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DEPOSITION OF Ni ATOMS ON THE IONIC (NaCl) AND METALLIC (Fe) 
SUBSTRATES 

The deposition of a nickel on the foreign substrates is investigated by means of molecular 
dynamic simulation with pair potentials of different kinds dependently of type of atomic interaction. 
An effect of energy of deposited atoms and surface defects on nucleation and growth of nickel islands is 
considered. The general trends can be explained in terms of the lifetimes and diffusion mobility of 
adsorbed atoms, the interaction between them and atoms of the substrate. The parts of deposited atoms 
in dependence on their kinetic energy as well as an amount of deposited atoms, which are needed to 
form a continuous film, are determined. Almost all Ni atoms with smaller energy (10000 K) join to the 
surface of the Fe-substrate. The obtained results confirm the theoretical point of view on the different 
deposition mechanisms in the cases of different substrates: the island (Folmer-Veber) mechanism in the 
case of Na-Cl substrate (mixture of haloid) and the layer-by-layer (Franc and Van der Merve) one in 
the case of metallic substrate.  

Keywords: metal deposition, molecular dynamics simulations, surface diffusion, nucleation, fine-
dyspersated structure. 

Вивчено осадження нікелю на підкладку методом молекулярно-динамічного 
моделювання з парними потенціалами різних видів залежно від типу атомної взаємодії. 
Розглянутий вплив енергії осаджених атомів і поверхневих дефектів на утворення і зростання 
острівкових зародків нікелю. Загальні тенденції можуть бути пояснені тривалістю життя, 
дифузійною рухливістю адсорбованих атомів і взаємодією між ними і атомами підкладки. Ми 
знайшли частку осаджених атомів в залежності від їх кінетичної енергії, а також кількість 
осаджених атомів, при якій формується безперервна плівка. Майже всі атоми нікелю з більш 
маленькою енергією (10000 K) приєднуються до поверхні Fe- підкладки. Отримані результати 
підтверджують теоретичну точку зору про різні механізми осадження у випадках різних 
підкладок: острівковий механізм (Фольмера - Вебера) у разі підкладки Na-Cl (суміш галоїду) і 
пошаровий механізм (Франка і Ван дер Мерве) у разі металевої підкладки. 

Ключові слова: напилювання металу, молекулярно-динамічне моделювання, поверхнева 
дифузія, зародження, тонкодисперсная структура. 

Изучено осаждение никеля на подложку методом молекулярно-динамического 
моделирования с парными потенциалами различных видов в зависимости от типа атомного 
взаимодействия. Рассмотрено влияние энергии осаждающихся атомов и поверхностных 
дефектов на образование и рост островковых зародышей никеля. Общие тенденции могут быть 
объяснены продолжительностью жизни, диффузионной подвижностью адсорбированных 
атомов и взаимодействием между ними и атомами подложки. Рассчитаны доли осажденных 
атомов в зависимости от их кинетической энергии, а также количество осажденных атомов, при 
котором формируется непрерывная пленка. Почти все атомы никеля с более маленькой 
энергией (10000 K) присоединяются к поверхности Fe- подложки. Полученные результаты 
подтверждают теоретическую точку зрения на различные механизмы осаждения в случаях 
различных подложек: островковый (Фольмера - Вебера) в случае подложки Na-Cl (смесь 
галоида) и послойный (Франка и Ван дер Мерве) в случае металлической подложки. 

Ключевые слова: напыление металла, молекулярно-динамическое моделирование, 
поверхностная диффузия, зарождение, тонкодисперсная структура. 
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1. Introduction 
It is known that the condensed films can be either continuous, starting already from 

a monoatomic layer, or to consist of the separate isolated particles (islands). And it 
renders large influence on subsequent structure and properties of the condensed films. 

Mathematical simulation of the atom deposition is indispensable to understand the 
stages of film formation, the arising, and the growth of nucleus. Their structure caused by 
these processes is practically inaccessible for experimental researches. 

There are many unresolved questions, concerning the deposition of the high energy 
atoms by plasma-ionic scattering. Such experiments are widely applied to obtained new 
structure and phase states of alloys. At least, fine-dispersed structures were obtained in 
many works, for instance in Ref. [1-5]. 

