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COMPUTER MODELLING OF METAL
NANOPARTICLES ADSORBED ON GRAPHENE

The influence of deposited Al, Pd, Co, Au, Ni atoms on a single-layer graphene
substrate is investigated using computer simulations. The computer modelling of
spraying nanoparticles on the basis of molecular dynamics method is implemented
using the NVIDIA®CUDA™ technique. According to the results of model calcula-
tions, the general behaviour of the system is investigated. The experiments are
performed to study the sputtering of atoms of different metals under different ini-
tial conditions of the system. Based on these sprays, the behaviour at the beginning
of the interaction of the deposited atoms with the substrate is analysed. The time
dependences of the lateral position of nanoparticles’ centre of mass and the sub-
strate force throughout the experiment for different sprayed materials are com-
pared. The behaviour of total and potential energies, temperature and momentum of
the system is studied. As shown, there is a jump in total energy and temperature as
well as a change in the behaviour of the momentum and the substrate force when
carbon atoms of graphene are reached for all depositions.

Keywords: computer model, molecular dynamics, sputtering, graphene, nanoparti-
cle, atomic force microscopy.

1. Introduction

Modern science and technology set goals for the development and crea-
tion of new high-performance materials and technologies (nanomate-
rials, nanotechnologies) and technological equipment based on the fun-
damental physical laws of interaction of micro- and nanoparticles, which
determine the structure and properties of structural materials in opera-
tion conditions [1-30]. Physics, studying the processes and phenomena
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that occur in various real systems of a large number of bodies and in
individual bodies, considers the structure and properties of solids as
some variable characteristics.

Since the discovery of graphene, two-dimensional materials have
increasingly attracted the attention of scientists around the world. In-
creased interest in these materials is due to their unique structure, be-
cause these samples have a thickness of several atomic layers, which
also determines their unique properties, and therefore opens a wide po-
tential for their application in many fields of science and technology.
The study of the parameters of two-dimensional nanomaterials by ex-
perimental methods is a much more difficult task, which is why it is
advisable to use computer modelling.

In addition, there is a growing interest in the literature on the in-
teraction of graphene sheets with various nanoobjects, which confirms
the relevance of the work. The obtained results and developments can be
used in further theoretical and experimental studies. It is also known
that nanoparticles can affect the electronic and structural properties of
carbon, which may contribute to the invention and improvement of na-
nodevices in the future.

The present review work deals with studying and analysing the be-
haviour and influence of sputtering metal atoms on a single-layer graph-
ene substrate using computer simulation. Computer model of the sput-
tering nanoparticles by the molecular dynamics method is implemented
through the NVIDIA®CUDA™ technique.

2. Manipulation and Computer Simulation
of Metal Nanoparticles Adsorbed on Surfaces

2.1. Atomic-Force Microscopy, Principle
of Action and Research Methods

The invention of friction and atomic force microscopy (AFM) allowed us
to study tribological phenomena in dry nanocontacts. With the use of
AFM and friction force microscopy techniques, it is possible to experi-
ment on them. Experimental study of microcontacts of surfaces sepa-
rated by a thin film of liquid is carried out using a surface force appa-
ratus. Often, as materials for work surfaces, graphite is used in AFM
and friction force microscopy, and in surface force apparatus, it is mica.
These materials have a layered structure, which makes it possible to
obtain atomically smooth surfaces [1, 7].

AFM was invented in 1986. Its work is based on the force interac-
tion of the probe and the surface. To register this interaction, special
probe sensors are used (Fig. 1). The force acting on the probe from the
side of the surface causes the console to bend. When registering the
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amount of bending, it is possible to control the strength of the interac-
tion between the probe and the surface [2].

Consider the forces under which the microscope works. The forces
of interaction between the probe and the sample are the short-acting
Van der Waals forces. They include components of different signs pro-
viding attraction for long distances and repulsion for short ones. Most
often, the energy of the Van der Waals interaction, which appears be-
tween two atoms at a distance r, is approximated by the power function
of the Lennard-Jones potential (Fig. 2):

r 6 r 12
U,,= U0[—2(7°] +(7°j ] (1)

In formula (1), the first term characterizes the long-range attrac-
tion, and the second term characterizes the repulsion of atoms at short
distances. The parameter r, is the equilibrium distance between the at-
oms; U, is the energy value in the minimum.

The Lennard-Jones potential makes it possible to assess the strength
of the interaction between the probe and the sample. The total energy of
the system can be obtained by summing the elementary interactions for
each atom of the probe and the sample. Thus, for the energy of interac-
tion we obtain [26]:

W = j ij WU (r=r)n,(r)n,(ravav'. 2)
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In formula (2), n,(r) and n(r') are the densities of the atoms con-
tained in the sample and probe materials. In addition, the force acting
on the probe from the surface can be calculated as follows:

F, =—gradW. (3)

The interaction of the probe with the sample in the AFM is more
complex, but in any case, it is unchanged that the AFM probe is at-
tracted to the sample at greater distances and repelled at smaller ones.
Registration of small bends of the elastic console of the probe sensor is
carried out on the basis of optical methods (Fig. 3). The AFM optical
system is configured so that the radiation of the semiconductor laser is
focused on the probe sensor console, and the reflected beam hits the
centre of the photosensitive region of the photodetector. Four-section
semiconductor photodiodes are used as position-sensitive photodetectors.

