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Abstract

:

The formation of the substrate surface potential based on the Lennard-Jones two-particle potential is investigated in this paper. A simple atom’s square lattice on the substrate surface is considered. The periodic potential of the substrate atoms is decomposed into a Fourier series. The amplitude ratio for different frequencies has been examined numerically. The substrate potential is approximated with high accuracy by the Frenkel–Kontorova potential at most parameter values. There is a field of parameters in which the term plays a significant role, with a period half as long as the period of the substrate atoms. The ground state of the monoatomic film is modeled on the substrate potential. The film may be in both crystalline and amorphous phases. The transition to the amorphous phase is associated with a change in the landscape of the substrate potential. There are introduced order parameters for structural phase transition in the thin film. When changing the parameters of the substrate, the order parameter experiences a jump when changing the phase of the film.
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1. Introduction


The substrate potential determines the basic properties of epitaxial films. The film’s crystal lattice is formed in the sputtering step under the influence of the substrate. The relative arrangement of the film atoms is determined by the substrate potential. The mechanical, thermal, magnetic, and optical properties of the epitaxial film can be altered by acting on the substrate. Changing the size or symmetry of a substrate crystal lattice changes its surface potential. The calculation of the substrate surface potential makes it possible to select the sputtering mode for the epitaxial film and predict its behavior under the external factors’ influence.



A description of the substrate surface potential is necessary for modeling the growth of the epitaxial film. The film deposition model on the substrate [1] requires solving the equations of motion for an atom near the surface. A system of equations based on two-particle potentials is solved to simulate the epitaxial film growth in this model. The surface potential model greatly facilitates this task, since it requires a description of the motion of one particle in the outer field. Additionally, the surface potential is necessary when describing the scattering of particles on the surface [2]. Information on the position of maxima and minima for surface potential plays a significant role in this model.



Elastic two-dimensional atom chains are used to model thin films. There are two main approaches for describing the interaction of such a chain with a substrate. The first approach is based on the periodic potential of the Frenkel–Kontorova model [3]. The basic Frenkel–Kontrova model [3] studies a one-dimensional elastic atoms chain in the substrate potential. The cosine function specifies the periodic substrate potential. This simple approximation reveals a wide variety of ground states for the system [4,5,6] and different waves in the atoms chain [7,8,9]. Solitons are of the greatest interest. Calculations for the two-dimensional case show ordered structures in a monoatomic film [10,11,12]. These structures alter the magnetic properties of the ferromagnetic film on the substrate. There are several generalizations of the Frenkel–Kontorova model. The potentials of these models contain wide maximums and minimums [13] and additional local minimums [14].



The second approach considers the paired interactions between atoms. The potential energy for the interaction of the substrate with the film atoms is equal to the sum of the substrate atom’s potential. Paired interactions use analytic functions in most cases. Some models use discrete table values. The analytical functions of pairwise interaction contain parameters. The selection of these parameters is based on empirical data. Potential parameters vary to best reproduce experimental results. Such models require great computational power to obtain a surface potential landscape. Therefore, this approach is used to calculate the interaction of individual atoms with a substrate in the simulation of adsorption [15,16,17,18] or to calculate the shape and size of nanoclusters on a substrate [19,20,21,22,23,24].



Two-particle potentials include terms for repulsion when atoms approach and terms for the attraction when atoms are removed. The two-particle Lennard-Jones potential [25] is the most common. Parameter values for different chemical elements are empirically derived for this potential [26]. Morse potential uses quantum mechanical computation to describe atomic interaction [27]. There are several model potentials that consider chemical bonds: Tersoff potential [28], EDIP (Environment-Dependent Interatomic Potential) potential [29,30], Brenner potential [31], ReaxFF potential [32]. Special model potentials have been proposed for some chemical elements. These potentials approximate the experimental relationship between interaction and distance more precisely. The Finnis–Sinclair potential [33] simulates the interaction of metal atoms. The parameters of this potential are calculated for most metals. Todd and Linden-Bell’s potential [34] is based on Sutton–Chen formalism. It also simulates the interaction between metal atoms. The first principles are also used to calculate interaction parameters for atoms of certain materials [35,36].



Two-particle potentials are mainly used to model the thermal and mechanical properties of pure substances. The description of the interaction between two different substances has two problems. The first problem is that it is difficult to determine the potential parameters for atoms of two different chemical elements. There are different schemes for calculating these parameters. These schemes use parameters for pure substances [26]. The second problem is the need to use large computing resources for calculation.



The Frenkel–Kontorova model derives general results for the behavior of epitaxial films on a substrate. The application of these results to specific substances is challenging. Models with two-part potential obtain results for specific coating substrate substances. The surface potential of the substrate is modeled in this paper for an atoms array with a square lattice on the surface. The simulation uses Lennard-Jones’s two-particle potential. The results are compared with the Frenkel–Kontorova model. The effect of the Frenkel–Contour potential corrections on the monoatomic film’s ground state is calculated.