The most known works, concerning the deposition from the gas phase, are fulfilled 
by means of Monte Carlo simulations, for instance [6-10]. The bond-counting kinetic 
Monte Carlo (KMC) method is widely used. The key point in this technique is the 
calculation of activation energy for the surface atom diffusion. In order to calculate the 
activation energy, the contribution of the surrounding atoms in the initial position or of 
the difference between the number of the nearest atoms in the initial and the final 
positions are only taken into account in most of the proposed models (see in Ref. [10]). 
The atom states during diffusion jumps are not considered. Thus, the simulation with 
using KMC method has an essential limitation concerning their correspondence to reality. 

Many papers with modeling of atoms deposition by the molecular dynamics (MD) 
method appeared in the recent years, for instance [11-16]. The main problem of such 
method is the values of the time step (of order 1–2 fs) which are usually applied in the 
simulation. It is not enough small to reach needed accuracy of calculations as the 
deposited atoms penetrates in areas of large repulsion forces. Therefore, in many papers, 
simulation of clusters placed on the surfaces or falling onto them are considered. At the 
small time steps, only unrealistically high energy atom, which flows to the surfaces, can 
be considered. Thus, the new works on the modeling of deposition process are necessary 
for the correct study and visualization of mechanisms of thin film formation. A focus of 
interest in our work is the formation of centers of condensation.  

The very porous Ni-films were obtained as results of simulation in the case of the Si 
substrate [15]. We use other substrates and much smaller timestep (0.2 fs) for correct 
investigation of the condensation mechanisms.  

2. Details of the simulation 
The MD simulation was fulfilled using our program for parallel computing. The 

interactions between the metal atoms were described by potentials of the embedded atom 
type, elaborated in work of Bonny [17]. We included into impute file the tables of EAM 
potentials from repository (see http://www.ctcms.nist.gov/potentials/) in 5000 point each. 
Interaction between pairs of atoms Na-Na, Na-Cl and Cl-Cl was calculated using the 
Born−Mayer−Huggins potential specified by Fumi and Tosi in paper [18]. Such 
potentials were slightly modified to insure the right melting temperature (with accuracy in 
10 K) after decrease of the cut-off radius up to 0.8 nm. For Ni-Na and Ni-Cl pairs the 
used potentials were nearly the same ones as for Na-Cl with the reduced minimal energy 
(εmin = – 0.29 eV, dmin = 0.295 nm for Ni-Na, and εmin= – 0.29 eV, dmin = 0.325 nm for Ni-
Cl pair). Certain prefactors were used in the program to change the values of energies and 
forces for these pairs. Parallel calculations were fulfilled by means of Graph processors 
(NVIDIA graphics-cards) with the help of CUDA software.  
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Deposition of Ni atoms on the ionic (NaCl) and metallic (Fe) substrates 

All simulations employed the Verlet algorithm with a time step of 0.2 fs in the case 
of the NaCl-substrate and 0.5 fs in the case of Fe-substrate. The weak thermostating for 
the substrates was chosen in all cases; in our program, a multiplier to velocity of atoms 
was 1 ± 0.001sqrt(|T–Tt|/T) (T is an instantaneous temperature, Tt is the set temperature, 
sign “+” if T < Tt). 

The first step before simulations was preparing of samples for simulations. The 
total number of atoms was 16384. Only the bottom layer of the substrate contained atoms 
with stationary positions, which correspond to structure of substrate materials (Na-Cl or 
Fe). In upper 6-10 layers, atoms of the substrate were placed initially in right positions, 
and their movement was simulated; thermostating was applied for them. All atoms of the 
deposited element (Ni) were placed randomly in one plane above the substrate; their 
interaction was not considered. Periodically, one of deposited atoms began movement in 
the direction to the substrate (only 1/3 part of its kinetic energy was related to the 
movements in the directions parallel to the substrate). Atoms, which were reflected from 
the substrate or torn out atoms of the substrate, were removed into the plane placed above 
the plane with atoms for depositions. 

A process of deposition was continuously imaged on the screen of monitor. And 
one can change the angle of viewing and to make an enlargement of current images. 

For analyzing the results of simulations, we use the program, which enables viewing 
with the step in one angstrom all sections of the model with coordinates of atoms from 
saved files (the brightness of images of atoms placed behind of chosen section depended 
on their distance from the section). Thus, centers of crystallization, which arises in 
deposited liquid drops, could be determined visually; their structure was verified studying 
graphs of the local radial pair distribution functions (LRPDF) – they were calculated by 
the same program. Knowing the location of the crystallization centers, we studied 
changes in structure of these areas in the past, using the results of the earlier saved files, 
so we can define the time of appearance of the crystallization center within a few 
picoseconds. In the mentioned program, all the volume in consideration was marked out 
with cube cells (an edge l = 0.5 or 0.7 nm). When moving a cursor to the image of atom 
(for the section in which it was brightest), the values of his number and coordinates of 
small cell were writing in the message windows. It allowed studying the environment of 
concrete atoms or determining the LRPDF. 