It is also worth noting that the material of the substrate and the
film sprayed on it will have a significant impact. Therefore, in different
experiments and studies, it is advisable to use different substrates, de-
pending on their chemical structure. The substrate material and its
structural state also significantly affect the friction anisotropy [3],
magnetoresistive [4], magneto-optical properties and diffusion processes
in film systems. For instance, in oriented cultivation on a single crystal
MgO(100), the Au(2)/Co(30)/Fe(30)/MgO system shows significant ani-
sotropy of magnetoresistance and coercive force (2 times increasing
when rotating the sample by 45°) [5].

Studies of electrodes in which the surface is modified by diamond-
like films by AFM methods have shown that the substrate material has
a significant effect on the structure of the deposited film. Thus, plati-
num electrodes that are modified by diamond-like films can be used in
a microelectrode analytical system where the coating defects will be in-
significant. The use of glass-carbon electrodes coated with nitrogen-
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doped diamond-like films, after deposition from vacuum-arc plasma,
gave better results. These electrodes will be useful during electrochemi-
cal studies. Such electrode systems are characterized by the following
advantages: biocompatibility, wide window of working potentials, espe-
cially in aqueous solutions, low background currents, the possibility of
further surface cleaning, as well as long service life [6].

Consider the existing methods of studying the sample using AFM.
The non-contact method of sample surface examination has unique ca-
pabilities compared to other probe microscopy methods, such as contact
force scanning microscopy and scanning tunnelling microscopy [7]. The
absence of repulsive forces in non-contact scanning force microscopy
makes it possible to use it in the study of ‘soft samples’, while in non-
contact microscopy, unlike scanning tunnelling microscopy, there is no
need for conducting samples.

Non-contact microcircuits use the principle of determining ‘ampli-
tude modulation’. The corresponding measurement scheme uses ampli-
tude changes. Fluctuations of the cantilever A is due to the interaction
of the probe with the sample. The gradient-force model can be described
by the method of contactless microscopy. According to this model, with-
in small A when the cantilever approaches the sample, the resonant
frequency of the cantilever f, shifts by the value of df to a new value by

the expression [10]:

T F'(2)

f = —OLI - ] . 4)
ff 2 k()

In formula (4), f,; is the new value of the resonant frequency of the
cantilever with the nominal value of stiffness k,, and F'(z) is the gradi-
ent of the force of interaction of the cantilever with the sample. The
value of z is the effective gap of the probe-sample, in the case of grav-
ity df = f,;; — I, is negative.

If the excitation frequency of the cantilever f,, > f;, then a decrease
in the resonant frequency causes a decrease in the amplitude of oscilla-
tions A, of the cantilever with a frequency f,, when approaching the
sample. Such changes in amplitude A are used as an input signal to the
feedback system. To obtain a scanning image, the contactless method
must first select some amplitude A_,,, with A4_, < A(f,,) when the canti-
lever is at a considerable distance from the surface of the sample. The
feedback system moves the cantilever closer to the surface until its in-
stantaneous amplitude A is equal to the amplitude A, at the specified
excitation frequency f,,,. The feedback system moves the cantilever clos-
er to the surface until its instantaneous amplitude A is equal to the
amplitude at the specified oscillation excitation frequency. Starting
from this point, the scanning of the sample in the xy plane can be
started by holding the feedback A = A, = const to obtain the image. The
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feedback system moves the cantilever to the sample, when the A4_, de-
creases at any point, and pushes the cantilever away from the sample if
the A, increases. In general, as a consequence of the above model with-
in the small A scanned image can be considered as a relief of a constant
gradient of the force of interaction of the probe-sample.

The method of non-contact microscopy has the advantage that the
probe does not come into contact with the sample, and therefore does
not destroy it and does not distort the image. This can be important
when studying biological samples. When using non-contact and inter-
mittent contact methods, the cantilever is oscillated at a constant reso-
nant excitation frequency, the force gradients are defined as changes in
the amplitude or phase of the oscillation of the cantilever [8]. According
to this scheme, the signal-to-noise ratio for a given bandwidth can be
increased by increasing the quality factor @ of the oscillations of the
cantilever. However, increasing @ simultaneously reduces the maximum
possible bandwidth of the system. This fact becomes especially impor-
tant when working in a vacuum. In vacuum, the quality factor of the
cantilever @ can be more than 50000. Such high @ values provide high
sensitivity but low bandwidth (less than 1 Hz), resulting in very low
contact force scanning microscopy scan speeds for most applications.

To increase the sensitivity of the contact force scanning microscopy
with increasing @ without restrictions on bandwidth or dynamic range,
an alternative detection method is proposed, so-called frequency modula-
tion method. In a frequency-modulation detection system, high-quality
resonant oscillations of the cantilever are a frequency-defined component
of the oscillator that oscillates with constant amplitude. Changes in force
gradients cause instantaneous changes in the oscillation frequency of the
oscillator, which are determined by the frequency-modulating demodula-
tor. The cantilever is supported by the use of positive feedback, which
fluctuates at its resonant frequency, by means of a control amplifier.

