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Abstract: This paper presents the calculated mass spectra of sputtered Au(111) particles coated with ice films upon 
bombardment with low-energy Ar+ ions. It is shown that the introduction of ions into the ice film formed molecular 
clusters, water molecules, and clusters of water molecules and clusters consisting of water molecules and Au atoms at the 
ion bombardment. These clusters formed the corresponding intense peaks in the mass spectra. It has been established that 
the largest cluster is formed due to the implanted ion on ice films. The sputtering coefficient of ion clusters is also 
calculated. 
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1. Introduction  

Currently, one of the important and open problems of 
sputtering physics is still the presence of emission 
sputtering products of multimolecular clusters [1-3]. The 
very nature of the processes underlying the formation of 
clusters during sputtering remains largely unclear. This 
moment the collision cascade model during sputtering is 
one of the main models explaining this process. However, 
how and how the clusters leave the surface can be different. 
These differences led to the discovery of two models of 
cluster formation. One of them is the recombination model. 
In this model, a cluster is formed as a result of the union of 
sputtered atoms above the surface, if the moments of 
emission times differ insignificantly. In addition, the 
relative kinetic energy does not exceed the cluster 
dissociation energy [4]. The second model of direct 
emission considers clusters as a whole. The cluster leaves 
the surface as a result of energy transfer to a group of 
surface atoms, and these atoms leave the surface without 
breaking the bond between them [5–7]. Due to the 
complexity of the analytical description of cluster emission 
during ion sputtering of solid surfaces, considerable 
attention has been paid to computer simulation of cluster 
formation under the action of ion bombardment. Such a 
method makes it possible not only to describe the process 
of formation and emission of clusters from the surface, but 
also makes it possible to explain the presence of a high 
energy of vibrational excitation in them and to take into 
account the processes of fragmentation of metastable 
particles. The work carried out in the 1970s–1990s was 
devoted to studying the formation of clusters during 
sputtering by atomic ions. The results of computer 
simulation show both a good degree of agreement with 
experiments and evidence of a significant similarity 

between the results of different research groups. Therefore, 
we can talk about a certain general picture of the processes 
of formation and emission of cluster particles under the 
action of ion bombardment, obtained using this method. 
The most detailed description of computer simulation of 
cluster formation processes during sputtering of a solid 
body surface using molecular dynamics simulation was 
studied the emission of clusters for the case of ion 
bombardment of solid bodies. The emission of sputtered 
atoms and the development of a cascade of collisions lasted 
up to 1 ps, which is much longer than the sputtering time of 
particles. Based on the fact that emitted clusters are excited 
and decay into smaller particles due to monomolecular 
decay, 100 ps is sufficient for all emitted particles to decay. 
In this case, however, two different types of processes can 
be distinguished, leading to the emission of clusters under 
the action of ion bombardment. The first type causes the 
emission of small clusters, which are emitted through 
collective motion during the development of the collision 
cascade in the first few picoseconds after the collision. 
Thus, the emission times of such clusters are consistent 
with the emission times of atoms during sputtering. The 
release of energy by an incident ion, which causes the 
development of a cascade of collisions, can lead to the 
emission of neighboring surface atoms, which eventually 
form a cluster. This type of process can be considered if, 
for example, energy recoil atoms cause the development of 
subcascades several layers below the surface. In such an 
event, the energy transferred to the surface is strictly 
directed and can lead to the simultaneous emission of a 
group of neighboring surface atoms, which in some cases 
remain bound and form a cluster after emission, if the 
conditions of simultaneous emission and almost parallel 
pulses are satisfied. Typically, clusters emitted through this 
mechanism consist of atoms that are neighboring in the 
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target and almost exclusively surface atoms, which is about 
95% when the surface is bombarded by Ar+ ions with an 
initial energy of 5 keV. Clusters of large size are formed in 
the water-metal contact region during ion bombardment. 
The water-metal interaction process plays an important role 
in many of the steps used by industries. These processes 
include electrochemical, wetting, corrosion, and 
photocatalysis [8–10]. Theoretically, a number of works 
have been done to study the interaction of water and solid 
surfaces by simulation [11-13]. Studying sputtering of a 
thin layer of ice is important both theoretically and 
practically. Therefore, right now we have some 
experimental and theoretical results about ice sputtering. 
However, the works, which carry out about sputtering ionic 
ice are too few. In [14], the mass spectra of sputtered 
particles of a frozen aqueous solution containing HCl upon 
bombardment by fast atoms was present. Spectra of 
(H2O)n·H+ clusters were formed in this mass spectrum. The 
pattern of clusters was discussed in the light of the 
formation of crystalline hydrate phases in a frozen solution. 
Ionized molecular ice clusters have been studied 
experimentally and theoretically in [15–16]. However, the 
distribution mechanism itself is not sufficiently described. 
In this article, we will discuss the results of sputtering of 
ionized ice clusters obtained by the molecular dynamics 
method. 