3. Results and their discussion 
As it was mentioned above, only high flows of atoms may be considered at 

nowadays; we considered the flows from 500 to 3000 atoms/(a2⋅s) for the NaCl substrate 
(is the area per one atom site). In the case of this substrate a collision at falling of 
deposited atom is almost elastic and the greater part of atoms is reflected from the 
surface. The falling atoms accelerated at approaching to the surface of the substrate by 
attractive forces. Therefore, those atoms, which become adsorbed atoms, have 
sufficiently large velocities of moving at the surface and their lifetime in adsorbed state is 
not large. Trajectories of movement of adsorbed atoms are intricate; their distant from the 
averaged surface plane changes all time. 

At flows less than 1000 atoms/(a2⋅s), we usually see only one adatom, seldom two 
atoms. To increase the average lifetime of adatoms we input the crystal step in initial 
conditions for the substrate (Fig. 1). Thus, we could to determine the waiting time for 
appearing of nucleus of condensation. After that, the ratio of deposited and evaporated 
atoms began increasing. And it was possible to determine the dependences of the waiting 
time on the energy (temperature) of deposited atoms and intensity of their flow.  
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Fig. 1. Deposition of Ni-atoms on the NaCl-substrate,  Tdep =5000 K;  Tsubstr=300 K;  
I=1721 atoms/(a2⋅s), the time of deposition t=40; 128 and 168 ps; Ni-atoms are lightest. 

 

Nuclei of deposition from less than 4 atoms broke up often. Fig. 2 shows the waiting 
times of appearance of such group from 4 atoms which becomes in feature the growing 
deposited center. 

Fig. 3 shows growth of the centre of condensation. A majority of adsorbed atoms 
joins to the centers when those become sufficiently big. The comparatively big drop in 
Fig. 3, c is liquid, as it is frequently distorted by irregular oscillation of the substrate 
surface in result of blows by falling atoms. 

 

 
Fig. 2. The waiting times for appearance the first group from 4 deposited atoms, 

– flow I = 860 atoms/(a2⋅s);  – I = 1720 atoms/ (a2⋅s); I= 2580 atoms/ (a2⋅s). 
 

 

Fig. 3. Growth of the centers of condensation, 
Tdep = 5000 K, I = 1720 atoms/ (a2⋅s); for a,b,c time t = 0.295, 0.530 and 0.820 ns, 

Ni-atoms are lightest. 
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To determine at which size of the drop the crystal nuclei arise in it, it is necessary 
to exclude the flow or set it very small in accordance with the experimental conditions. In 
this way, we studied sufficiently large drops. And we change the interaction of Ni-atoms 
with atoms Na and Cl (increasing and decreasing it in 2 times) to study an equilibrium 
form of the condensation centers at different energies of adsorption. Examination of 
sections of the drops shown in Fig. 4, a-c gives evidence of forming of crystallization 
center in their central part. The waiting time of crystal nucleus forming depends on the 
drop shape. The crystal nucleus is formed in drop of 360 atom (it is shown in Fig. 4, c) 
less than 170 ps after stopping of deposition. Whereas in large drop of 670 atoms, which 
is like that is shown in Fig. 4, b, the waiting time for crystal nucleus appearing is roughly 
260 ps. 

 

Fig. 4. Forms of the center of condensation at different interactions of Ni atoms with the substrate, 
Tdep = 5000 K, I = 1720 atoms/(a2⋅s); for a,b,c time t = 2.295 ns,  
800 ns at small flow (I = 17.2 atoms/ (m2⋅s)); Ni-atoms are light. 

 

Thus, the Folmer–Veber islet mechanism is takes place in the case of Ni deposition 
on the NaCl substrate that coincides with experimental works for many metals on halides.  

 

 

Fig. 5. Deposited films of Ni on the Fe-substrate,  
I = 1720 atoms/ (a 2s); t = 18000 ps; a – Tdep = 10000 K, b – a section of the film, Tdep = 150000 K 

Fe-atoms are light. 