2. Substrate Potential Modeling


The substrate is modeled as a two-dimensional lattice with fixed atoms. The substrate atoms are located in the nodes of the square lattice. The one-dimensional atoms chain is considered in the first step. Square lattice symmetry is used to generalize the results to a two-dimensional case.



We use the two-particle Lennard-Jones potential [25] to interact with substrate and film molecules. This potential satisfactorily describes the interaction between spherical non-polar molecules. The Lennard-Jones    U  L J    ( r )    potential is written as two terms.


   U  L J    ( r )  = 4 ε  (     (   σ r   )    12   −    (   σ r   )   6   )   



(1)







 r  is the distance between the centers of the particles.  ε  is the depth of the potential hole.  σ  is the distance at which the interaction energy is zero. The minimum potential is located at the distance    r 0  = σ  2  12    . Potential describes particle repulsion at   0 < r < σ  . Molecules are attracted due to dipole–dipole interaction (van der Waals force) at   r > σ  .



We consider an infinite linear atoms chain with an interatomic distance  b . The chain is located along the axis OX (Figure 1). The potential is calculated at a point located at a distance  z  from the atom’s chain and at a distance   x   along the OX axis from the atom number   n = 0  .



The potential at    (  x , z  )    is the sum of the potentials created by all atoms in the chain.


   U 0   (  x , z  )  =   ∑   n = − ∞   + ∞    U  L J    (   r n   )   



(2)







   r n    this is the distance from the point    (  x , z  )    to the atom of the chain with the number  n . The potential at    (  x , z  )    is written based on the Lennard-Jones Formula (1).


   U 0   (  x , z  )  = 4 ε   ∑   n = − ∞   + ∞    (     (   σ   r n     )    12   −    (   σ   r n     )   6   )  = 4 ε   ∑   i = − ∞   + ∞    (     (     σ 2     r n 2     )   6  −    (     σ 2     r n 2     )   3   )   



(3)







The formula for the distance is substituted into the potential    U 0   (  x , z  )   .


   U 0   (  x , z  )  = 4 ε   ∑   n = − ∞   + ∞    (     (     σ 2     z 2  +    (  n b − x  )   2     )   6  −    (     σ 2     z 2  +    (  n b − x  )   2     )   3   )   



(4)







Relative variables are entered for ease of calculation.


   σ ′  =  σ b  ,    x ′  =  x b  ,    z ′  =  z b  , U  (   x ′  ,  z ′   )  =    U 0   (  x , z  )   ε   



(5)







We write the potential in relative variables.


  U  (   x ′  ,  z ′   )  = 4   ∑   n = − ∞   + ∞    (     (     σ ′    2     z ′    2  +    (  n −  x ′   )   2     )   6  −    (     σ ′    2     z ′    2  +    (  n −  x ′   )   2     )   3   )   



(6)







The substrate atoms chain is periodic with period  b . The potential   U  (   x ′  ,  z ′   )    is also periodic over the variable    x ′    with period  1 . Therefore, the function   U  (   x ′  ,  z ′   )    is examined in the interval   0 ≤  x ′  ≤ 1  . The function   U  (   x ′  ,  z ′   )    decomposes into a Fourier series over a variable    x ′   .


  U  (   x ′  ,  z ′   )  =   ∑   k = 0  ∞   A k   (   z ′  ,  σ ′   )  cos  (  2 π k  x ′   )     



(7)







The coefficients    A k   (   z ′  ,  σ ′   )    are numerically determined. The dependence of amplitudes    A k   (   z ′  ,  σ ′   )    on the parameter    σ ′    at    z ′  = 1   is shown in Figure 2. Calculations were made for a chain of   N = 201   atoms.



The amplitude    A 1    modulus is significantly higher than those of the remaining amplitudes    A k    (  k = 2 , 3 , …  ) at almost values    σ ′   . The exception is the small area around the point    σ 0    (   A 1     (   z ′  ,  σ 0   )  = 0  ). Such a point exists at all values    z ′   . The position of the point    σ 0    depends on    z ′   . The range of possible    σ ′    values for different substances is calculated based on the Lennard-Jones potential parameters [37] and crystal lattice periods. This range is   0.8 ≤  σ ′  ≤ 1.2   for metals. The first two terms dominate the rest in the Fourier series for potential (7) at    σ ′  > 0.9  . The potential is approximated by a simple formula in this case.


  U  (   x ′  ,  z ′   )  =   ∑   k = 0  ∞   A k   (   z ′  ,  σ ′   )  cos  (  2 π k  x ′   )     



(8)







The difference between this potential and the exact value (7) does not exceed 1.5%. Potential (8) coincides with Frenkel–Kontorova potential up to the constant and linear transformation of coordinates     x ″   =  x ′  + 1 / 2  .