Method of studying the surface of a sample of static magnetic force
microscopy is an effective tool for the study of magnetic structures at
the submicron level. The image obtained by magnetic force microscopy is
a spatial distribution of a certain parameter that characterizes the mag-
netic interaction of the probe and the sample. The magnetic cantilever is
a standard silicon probe sensor covered with a film of magnetic material
[9]. Magnetic force microscopy makes it possible to study magnetic do-
main structures with high spatial resolution of recording and reading
information in a magnetic environment, remagnetization processes.

2.2, Relevance of the Study of Graphene

Since the discovery of graphene, a huge amount of fundamental, ex-
perimental and theoretical research has been performed. This material
has an extremely wide range of uses. Due to its high electrical and ther-
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mal conductivity, graphene can be used in various electronic devices,
especially given its flexibility and complete optical transparency. Car-
bon is a promising material for the implementation of chips, measuring
devices, biosensors, ultracapacitors, flexible displays based on it [10].
Graphene can also be an effective gas sensor that senses the presence of
even a single gas molecule on its surface [11].

Unique electronic and transport properties [12—14] make graphene
one of the most promising materials in the field of nanoelectronics and
spintronics devices and even in electrochemistry [15, 16]. Currently,
graphene is being developed in the following areas: high-frequency tran-
sistors, memory chips, electrodes for supercapacitors, inexpensive dis-
plays for portable devices, batteries for hydrogen fuel vehicles, sensors
for disease diagnosis, cooling of electronic circuits.

Two-dimensional materials are increasingly attracting the attention
of scientists around the world (see, e.g., Refs. [17—-22] and references
therein). Increased interest in these materials is due to their unique
structure, because these samples have a thickness of several atomic lay-
ers, which also determines their unique properties, and therefore opens
a wide potential for their application in many fields of science and tech-
nology [12-22].

The study of the parameters of two-dimensional nanomaterials by
experimental methods is a much more difficult task compared to sam-
ples of normal size. This situation is due to the atomically thin struc-
ture of two-dimensional nanomaterials; in addition, their surface usu-
ally contains functional groups, which further complicates the study of
mechanical properties. Numerical modelling and construction of phe-
nomenological models with the subsequent study of dynamic dependen-
cies allow simplifying the task of calculating mechanical parameters
considerably. Besides, there is a growing interest on the interaction of
graphene with various nanoobjects, as they can change the electronic
and structural properties of this material, which may affect the future
invention and improvement of nanodevices [23, 24].

2.3. The Principle of Operation
of the Program Surface Growth

This subsection presents the features of the model that underlie the
work of SurfaceGrowth [25]. In classical molecular dynamics, the poten-
tial interaction energy V of atoms plays a key role in modelling a mate-
rial. For metals, SurfaceGrowth uses an empirical multiparticle poten-
tial based on the embedded atom method (EAM) and implemented in
works [26, 27]. It is designed for modelling alloys and is fully expressed
through analytical functions in contrast to the first versions of EAM,
where for the embedding function cubic splines are used [27]. In EAM,
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the potential energy V of the crystal can be expressed as follows [26]:

PIEACAEDIACH] (5)

b,j,i#] i

1
V:zam =4
2
where ¢, represents the pair energy between the atoms i and j, separated
by the distance r,, and F, means the embedding energy required to place
the atom i in the local position with electron density p,, calculated as
follows: 1

== 2 (1), (6)

2 i,j,i#]
where f(r,) is the electron density at the location of i atom, which
originates from j atom at the distance r,. The generalized pair potential

has the form:
Aexp {—a (r —lﬂ Bexp {—B (r - lﬂ
Te Te
20 - 20
1+(r—kJ 1+[r—xj
T T

where r, is the equilibrium distance between the nearest neighbours, A,
B, a, B are the fitting parameters, and k, A are two additional parame-
ters for the cut-off. The electron density function has the same shape as
the term of attraction in the pair potential with the same values of 3

e

20
1+(’”—xj
T,

For the embedding function F to work for a wide range of electron
density values, three equations are used for each of the following inter-
vals: p <p,, p, £ p <p, and p, < p. Taking into consideration that p, =
=0.85p,, where p, is the equilibrium electron density, you can be sure
that all equilibrium properties can be obtained in the range of electron
density p, < p < p,. For smooth change of embedding energy, the equa-
tions giving identical values of function and its derivative on limits of
intervals are required. These equations have the form:

o(r) = , (7)

f(r) = (€))

3 12
F(p)=) F, (pﬁ - lj » P <P, P, =0.85p, 9)
i=0 e
3 i
F(p)=ZFi(£—1] » Pu <P < Pg Po=1.15p,, (10)
i=0 e
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F(p) = F{l—ln[ﬂmﬂj  Po <P (11)
pe pe

The values of the parameters included in all written equations for 16
metals can be found in Ref. [27], or for six metals in the SurfaceGrowth
code. The values of density and mass of metals in SurfaceGrowth are
taken from the book [28], where you can also find other characteristics
of metals.