2. Method and results 

We have studied the process of water film sputtering, which 
contains Na+ ions in its composition. This process is a very 
interesting mechanism for sputtering molecules and atoms 
in the form of large clusters. The sodium ion located inside 
the film forms ionic bonds with its molecules. These bonds 
primarily depend on the charge of the ion. i.e., if the ion is 
positive, then negative molecular components accumulate 
around it, or vice versa. In our simulation, we used the 
method of molecular dynamics. Numerical solution of 
Newton's equations for interacting particles is the basis of 
the method of molecular dynamics. This method often uses 
the Lennard-Jones potential. And this potential describes 
the dynamics of the system, as the interaction of molecules 
in the form of balls. In this case, the force of interaction 
between particles depends only on the distance between 
them. To obtain a more accurate estimate of the 
macroscopic parameters of the system, periodic boundary 
conditions are used, and to integrate the equations of 
motion, the Verlet algorithm in the velocity form is usually 
used. Modeling using the standard algorithm indicates its 
criticality to the choice of the time step, and its decrease 
leads to an increase in computational costs, and its increase 
leads to a drop-in accuracy up to the divergence of the 
algorithm due to the possibility of acquiring too high 
velocities at very small distances between colliding 
molecules. This problem is partially solved by 
programmatic checking and limiting the range of input 
parameters. As an alternative solution to this problem, the 

possibility of automatic reduction of the sampling step is 
considered. In this case, if the path traveled by the atom in 
the set time step ∆T exceeds some critical distance ∆r (set 
by the user), the time step is iteratively reduced until the 
path traveled is within the specified limits. As a result, the 
new time step meets the condition ∆t <∆T, and for a 
molecule that has exceeded the displacement limit, n=∆T/∆t 
cycles of parameter calculation are performed, and only 
then the algorithm proceeds to the next atom. Thus, the 
reduction of the time step occurs only where it is needed, 
which improves the overall efficiency of the calculations. 
Molecular dynamics (MD) is one of the computer 
simulation methods that allows one to consider the 
evolution of interacting particles over time and can make it 
possible to visually observe the behavior of a system. The 
main advantage of the MD method is the possibility of 
modeling the process for a given physical (chemical) 
parameter. And, therefore, get a more realistic picture of the 
process. Currently, MD is used in many scientific studies 
not only in physics, but also in chemistry, solid-state 
physics and others: 

- almost all types of defects in crystals. 

- changes in the surface structure of the crystal under 
external influences. 

- studying the formation and decay of clusters with a 
different size. 

- study of different biological molecules. 

When studying the sputtering of an ice film, the interaction 
potential is important. Thus, potentials described in [17]. In 
the interaction H2O-H2O water-water, the SPC potential 
was used, and it was successfully used in the study of the 
properties of various structures. This potential consists of 
an electrostatic component between two atoms. The 
Lenhard-Jones potential is used to describe the repulsive 
part of the potential between oxygen atoms. Calculations of 
the structure and dynamic properties of liquid water using 
variable forces changed the potentials and were in good 
agreement with the experimental results. The Au-Au 
interaction also has a potential and describes the properties 
of Au very well. In the interaction of Au-H2O, we chose the 
Spohr potential, which was used in the water molecules 
adsorption on metal surfaces. It mainly consists of the 
Morse potential. For ion-water interaction, the Coulomb 
potential and the Lenhard-Jones potential were used. 

In our investigation, we considered the case when the Na+ 
ion is in the upper part of the film, which consists of four 
layers of ice on the Au(111) surface, which consists of 
1980 atoms located on eight layers. The system was under 
observation for 25 picoseconds, and external influences 
were not taken into account in this case. This time is 
sufficient for the ion to approach the film surface and form 
ionic bonds with oxygen atoms. During the above time, the 
sodium ion is completely located on the first upper layer of 
the film [17]. Structural changes in the film occur mainly 
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only around the location of the ion. The rest of the film 
completely retains its original structure. 