   U 1   (   x ″  ,  z ′   )  =  A 0   (   z ′  ,  σ ′   )  −  A 1   (   z ′  ,  σ ′   )  +  A 1   (   z ′  ,  σ ′   )   (  1 − cos  (  2 π  x ″   )   )   



(9)







The Frenkel–Kontorova model is applicable with high accuracy in    σ ′  > 0.9  .



The range of values near the    σ 0    point is very interesting. Plots for    A 1   (   z ′  ,  σ ′   )    and    A 2   (   z ′  ,  σ ′   )    versus    σ ′    near    σ 0    are shown in Figure 3.



As can be seen from Figure 3, the point for which    A 2   (   z ′  ,  σ ′   )    does not match the    σ 0   . Therefore, there is a range of values    (   z ′  ,  σ ′   )    in which    A 1   (   z ′  ,  σ ′   )    and    A 2   (   z ′  ,  σ ′   )    are commensurate in magnitude or    A 2   (   z ′  ,  σ ′   )    dominate    A 1   (   z ′  ,  σ ′   )   . The plot of the ratio    A 2   (   z ′  ,  σ ′   )  /  A 1   (   z ′  ,  σ ′   )    coefficients to    σ ′    at    z ′  = 1   is shown in Figure 4.



The effect of the coefficient    A 2   (   z ′  ,  σ ′   )    on the potential value becomes more significant when approaching the point    σ 0   . Therefore, the question about the position of the points for which    A 1   (   z ′  ,  σ ′   )  = 0   is important. The plot of the parameter    σ 0    dependence on the distance to the film    z ′    is shown in Figure 5.



The value    σ 0      increases monotonously as the distance from the substrate atoms increases. The potential of the atom’s chain is approximated by the formula with two terms at the point    σ 0   .


   U 2   (   x ′  ,  z ′   )  =  A 0   (   z ′  ,  σ 0   )  +  A 2   (   z ′  ,  σ 0   )  cos  (  4 π  x ′   )   



(10)







This expression also boils down to the Frenkel–Kontorova potential. The potential    U 2   (   x ′  ,  z ′   )    has a period of two times less than that for the substrate atoms. The three terms in potential are considered in near the point    σ 0   .


   U 3   (   x ′  ,  z ′   )  =  A 0   (   z ′  ,  σ ′   )  +  A 1   (   z ′  ,  σ ′   )  cos  (  2 π  x ′   )  +  A 2   (   z ′  ,  σ ′   )  cos  (  4 π  x ′   )   



(11)







We use coordinate shift     x ″   =  x ′  + 1 / 2  .


   U 3   (   x ″  ,  z ′   )  =  A 0   (   z ′  ,  σ ′   )  −  A 1   (   z ′  ,  σ ′   )  +  A 1   (   z ′  ,  σ ′   )   (  1 − cos  (  2 π  x ″   )  + B  (   z ′  ,  σ ′   )  cos  (  4 π  x ″   )   )   



(12)




where   B  (   z ′  ,  σ ′   )  =  A 2   (   z ′  ,  σ ′   )  /  A 1   (   z ′  ,  σ ′   )   . The potential    U 3   (   x ″  ,  z ′   )    has global and local minima. The potential period    U 3   (   x ″  ,  z ′   )    coincides with the period of the substrate atoms.



We investigate the dependence of simulation results on the number of atoms in the chain. The dependence of the coefficient   B  (  1 , 1  )    on the number of atoms in the chain is shown in Figure 6.



Calculations show the invariability of the value   B    (  1 , 1  )    with an increase in the number of atoms more than seven (  N > 7  ). The same result is observed for other values    z ′    and    σ ′   . A plot for the potential   U  (   x ′  ,  z ′   )    versus    x ′    at    z ′  = 1  ,    σ ′  = 1  , and   ε = 1   for different numbers of atoms in the chain  N  is shown in Figure 7.




3. Ground State of Monoatomic Film


We consider the effect of substrate parameters on the ground state of the monolayer film on its surface. The substrate atoms form a square lattice on its surface in modeling. The substrate potential is written as a product of two factors similar to the potential    U 3   , considering the symmetry of the atom’s arrangement.


  V  (  x , y  )  = A  (  1 − cos  (  2 π x  )  + B   cos  (  4 π x  )   )   (  1 − cos  (  2 π y  )  + B   cos  (  4 π y  )   )   



(13)







The constant term is not considered in this formula. The potential energy is determined up to a constant. The substrate potential amplitude   A = ε  A 1 2   (   z ′  ,  σ ′   )    and the multiplier   B =  A 2   (   z ′  ,  σ ′   )  /  A 1   (   z ′  ,  σ ′   )    depend on the type of substrate atoms and film atoms. This relationship is determined by the Lennard-Jones potential parameters and lattice period  b . The potential amplitude  A  and the multiplier  B  change under substrate deformations. Strains are caused by mechanical compression or stretching, heating, or electric field in the case of ferroelectrics.