The force acting on the £ atom by other metal atoms is given by the
expression:

v, do(r,) . & OF op,
= ——_eam _ _ —r . — #’
h or, ,Z,; dr " 21: ap, or, 12)

where N, is the total number of metal atoms, t,; is a unit vector di-
rected from atom j to atom k. Expressions for derivatives in Eq. (12)

have the form:
19
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n-1 n
ar _ @[ﬂj In [ﬂj , Py < P (18)
dp p, \p. P.
Since the expression for the potential energy of a metal (5) and the force
acting on a metal atom (12) consists of two parts: a paired part, depend-
ing on the relative position of the atoms, and the EAM part, which de-
pends on the electron density of all atoms other than this, then the
calculation of V,  and force is done in two stages. First, the electron
density is calculated for each atom, and then these values.
The potential energy V. of interacting C atoms in the graphene

layer is described by the following spring potential from Ref. [29]:

{Zur(rl] S Y ot (0,- 00+ Y, (5.@ —W] }.(19)

i-j-k i=(j,k,0)

The sum is made for the nearest neighbours, their pairs and triplets,
and the values of the parameters can be found in Ref. [29]. Make an
expression for the force acting on a carbon atom and on the part of
other atoms in the carbon layer:

2|2
I. r.r.
= _Z“r(r}j —r)—+ Z “eroz(ejik -6,) 1_[”_]”] X
i-j i

ij J#i,R#i rjirki
r,
(1 ——cos eﬂkJ [1 — -t cos eﬂkj
rkt r}l
X +
rjirki
1
rr 12 T, (r,x,;)
+ Z Her02(eijk -6))1- A - l] ril—
j#ik#l rijrkj rl]rk] rlj rk]
- Z u, [ 282, - (8z; + 8z, + 52 | - u 2(52 +82,). (20)
ik, l

In the latter sum, the indices m and n denote the neighbours of atom i,
following the nearest. Thus, when calculating the force from the spring
potential, it is necessary to consider not only the three nearest neigh-
bours in the graphene layer, but also the neighbours of the nearest
neighbours, which is taken into account in the program code.

The metal—carbon interaction is described by the Lennard-Jones po-

tential:
12 6
EREI
Vis = r r (21)

0, rzr,
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where the default values of the parameters ¢ and o are selected as in
Ref. [29], but the program interface allows you to set these values. The
cut-off distance is equal to r, = 2.5c. Do a notice that the cut-off dis-
tance r, = 1.45a is used for the EAM potential, and «a is the lattice con-
stant of the metal.

3. Results and Discussion

3.1. Description of the Program
for Analysis of the Obtained Sputtering

In the program SurfaceGrowth, modelling is performed in three modes:
‘Bulk’, ‘Surface Growth’, ‘Shear’. They differ in the content of atoms,
their initial position, the course of calculations and the possibility of
change [25].

In the ‘Surface Growth’ mode, you can investigate the sputtering of
the atoms of the selected metal on the graphene layer by adjusting the
sputtering energy of the metal atoms, temperature, flux density of the
sputtered atoms, and the parameters of the metal-carbon interaction.
The algorithm of calculations in the ‘Surface Growth’ mode is as fol-
lows. The size of the graphene sheet and the number of metal atoms are
specified. Initially, in the modelling area there is only a graphene layer
placed parallel to the xy plane, and the metal atoms are in the modelling
area and do not interact with each other. Periodic boundaries are ap-
plied in the xy plane. The boundary atoms around the perimeter in the
graphene substrate are rigidly fixed so that the layer does not shift in
the vertical direction parallel to the z axis. After an equilibration peri-
od, the user sets the duration of which and during which the set value
of the graphene layer temperature is reached, through the number of
time steps specified by the user, metal atoms are introduced into the
modelling area above the graphene layer by groups whose size is also set.

The introduced atoms have random coordinates in the xy plane;
their z coordinate is determined by the size of the simulation area. The
components x and y of the initial speeds of the embedded metal atoms
are equal to 0, and the z component is directed to the graphene layer
(against the z axis) and its value is determined by the expression:

S (22)
m

where ¢,,, is the energy of the sputtered atom specified by the user, m

is the mass of the metal atom.

In the ‘Surface Growth’ mode, you can measure general parameters.
Note that the Berendsen thermostat, which is used to remove heat [30],
is applied only to carbon atoms and too intense bombardment of the
graphene layer will lead to its overheating and destruction. Therefore,
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this mode requires a very careful selection of parameter values, as high
values of atomic energy or flux density lead to the destruction of the
graphene layer.

In the application, you can make measurements of various system
parameters: general parameters and characteristics of the nanoparticle.
If the user has made the appropriate choice, the general parameters are
displayed in a text file through the number of time steps specified by
the user. This number also determines the interval over which quanti-
ties are averaged. General parameters include:

o stepCnt — the number of time steps that have passed since the
beginning of the simulation;

o impulse — full impulse of the system;

« totEn (eV), totEn.rms (eV) — the total energy of the system and
its standard deviation (in electron volts) for the averaging period; the
total energy is equal to the sum of the potential and kinetic energies of
all atoms;

« potEn (eV), potEn.rms (eV) — potential energy of the system and
its standard deviation (in electron volts), the first equals the sum of the
potential energies of all atoms;

¢ Tempr (K), T.rms (K) — system temperature and its standard
deviation (in Kelvin degrees) for the averaging period, calculated based
on the kinetic energy of atoms; in the ‘Shear mode’, when calculating
the sum of the squares of the velocities, the velocity of the centre of
mass is subtracted from the velocity of each metal atom to eliminate
this contribution to temperature;

« oneStep (ms) — the average duration of the calculation of the
time step in milliseconds.

o« Most of the characteristics of the nanoparticle are output to the
same text file as the general parameters. The characteristics include:

¢ Veloc. CM — the velocity of the centre of mass (CM) of the nano-
particle along the x-axis;

o Xy (angstr) — the CM coordinate of the nanoparticle along the x
direction (in angstroms); the origin is in the centre of the simulation
area;

o friction (nN) — the substrate force acting on the particle (in na-
nonewtons); it is equal to the x component of the force acting on the
metal atoms by the carbon atoms [31].

