci�
dence of 75° proved to be not efficient, since after
25 cycles of strikes a fairly large number of Cu atoms
remained connected with the graphene sheet.

With decreasing angle of incidence, the process of
the knocking out of Cu atoms changes qualitatively.
The configuration of the system after the same 8 cycles
of strikes with the angle of incidence equal to 45° is
shown in Fig. 1b. In this case, the strikes of the Ar13
clusters reach the target more frequently. However, the
Cu atoms are knocked out predominantly upward,
forming a kind of a dome above the graphene, which
consists of both Cu atoms as if connected (metallic
crust) and not connected (vaporous copper) to one
another. The result of the bombardment in this case
does not change strongly, even after 25 cycles. A simi�
lar picture is also obtained after bombardment at an
angle of incidence equal to 60°. However, in this case,
the metallic crust is located somewhat nearer to the
surface of the graphene sheet, and it cannot be deter�
mined based on its appearance whether it was sepa�
rated.

In order to finally establish whether the graphene
sheet was cleaned from copper, we conducted addi�
tional calculations to simulate the motions of the
graphene sheet in the negative direction of the oz axis
(removal) and in the positive direction of the oy axis
(shift) with a constant velocity of 2 m/s. The result of
this experiment was the complete rejection of the cop�
per crust from the graphene for the case of θ = 45° and
the motion of the copper dome together with the
graphene sheet at θ = 60°. Thus, the complete clean�

12

40

20
0

0

0

20

40

6
z

x
y

Cu Ar

C

12

40

20
0

0

0

20

40

6

z

x
y

Cu

(a)

(b)

Fig. 1. Configuration of a copper film�on�graphene sheet
system bombarded by Ar13 clusters with an energy of 20 eV
at various angles of incidence and different time moments:
(a) 75°, 0.30 ns; (b) 45°, 0.32 ns. Coordinates are given in
angstroms.
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ing of the graphene sheet from copper only occurred at
an angle of incidence of the Ar13 clusters equal to 45°.

Taking into account the geometric features of the
system investigated, it is of interest to separately exam�
ine the behavior of the horizontal ( ) and vertical

( ) components of the self�diffusion coefficient of
copper in the film and that of carbon in graphene. The
influence of the cluster strikes on the magnitudes of 
of Cu in the film is demonstrated in Fig. 2a, where the

 values are shown depending on the number n of the
cycles of the strikes of Ar13 clusters. The curves 1 and 2,
which reflect the horizontal mobility of the Cu atoms
in the film upon the bombardment at the angles of
incidence equal to 75° and 60°, exhibit a similar
behavior, which differs from the curve 3, which pre�
sents the  dependence for the bombardment at
the angle of incidence equal to 45°. In all the cases,
after the first cycle of cluster strikes there are observed
high values of the Dxy component, especially at an
angle of incidence θ = 60°. This seems natural, since
the copper film still has not been adapted to the bom�
bardment. In the case of the bombardment at an angle
of θ = 75°, there is also a clearly pronounced second
peak for the horizontal mobility of Cu atoms, which
lies near n = 5. In this case, just as at n = 1, the high
value of Dxy may be connected with the knocking out
of Cu atoms from the film. Subsequently, due to the
reconstruction of the structure and densification of the
film,  becomes low for all subsequent cycles of
cluster strikes. The stronger fluctuations and substan�
tially higher values of  indicate the continuous
rapid destruction of the copper film under the effect of
strikes of clusters at an angle of incidence of 45°. In
this case, the high values of  in the interval of 5 ≤
n ≤ 16 are connected with the removal from the film of
an entire group of Cu atoms. Upon the subsequent
strikes of clusters, the values of  decrease, which
indicates a reduction of the number of knocked�out
atoms (and also a reduction in the number of Cu atoms
that are retained on the graphene sheet).

The vertical components of the self�diffusion coef�
ficient of copper in the film bombarded by Ar13 clusters
at different angles of incidence exhibit behavior that is
similar in many respects to the appropriate 
functions (Fig. 2b), except for the absence of the pro�
nounced fluctuation in the vicinity of n = 5 at the angle
of incidence θ = 75° and for an increase in the number
of strong fluctuations from 3 to 4 in the interval of 3 ≤
n ≤ 12 for the case of θ = 45°.

The angle of incidence of the Ar13 clusters only
weakly influences the dynamics of graphene atoms.
Figure 3 displays the horizontal and vertical compo�
nents of the coefficient of self�diffusion of C atoms in
graphene for the bombardment at the angle of inci�
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dence equal to 45°. At the angles θ = 75° and 60°, the
 and  dependences are similar to the func�

tions shown in Fig. 3. The values of the component
 decrease rapidly from the first to the tenth cycle of

cluster strikes. At the subsequent cycles of strikes, a
slow reduction is observed in this value. This behavior
of the function  is connected with the presence
of rigid covalent bonds in graphene. The values of the
component  for the C atoms are two and more
orders of magnitude higher than the appropriate (with
the identical number n) values of  The  func�
tion strongly fluctuates. However, the fluctuations
gradually attenuate with increasing n. The amplitude
of the strongest fluctuation (at n = 5) exceeds the sim�
ilar characteristic of the weakest fluctuation (at n = 22)
by a factor of almost 20. The reduction of the ampli�
tude at n > 5 is caused by the elevated position of the
Cu atoms above the graphene surface (in the form of a
dome) after the first five cycles of strikes of the Ar13

clusters. The alternation of the collisions of clusters
with the metallic crust and with free Cu atoms leads to
the fluctuations in the magnitude of  in graphene.