Absolutely another way of condensation takes place in the case of deposition Ni-
atoms on the Fe-substrate. Fig. 5 shows the films from deposited Ni-atoms with different 
kinetic energy. Here the majority of Ni-atoms occupies stationary site at once or after 
brief diffusion on the surface. The majority of falling atoms with joins to the Fe-substrate. 
At high kinetic energy (Fig. 6, b, the temperature 150000 K is equivalent to the energy 
~13 eV) roughly 6% from the all quantity of falling atoms reject from the surface and 
there are also events when Fe-atom are beaten out from the substrate (the ratio of falling 
and beaten out atoms is 0,1 on average from the beginning). After a full layer of Ni is 
formed, the part of rejected atoms becomes smaller. Atoms with energy 10000 K reject 
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rarely from the surface even at the beginning. Fig. 5,a shows the section of the Ni-film at 
deposition of not high energetic atoms (10000 K). As one can see, an outward upper 
surface of the film is wavy; the difference in height is 1-3 layers. 

From the beginning, the structure of deposited Ni remains bcc; after deposition of 
5-6 layers the fcc atomic structure appears. However, we did not see forming nuclei of the 
fcc phase. 

The structure changes gradually. Even in comparatively thick film, the structure of 
sections outwardly resembles the distorted bcc structure. However, local g(r) – RPDFs, 
unambiguously corresponds to the fcc structure. Fig. 6 shows 3 RPDFs obtained within 
spheres with a radius of 7.5 nm for 15 central atoms placed in the 3-rd, 7-th and 16-th 
layers from the bottom in the cases a, b, c. The first of them (Fig. 6,a) corresponds to the 
bcc structure; while the second LRPDF (Fig. 6,b) is intermediate between those that 
correspond to the bcc (Fig. 6, a) and fcc (Fig. 6, c) structures. 

 

 

 

 

Fig. 6. Local radial pair distribution function obtained from different layers  
of Ni- films on the Fe-substrate, I = 1720 atoms/ (a2⋅s); t = 18000 ps;  
a – Tdep = 10000 K, for a,b,c n = 3, 7, and 16 (the number of layers). 

 
In the case of the high energy (150000 K) of falling atoms, ~6% from them is 

reflected from the metal surface. Almost all Ni atoms with smaller energy (10000 K) join 
to the surface of the Fe-substrate. Continuous film of Ni is formed after deposition of that 
number of atoms which responds to 3.3 full layers. In thick films the surface is wavy with 
the thickness in 2-3 layers. 

4. Conclusions 
It is shown that some part (of about 6%) of the falling high energy (150000 K) 

atoms is reflected from the metal surface. Almost all Ni atoms with smaller energy 
(10000 K) couple with the surface of the Fe-substrate. The number of Ni atoms, which is 
needed to form continuous film after deposition, is found to be correspondent to 3.3 full 
layers. Thus, our results confirm theoretical viewpoints on different mechanisms of 
deposition in cases of different substrates: the islet (Folmer-Veber) in the case of Na-Cl 
substrate (the haloid compound) and layer-by-layer (Franc and van der Merve) in the case 
of the metallic substrate. However, direct simulation gives an additional information on 
details of these processes and more full information about the structure of the first layers. 

References 
1. Ryabtsev, S. A structure and physical properties of ni films in metastable states [Text] / S 
Ryabtsev, P. Gusevik, V. Bashev, F. Dotsenko// Journal of Materials Science and Engineering A 
& B. -2012-Vol. 2, N 9A, - P. 648-653 