The model considers a substrate consisting of a two-dimensional
graphene layer that is subjected to low-energy atomic particle bombard-
ment. We investigated such sputtering materials as Al, Pd, Pt, Au, Co
and Ni atoms. The sputtering procedure was simulated using the Sur-
faceGrowth program with basic settings as follows:

(i) operating mode is the ‘Surface Growth’;

(ii) selected sputtering material (all listed earlier);
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(iii) the size of the substrate is 64 x64 cells;

(iv) temperature is of 100 K;

(v) the number of sputtered atoms is of 10000;

(vi) the number of sputtering steps is of 1500000;

(vii) atomic deposition energy is of 0.03 eV;

(viii) time step is of 0.5 ms.

The sputtered atoms directed to the surface could interact with each
other before approaching the surface.

Approximately, in half of the simulated sputtering in 1500000 steps
uneven placement of atoms can be observed. Finally, we observe atomis-
tic images in which atoms are grouped. Such formations are visible both
above the substrate and after passing through it. When atoms approach
the graphene layer, most of them pass through it without hindrance,
the rest linger on the surface. In addition, when the graphene layer is
bombarded with atoms, deformation can be observed, but the destruc-
tion of the substrate is not observed. As the temperature increases, the
substrate will collapse at lower values of the energy of the bombarding
particles [31, 32]. That is, increasing the temperature reduces the re-
sistance of the carbon sheet to damage.

3.2. System Model Behaviour

Understanding the friction and wear of graphene that interacts with
different materials is useful because these processes are often associated
with production. One such application of carbon is sensors that can de-
tect the type and concentration of toxic gases that are needed in various
environments and industries [33]. Pure graphene is a good conductor,
but inactive for gas trapping, because there are only a few functional
groups on its surface, which limits the chemisorption of the gas mole-
cule [34]. Reduced graphene oxide has a rapid and high response to gas
molecules at room temperature [35]. However, the disadvantage of such
reduced graphene oxide gas sensors is the long recovery time due to the
high bond strength between gas molecules and graphene material [36].
Metal oxide semiconductors, which are decorated with precious metals
such as Pd or Pt, improve the sensitivity, recovery time and operating
temperature of metal oxide/reduced graphene oxide systems [37, 38].

Therefore, to study the properties and new areas of use of graphene,
we analyse the effect of low-energy bombardment by atoms of various
materials on the substrate surface. Consider the changes in the system
for each of the sputtering at the time when the atoms reach the sub-
strate.

During the experiments, ideal vacuum conditions are maintained.
We consider a graphene sheet lying in the xy plane (Fig. 4). Images a
and b in Fig. 4 were extracted using Visual Molecular Dynamics [39].
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a

Fig. 4. Sputtering in the ‘Surface Growth’ mode, containing 10000 palladium atoms
at a temperature of 100 K: side (a) and top (b) views
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Fig. 5. Behaviour of total (solid line) and potential (dash line) energies over time for
Pd, when sputtered with 10000 atoms at a temperature of 100 K (a) and 20 K (b)

Strict conditions are established for boundary carbon atoms, it means
they remain stationary throughout the simulation process. The total
number of atoms participating in the study is 756536. Of which 10000
are the number of sputtered atoms, and the rest are part of a graphene
sheet (64 x64 cells).

In the simulation process, values such as the temperature T of the
system, the lateral position X, and the substrate force F,, which is
defined as the sum of the component forces acting on the metal atoms
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Fig. 6. Time-dependent temperature T, lateral position of X, and force of sub-
strate: (a) Al, at a sputtering of 10000 atoms; (b) Pd, when sputtered with 10000
atoms at a temperature of 100 K; (¢) Pd, when sputtered with 10000 atoms at a
temperature of 20 K

Table. Comparison of temperature rise for experiments.

Here, Pd1 is experiment with standard palladium sputtering settings;

Pd2 — with adjusting the size of the substrate 32 x 32; Pd3 — with temperature
setting 20 K; Pd4 — with the setting of the number of sputtered atoms 25000;
Pd5 — with the adjustment of the energy of atoms of 0.6 eV

Experiment Initial terIr;perature, Increase of It{emperature,
Al 100 10
Au 100 20
Co 100 35
Ni 100 20
Pd1 100 40
Pd2 100 50
Pd3 20 15
Pd4 100 15
Pd5 100 15

from the carbon side, were calculated. Our code allowed us to sputter
metal atoms on a graphene sheet, which facilitated a time-consuming
approach to conducting experiments.