A fairly dense film of copper on the graphene sur�
face is only retained if the angle of incidence of clus�
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ters is equal to 75°. The distribution of stresses in
the copper�film plane (parallel to the plane of the
graphene sheet) caused by the forces that act in the
directions of the coordinate axes is shown for this case
in Fig. 4. The changes in the stresses upon the collision
of the copper film with the cluster that fly from the first
starting point are represented by curve 1; the changes
due to the cluster that flies from the fifth starting point
are represented by curve 2. Curves 1 and 2, which cor�
respond the same stress components, have approxi�
mately identical amplitudes of fluctuations. The
amplitude of fluctuations of the stress caused by verti�
cal forces exceeds by almost an order of magnitude the
appropriate characteristics of the stresses produced by
the horizontal forces. Because of the loosening of the
metallic film in the vertical direction after the first
eight cycles of cluster strikes, the size of the fluctua�
tions in the magnitude of σzz decreases, which cannot
be said of the components σzx and σzx.

The distribution of stresses in the graphene sheet is
almost independent of the direction of the beam of the
striking clusters; i.e., the strikes of clusters are mainly
cancelled down in the limits of the copper film. Let us
divide the graphene sheet into strips containing one
row of atoms, which are elongated along the ox axis

(zigzag direction), and investigate stresses on these
elementary regions, moving along the oy direction
(armchair direction). Figure 5 illustrates the distribu�
tion of the stresses σzx, σzy, and σzz in graphene over
regions that have appeared upon the above partition.
Curves 1, 2, and 3 show (at the angle of incidence 45°)
the values of the above stresses after 1, 15, and
25 cycles of cluster strikes, respectively. In only one
case, namely, for the stress σzz, an increase is observed
in the amplitude of the stress fluctuations with increas�
ing n. This occurs in the region of small values of y. In
all other cases, the stresses either do not increase or
weaken. For graphene, the values of the stresses σzz are
two to three times those that correspond to the stresses
σzx and σzy.

In view of the extremely weak dependence of the
components of the self�diffusion coefficient of C in
graphene and of stresses in the graphene�sheet plane
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nents of the self�diffusion coefficient of C in graphene
upon the bombardment by Ar13 clusters at angle of inci�
dence of 45°.
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on the angle of incidence of the Ar13 clusters, the same
weak dependence on the angle of incidence θ is char�
acteristic of the roughness of graphene . Figure 6
displays the Ra(n) dependence on the number of cycles
for the series of the strikes of clusters with the angle of
incidence θ = 45°. Curve 1 in the figure reflects the
Ra(n) dependence for the case where the striking clus�
ters fly out from the first starting point; curve 2 corre�
sponds to the clusters that fly out from the fifth starting
point. When the cluster flies out from the first starting
point, we have  = 3.5; when the cluster
flies from the fifth point,  =2.0 (in the
parentheses, the values of n are indicated). Thus, the
roughness of the graphene sheet strongly depends on
the place at which the clusters strike the film. The
increase in  is strongest at n > 18. On average, the
value of the roughness of the graphene sheet increases

aR

(25) (1)a aR R
(25) (1)a aR R

aR

by a factor of approximately four compared to the 
for the graphene, which was not subjected to bom�
bardment by clusters.

CONCLUSIONS

Calculations by the method of the density�func�
tional theory [23] for the basic crystallographic faces
of a number of metals, such Ag, Au, Cu, Pt, and Al,
predict weak binding with graphene. However, there is
a group of metals, such as Ni, Co, and Pd, for which a
substantially stronger binding is realized due to the sig�
nificant hybridization between graphene and d states
of the metal. Therefore, the results obtained here for
graphene coated with copper will also be valid for the
case of cluster bombardment of a graphene sheet with
noble metals or aluminum deposited on it. In this case,
it does not have great significance how the metal is
located on the graphene sheet. However, in view of the
significant difference in the masses of the deposited ele�
ments, the energy of the cluster beam that provides the
cleaning of graphene may require a certain correction.

The above simulation has shown a significant
dependence of the results of the cleaning of graphene
from copper on the angle of incidence of the Ar13 clus�
ters. The best result (complete cleaning) is achieved at
θ = 45°. Specifically, at this angle of incidence, the
highest values of the components of the self�diffusion
coefficient  and  of copper in the bombarded
film are observed. With an increase in the angle of inci�
dence, beginning at θ = 60°, the character of the pro�
cess of knocking out of the Cu atoms from the film
changes, i.e., their upward motion begins to predomi�
nate more and more. This decreases the efficiency of
the bombardment. The kinetic and mechanical char�
acteristics of graphene proved to be weakly sensitive to
the direction of cluster strikes. The roughness of a
graphene sheet cleaned from copper only begins to
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cycles of strikes (1) 1, (2) 15, and (3) 25.
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increase substantially at the final stage of the bom�
bardment (beginning with n = 20).
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