 110 

http://www.davidpublishing.org/show.html?8233


Deposition of Ni atoms on the ionic (NaCl) and metallic (Fe) substrates 

2. Ryabtsev, S.I. Structure and Properties of Fe-(Ag, Bi) sputtering films [Text] / S.I. 
Ryabtsev // Physics of Metals and Metallography - Vol.108, No. 3- 2009- P. 237-242. 
3. Ryabtsev, S.I. Phase formation peculiarities and property of nonequilibrium solidificated 
alloys with high positive energy of mixing [Text] / S. I. Ryabtsev// Physics and technique of high 
pressures- Vol.19, No 2 – 2009- P. 66-75 
4. Yanchun, D. Studies on Nanocrystalline TiN Coatings Prepared by Reactive Plasma 
Spraying [Text] / D. Yanchun, Y. Dianran, H. Jining, Z. Jianxin, X. Lisong, L. Xiangzhi// Hindawi 
Publishing Corporation Journal of Nanomaterials – 2008. – P. 1–8 
5. Lyahov, I.G. Issledovanie rezhimov magnetronnogo napyleniya tonkikh plenok titana dlya 
criogenykh detektorov [Text] / I.G. Lyahov, А. А. Kuzmin, А. S. Il’in, М. А. Ermakova, К. В. 
Bullakh// Trudy MPTI – Vol. 5, № 1. – 2013. – P. 60–67. 
6. Bruschi, P. A temperature-dependent Monte Carlo simulation of thin metal film growth 
and percolation [Text] / P. Bruschi, P. Cagnoni, A. Nannini // Phys. Rev. B – Vol. 55. – 1997. – P. 
7955-7963. 
7. Pomeroy, J.M. Kinetic Monte Carlo–molecular dynamics investigations of hyperthermal 
copper deposition on Cu (111) [Text] / J.M. Pomeroy, J. Jacobsen, C.C. Hill, B.H. Cooper, J.P. 
Sethna // Phys. Rev. B – Vol. 66 -2002 – P. 235412–23519.  
8. Fichthorn, K. A. A kinetic Monte Carlo investigation of Island nucleation and growth in 
thin-film epitaxy [Text] / K. A. Fichthorn, M. Merrick, L. Scheffler // Appl. Phys. A, Vol. 75. – 
2002. – P. 17–23. 
9. Bruschi, P. Monte Carlo simulation of polycrystalline thin film deposition [Text] / P. 
Bruschi, A. Nannini, F. Pieri // Phys. Rev. B – Vol. 63. – 2000. – P. 1–8. 
10. Schneider, M. Epitaxial growth of silicon. A molecular dynamics simulation [Text] / M. 
Schneider, I.K. Schuller, A. Rahman // Phys. Rev. B – Vol. 36. –1987. P. 1340–1343. 
11. Xiaoping, Z. A computer simulation of nucleation and growth of thin films [Text] / Z. 
Xiaoping, Z. Peifeng, H. Deyan, L. Jun, M. Jiantai // Science in China Ser. G Physics, Mechanics 
& Astronomy - Vol.47 No.4. – 2004. – P. 442–451. 
12. Lee, S.C. Molecular dynamics simulation on the deposition behavior of nanometer-sized 
Au clusters on a Au (0 0 1) surface [Text] / S.C. Lee, N.M. Hwang, B.D. Yu, D.Y. Kim // Journal 
of Crystal Growth – Vol. 223. – 2001. – P. 311–320. 
13. Brault, P. Molecular Dynamics simulations of palladium cluster growth on flat and rough 
graphite surfaces [Text] / P. Brault, G. Moebs // Submitted to Eur. Phys. J. AP, arXiv:cond-mat 
(0609165) – Vol. 1 – 2006 - [cond-mat.mtrl-sci] (7 Sep) 
14. Jimenez-Saez, J.C. A Molecular Dynamics Study of the Epitaxial Growth of Metallic 
Nanoclusters Softly Deposited on Substrates with Very Different Lattice Parameter [Text] / J.C. 
Jimenez-Saez, A.M.C. Perez-Martin, J.J. Jimenez-Rodriguez // Journal of Physics: Conference 
Series – Vol. 61. – 2007. – P. 915–919. 
15. Fang, T.H. Molecular dynamics and experimental studies on deposition mechanisms of ion 
beam sputtering [Text] / T.H. Fang, W.J. Chang, C.M. Lin, W.C. Lien // Applied Surface Science 
– Vol. 254. – 2008. – P. 3436–3441. 
16. Joe, M. Molecular dynamics simulation study of the growth of a rough amorphous carbon 
film by the grazing incidence of energetic carbon atoms [Text] / M. Joe, M.W. Moon, J. Oh, K.H. 
Lee, K.R. Lee // Carbon – Vol. 50. – 2012. – P. 404 –410. 
17. Bonny, G. Fe-Ni many-body potential for metallurgical applications [Text] / G. Bonny, 
R.C. Pasianot, and L. Malerba // Modelling Simul. Mater. Sci. Eng. – Vol. 17. – 2009. – P. 025010 
– 025019.  
18. Tosi, M. P. Ionic sizes and Born repulsive parameters in the NaCl-type alkali halides-II, the 
generalized Huggins-Mayer form [Text] / M. P. Tosi, F. G. Fumi // J. Phys. Chem. Solids. –V. 25. 
–1964. – P. 45–52. 

Received 03.03.2014. 

 111 