After 400000 steps, a ‘jump’ of total energy is observed in all sput-
terings, after which both potential and total energy begin to gradually
decrease (Fig. 5). At this point, all variables begin to deviate from rela-
tively stable previous values. The temperature rises sharply by 10 K to
50 K (Fig. 6), which is from 10% to 75% of the set temperature of the
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Fig. 7. Impulse behaviour depending on time: (¢) Pd with the num-
ber of sputtered atoms 25000; (b) Pd with the atomic energy of
0.06 eV

experiment. The temperature rising for each of the experiments is de-
scribed in Table. However, after a sharp increase, the temperature re-
turns to the previous value and its further increase occurs over a long
period of time at a slower rate (see Fig. 6).

The substrate force is heterogeneous. Up to a time interval of 400000
steps, the value is zero. However, in the future, there is an alternation
of zero values and deviations (see Fig. 6). The behaviour of the lateral
position of the CM, after the moment of deviation from the initial value
(in the most cases 1.48-102 nm), for each experiment is unique (see Fig. 6).

A similar behaviour (as for X,,) is also observed for the coordinate
Y. of the centre of mass of the nanoparticle along the y-axis, the veloc-
ity of the centre of mass of the nanoparticle along the x-axis — Vel X,
and y-axis — Vel Y. The trajectory of the saw tooth impulse graph
begins to fluctuate with a decrease in average value (Fig. 7). The de-
scribed changes in the system are observed approximately in the period
when the atoms reach the graphene sheet. In addition, for each material
and when correcting the settings of the experiments, similar behaviour
is observed.

3.3. Behaviour of Al and Pd Nanoparticles

In this work, computer simulations were performed in the ‘Surface
Growth’ mode to study the force of atomic friction of Pd and Al nano-
particles, with a number of 10000 atoms, on a graphene sheet. We com-
pare the obtained data for palladium sputtered at different tempera-
tures. These experiments are conducted to study the substrate force and
to understand the behaviour of atoms, which can provide useful infor-
mation about tribological processes.
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Fig. 8. Dependence of the substrate force on the lateral position of the
centre of mass of nanoparticles: (a) Pd with a sputtering of 10000 at-
oms; (b) Al with a sputtering of 10000 atoms; (¢) Pd at a temperature
of 20 K; (d) Pd at a temperature of 100 K

Figure 6 shows a typical time dependence of the total values for the
sputtering of Al and Pd from 10000 atoms. As mentioned in the pre-
vious section, after the start of sputtering X, is temporarily stable,
but then we observe asymmetric deviations from the value of 1.5-102 nm.
These deviations change the sign like a sinusoid with increasing ampli-
tude. Moreover, X, does not go beyond the range of values from
9.102 nm to 2.5-102 nm before increasing temperature. The substrate
force F, acting on the nanoparticle is not homogeneous. The time frequen-
cy of jumps may indicate intermittent slippage of the contact [40—44].

To find out the behaviour of the substrate force, consider Figs. 8
and 9, which show the dependences of F, on X, for several Al and Pd
sputtering. Figure 8 shows the dependence of the substrate force on the
lateral position of the centre of mass of the nanoparticles. Figure 9 com-
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Fig. 9. Dependence of the substrate force on the lateral position of the
centre of mass of nanoparticles: (a) Pd and Al with 10000 atoms; (b)
Pd at a temperature of 100 K and 20 K

pares these dependences, superimposing them as follows: (a) Pd with
10000 and Al with 10000 atoms; (b) Pd at a temperature of 100 K and
20 K. Also, the insets show enlarged areas with the interval of overlap-
ping graphs. It can be seen that for Pd at 100 K, the difference between
the mean amplitude and the global maximum is much larger than for
other studies. The same situation is observed with the difference be-
tween the values of the average amplitude and the global minimum.
For the dependence of F, on X, for Pd at a temperature of 20 K,
the force of the substrate has an irregular shape and the spikes F, are
unevenly distributed, and for 100 K, the force of the substrate has a
saw tooth shape and a more uniform distribution of spikes. For Pd,
there is an irregular shape with uneven spikes, as well as decaying am-
plitude with a smaller range of values. The modulus of the lattice vector
in graphene is equal to 0.246 nm and is compared with distance between
maximal spikes, which may indicate the influence of the graphene lat-
tice on the experimental behaviour. Note that positive values of F, are
observed, i.e., the substrate force changes direction during sputtering.
This indicates that the interaction of individual atoms with the graph-
ene layer occurs in different directions [31, 45]. On average, at a tem-
perature of 100 K, the amplitude of the peaks for Al is greater than for
Pd. In addition, when comparing Pd at different temperatures, it can be
noted that the frequency of spikes is irregular. At 100 K, it is slightly
larger, and there is decaying amplitude. For 20 K, the modulus of the
peak values is in a larger range. The symmetry of F, values with respect
to the abscissa axis is observed, which indicates the uniformity of the
interaction of atoms with graphene in both directions. Returning to the
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frequency of oscillations of the substrate force F,, we can say that it is
affected by the deformation of the substrate. That is, when sputtering
of Pd at 100 K graphene sheet will undergo more deformation than in
other described experiments.