We have considered the mass spectra of sputtered particles 
from the Au(111) surface covered by four layers of ice, 
which contains the Na+ ion in its composition at the 
bombardment by Ar+ ions at the normal incidence. The 
initial energy values were chosen as E0=400 eV and E0=700 
eV. 

Figure 1 shows the mass spectrum of sputtered particles 
from the indicated surface upon bombardment with Ar+ 
ions with an initial energy E0=400 eV. 

This mass spectrum can be divided into 3 groups. The first 
group is water molecules and molecular clusters containing 
from two to five water molecules in their composition. It 
should be noted that the highest peak belongs to water 
molecules, while the remaining peaks belong to molecular 
clusters located up to 100 а.m.u. 

The second group of peaks located in the range of 200-240 
a.m.u refers to sputtered clusters that contain one gold atom 
and 1-2 water molecules. 

 
Fig. 1: Mass spectrum of sputtered particles from the 
surface Au(111) covered with four layers of ice film at the 
normal incidence of Ar+ ions with Е0=400 eV. 

The next peaks that formed in the range of 400-800 a.m.u. 
belong to sputtered clusters that contain one or two water 
molecules with two gold atoms. Our calculations showed 
that gold atoms are sputtered when falling particles collide 
with an open part of the substrate. When the film is 
sputtered, these atoms capture one or two water molecules, 
since there is a certain interaction potential between them. 
The next group of peaks belongs to the ion cluster, which 
has a mass spectrum range from 820 to 1176 a.m.u. From 
the analysis of the trajectories of falling particles, it can be 
seen that not all trajectories form a large ion cluster, which 
contains the Na+ ion in its composition. In this case, 150 

trajectories of the incident particle are considered. 

 
Fig. 2: Mass spectrum of sputtered particles from the 
surface Au(111) covered with four layers of ice film at the 
normal incidence of Ar+ ions with Е0=700 eV. 

On the Figure 2 presents the mass spectrum of sputtered 
particles from surface of Au(111) covered with four layers 
of ice film at normal incidence of Ar+ ions and the initial 
energy was Е0=700 eV. 

The mass spectrum shows that it differs from the mass 
spectrum, which is shown in Fig.1. It can be seen from the 
mass spectrum that the intensity of the peak attributable to 
Au atoms increased. Also, the Au+Н2О peak disappears, 
which is associated with an increase in the initial energy of 
the ion. Moreover, the peak «ion + ice» increased in mass, 
which is explained by an increase in the number of water 
molecules. It should be noted that almost all the peaks 
formed at E0=4 keV are increased in intensity. 

We have also calculated the sputtering coefficient of ionic 
clusters of water molecules coated on the Au(111) surface 
at the bombardment with Ar+ ions with an initial energy of 
E0=400 eV. The sputtering coefficient for different types of 
ions is presented in Table 1. The results obtained are in 
good agreement with the experimental results, which are 
present in [15–16]. 

Table 1: Sputtering coefficient for different types of ions 
Ions Coefficient of sputtering  
Li+ 0.22 
Na+ 0.21 
Cs+ 0.18 

3. Conclusions  

The process of sputtering during the bombardment of an ice 
film doped with Na+ ions, covering the surface of Au(111) 
by Ar+ ions with Е0=400 eV and 700 eV, has been studied. 
It has been established that sputtering of a large ion cluster 
is observed due to the polarity of ice during ion 
bombardment. It has been established that the formation of 
a more massive ion cluster, in the case when the doped ion 
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is located inside of this cluster. The mass spectra of 
sputtered particles were obtained during the bombardment 
of an ice film with doped ions, coated on the surface with 
Au(111) by Ar+ ions. The mass spectrum showed peaks 
attributable to an ion cluster consisting of a doped ion, 
water molecules, clusters of gold, and a cluster consisting 
of “Au+ water molecules”. The sputtering coefficient of a 
positive cluster is calculated. It has been determined that 
the charge of a doped ion can form a bond with hydrogen 
(weaker bond) or oxygen (stronger bond) atoms. 
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