3.4. Effect of Temperature, Energy,
and Amount of Sputtering Atoms

This section compares the behaviour of a computer model in Surface
Growth mode for several experiments to study the effect of initial sys-
tem parameters such as the energy of the sputtered nanoparticles, their
temperature, and the number of sputtered atoms. In order to find out
how the energy of atoms affects the process of the computer modelling,
experiments were compared in pairs, which examined the sputtering of
aluminium and palladium with energy values of 0.03 eV and 0.06 eV.
In the course of work, comparing such parameters as impulse, tem-
perature, lateral position of the centre of mass, total and potential en-
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2
g
o —0.04 . . . .
”“i a b
$ 0.02
=
(o))
B
0
-0.02
_0.04 L L L L
0 0.4 0.8 1.20 0.4 0.8 1.2
c Time, 10° ms d

Fig. 10. Comparison of the behaviour of the impulse over time: (a)
Al, at an energy of atoms of 0.06 eV; (b) Al, at an energy of atoms
of 0.03 eV; (c¢) Pd, at an energy of atoms of 0.06 eV; (d) Pd, at an
energy of atoms of 0.03 eV
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Fig. 11. Comparison of the time-dependent total (solid line) and potential (dash line)
energies: (a) Al, at the energy of atoms of 0.06 eV; (b) Al, at an energy of atoms of
0.03 eV; (c¢) Pd, at an energy of atoms of 0.06 eV; (d) Pd, at an energy of atoms of
0.03 eV

ergy and substrate force, it was possible to observe that when the energy
of atoms increases by 0.03 eV, the following changes are observed:

o the extremes of the saw tooth function of the impulse have shift-
ed so that the trajectory has become more inclined; we can observe that
the minimum and maximum were set approximately 500 time steps ear-
lier for Al and 1000 time steps for Pd (Fig. 10);

« total and potential energies, during the interaction of atoms with
the substrate, decreased by an average of approximately 0.005 eV (Fig. 11);

« the maximum temperature increased by 13 K for Al sputtering
and by 17 K for Pd (Fig. 12);

o the lateral position of the centre of mass has a larger range of
values; moreover, with increasing energy of atoms, we can observe a
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Fig. 12. Comparison of the temperature behaviour over time: (a) Al,
at the energy of atoms of 0.06 eV; (b) Al, at the energy of atoms of
0.03 eV; (c¢) Pd, at the energy of atoms of 0.06 eV; (d) Pd, at the en-
ergy of atoms of 0.03 eV

general rapid increase in the lateral position of the CM relatively to
time (Fig. 13);

o the behaviour of the substrate force changes with time; viz., at
the moment of reaching the substrate, the first atoms significantly re-
duce the spikes in the Pd sputter or disappear completely for Al (Fig. 14);

o the substrate force relative to the lateral position of the CM has
a greater number of spikes (Fig. 15).

To find out how the initial temperature affects the sputtering proc-
ess of the computer modelling, experiments were examined in pairs that
examined the bombardment of graphene with aluminium particles at
100 K and 250 K and palladium at 20 K and 100 K. In the course of
work, comparing such parameters as impulse, temperature, lateral posi-
tion of the centre of mass and total and potential energy, it was possible
to observe that when the initial temperature of the experiment increas-
es by 150 K for Al and 80 K for Pd, the following changes are observed:
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Fig. 13. Comparison of the behaviour of the lateral position of the CM
over time: (a) Al, at the energy of atoms of 0.06 eV; (b) Al, at the
energy of atoms of 0.03 eV; (c¢) Pd, at the energy of atoms of 0.06 eV;
(d) Pd, at the energy of atoms of 0.03 eV

« uneven increase in the amplitude of the spikes of the saw tooth
impulse graph (qualitatively compared with Fig. 10);

o the values of the extremums of the impulse graph increase, and
the trajectory has a more inclined shape, see Fig. 10;

o the values of total and potential energies increase; for Al, the
maximum total energy increased by 0.047 eV, and the potential energy
increased by 0.027 eV; the minimum increased by 0.022 eV and 0.016 eV,
respectively; for Pd, the maximum of total energy increased by 0.025 eV,
and the potential by 0.0023 eV, the minimum increased by 0.014 eV and
0.007 eV, respectively (qualitatively compared with Fig. 11);

« energy graphs have a smoother trajectory, see Fig. 11;

o the rate increase in temperature during the experiment is in-
versely proportional to the initial temperature (qualitatively compared
with Fig. 12); i.e., if you reduce T, by half, the rate of temperature rise
at the end of the experiment will increase by about 2 times; but this
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Fig. 14. Time dependence of the substrate force: (a) Al, at the energy
of atoms of 0.06 eV; (b) Al, at the energy of atoms of 0.03 eV; (¢) Pd,
at the energy of atoms of 0.06 eV; (d) Pd, at the energy of atoms of
0.03 eV

does not mean that at any initial value of T, the final temperature will
be the same for all experiments; in our case, the final value for Al in-
creased by 6 K, and for Pd decreased by 3 K;

o slight increase in the range of values for the lateral position of
the CM for Pd (0.0085 nm) and significant for Al (1.081 nm) (qualita-
tively compared with Fig. 13).

To study the effect of the number of sputtered nanoparticles, the
sprays of Al with 10 and 20 thousands atoms and Pd with 10 and 25
thousands were compared. Thus, it was possible to observe that with an
increase in the number of sputtered atoms (for Al by 10000, for Pd by
15000) changes are observed:

o the extremes of the impulse graph have become less pronounced,
and the trajectory has a flatter shape (qualitatively compared with Fig. 10);
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Fig. 15. Comparison of the behaviour of the substrate force on the
lateral position of the CM: (a) Al, at the energy of atoms of 0.06 eV;
(b) Al, at the energy of atoms of 0.03 eV; (¢) Pd, at the energy of atoms
of 0.06 eV; (d) Pd, at the energy of atoms of 0.03 eV

o energy has a smaller range of values, namely for Al the maximum
remains unchanged, and the minimum of total energy increased by
0.0125 eV, potential one by 0.02 eV; for Pd, the increase in the mini-
mum total energy is 0.01 eV, the potential one 0.03 eV (qualitatively
compared with Fig. 11);

« temperature also has a decreasing range of values; thus, for Al
the maximum decreased by 70 K, and for Pd by 36 K (qualitatively com-
pared with Fig. 12);

o the behaviour of the substrate force with respect to time changes,
namely, the spikes increase significantly at the time of arrival of the
first atoms to the substrate (qualitatively compared with Fig. 14);

« there was also a more uniform distribution of the substrate force
relative to the lateral position of the CM.
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4. Conclusions

o The experimental methods of study of nanodimensional surfaces have
been reviewed and compared. The practical applications of graphene
have been described.

o Numerical calculations of sputtering of metal atoms on a graph-
ene substrate by means of computer modelling by the method of molecu-
lar dynamics are made.

o The behaviour of nanoparticles was studied in order to analyse
the interaction between graphene and sputters atoms. It is shown that
there is a jump in total energy and temperature, as well as a change in
the behaviour of the impulse and the substrate force when all sputters
reach graphene atoms.

e The behaviour of time dependences of energy, temperature, im-
pulse and substrate force, which is general to all experiments, is de-
scribed.

o It is shown how the initial parameters (temperature, energy of
nanoparticles, number of sputtered atoms) affect the behaviour of a
computer-simulated system.
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Computer Modelling of Metal Nanoparticles Adsorbed on Graphene

O.B. Xomenko, AA. Becedina, K.II. Xomernro, P.P. Yepryuw,enro
CyMCBKUH Iep:KaBHUII YHiBEepCUTET,
ByJa. Pumcbkoro-Kopcakosa, 2, 40007 Cymu, YKpaina

KOMIT'IOTEPHE MOJOEJIIOBAHHSA METAJIEBUX
HAHOYACTHMHOK, AICOPBOBAHNX HA I'PA®EHI

3a ZOIOMOT0I0 KOMII'IOTEPDHOT'O MOJIeJIOBaHHS NOCIiIKYETHCA BILIUB HAaHECEHUX aTo-
mis Al, Pd, Co, Au, Ni Ha oguomapoBy rpadenoBy migkgaguary. KoM’ orepHe mMo-
IeJTIOBAHHS DOBIIOPOINeHHA HAHOYACTHMHOK HA OCHOBI MeTOAY MOJIEKYJISpHOI AuHa-
MiKK peasizoBaHo 3a Texzosoriero NVIDIA®CUDA™, 3a pesyabraTaMu MOAEIbHUX
PO3paxyHKiB JOCIiKeHO 3arajbHy HMOBeAiHKY cucTeMu. IIpoBeieHO eKCIIEPUMEHTHU 3
BUBUYEHHA PO3IOPOIIEHHA aTOMiB Pi3HMX MeTaJiB 3a PiSHUX IIOYATKOBUX YMOB CHCTE-
mu. Ha ocHOBi Iux HamoOpOIlIeHb aHAJIi3yeThCA MOBEAIHKA Ha IIOYATKY B3a€EMOAil Ha-
HeCeHUX aToOMiB 3 HigKJIaguHKO00. [IopiBHAHO YacoBi 3ajIe;KHOCTI JaTepaabHOr0 I0JIO-
JKeHHS IeHTPY Mac HAaHOYACTUHOK i CUJIM MiAKJIaAUHKN IPOTATOM €KCIEPUMEHTY IJIS
pisHmX MarepiajiB, 10 HAMOPOIIYyIOThCA. IloCaimKeHO MOBENiHKY MOBHOI Ta IOTEH-
ianabHOI eHepriit, Temnepatrypu i iMmnyabcy cucremu. Ilokasano, 110 criocrepiraerbscsa
cTpuboK cyMapHOI eHeprii Ta TeMmepaTypu, a TAKOXK 3MiHA MOBENIHKU iMIYJbCY Ta
CUJIY MiJKJaIuHKU IpuU JocATHeHHI aromamu Kap6oHy rpadeHy Ajsa BCiX ocaisKeHb.

KaiouoBi cioBa: koMn’1oTepHa MOJeJIb, MOJIEKYJIAPHA JUHAMiKa, HAIIOPOIIeHH, I'Pa-
¢deH, HAHOYACTUHKA, aTOMHO-CUJIOBA MiKPOCKOIIid.
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