The interaction between the film atoms is elastic.


   U  i n t   =  g 2    ∑   n , m    (     (   x  n + 1 , m   −  x  n , m   − a  )   2  +    (   y  n , m + 1   −  y  n , m   − a  )   2   )   



(14)







 g  is the modulus of elasticity, (   x  n , m   ,  y  n , m    ) are the coordinates of the film atom in the node.  a  is the crystal lattice period for the monolayer film. The film atoms are located in the nodes of the square lattice in an undisturbed state. Distances are measured in terms of lattice period  b . We consider the case of equality in lattice and film periods    (  a / b = 1  )   . The interaction energy of the film atoms is written as


   U  i n t   =  g 2    ∑   n , m    (     (   x  n + 1 , m   −  x  n , m   − 1  )   2  +    (   y  n , m + 1   −  y  n , m   − 1  )   2   )   



(15)







The total potential energy of the film atoms in the substrate potential field is calculated as the total energy.


     E =  g 2    ∑  n , m     (     (   x  n + 1 , m   −  x  n , m   − 1  )   2  +    (   y  n , m + 1   −  y  n , m   − 1  )   2   )                    + A   ∑  n , m     (  1 − cos  (  2 π  x  n , m    )  + B   cos  (  4 π  x  n , m    )   )   (  1 − cos  (  2 π  y  n , m    )  + B   cos  (  4 π  y  n , m    )   )      



(16)







The ground state minimizes total energy.


  E → m i n .  



(17)







This condition determines the coordinates of atoms (   x  n , m   ,  y  n , m    ). Minimization was performed in a computer experiment. The film atoms are in the nodes of the square lattice in the initial state. The sequential iteration method is used to find the ground state. Each atom is shifted to a random vector at each iteration. If the new position of the atom reduces the energy of the system, then it is received, otherwise, the atom returns to its original state. The studies are performed for different values of parameter  B . The arrangement of film atoms for elasticity modulus equal to substrate amplitude (  g / A = 1  ) and different values of parameter  B  are shown in Figure 8.



Increasing the parameter  B  disrupts the arrangement of the film atoms. Atoms are located in the nodes of the square lattice at small values of parameter     B  . This state corresponds to the crystalline phase. The displacement of atoms occurs when the parameter  B  increases. The film enters the amorphous phase. The far order is absent in this phase, but the near order is present. The change in the atom’s location is caused by the change of a substrate potential landscape. Substrate potential surfaces for different values of parameter  B  are shown in Figure 9.



Additional local highs and lows appear in the potential landscape as parameter  B  increases. The periodicity of the substrate potential ceases to coincide with the period of the film, which leads to the displacement of its atoms.




4. Structural Phase Transition


The change in the geometry of the epitaxial film atoms when the parameter  B  changes is a structural phase transition induced by the substrate. This phase transition occurs only near the point    σ 0   . Certain values of the lattice period for the substrate and the distance from the substrate atoms to the film atoms are necessary to observe the phase transition.



We enter the order parameter  φ  to describe the phase transition. The order parameter is one (  φ = 1  ) in a fully ordered phase (two-dimensional crystal lattice) and is zero (  φ = 0  ) in a completely disordered phase (chaotic arrangement of atoms). The atoms are placed in the nodes of the square lattice in a fully ordered phase. The coordinates of the atom number    (  n , m  )    are determined based on the basis vectors     e →  x  ,   e →  y   .


    r →   n , m   = n   e →  x  + m   e →  y   



(18)







The position of the atom number    (  n , m  )    in the fully ordered phase is     r →   n , m    ( 0 )     .   〈 δ r 〉   this is the average deviation from the equilibrium position by one atom.


  〈 δ r 〉 =   lim   N → ∞    1 N    ∑   k = 1  N   |    r →   n , m   −   r →   n , m    ( 0 )     |   



(19)







 N  is the number of atoms. The mean deviation from the equilibrium position is zero   〈 δ r 〉 = 0   in a fully ordered phase. The atoms are randomly located in a completely disordered phase. The average density of atoms in a completely disordered phase is equal to the density of atoms in a completely ordered phase. One crystal lattice node in an ordered phase corresponds to one atom. We calculate the mean deviation   〈 δ r  〉  r a n d     for a completely disordered phase. Each atom is randomly located in the region:   − a / 2 < x −  x 0  < a / 2 ; − a / 2 < y −  y 0  < a / 2  . The   〈 δ r  〉  r a n d     tends to a constant value when   N → ∞  .


  〈 δ r  〉  r a n d   =  1   a 2      ∬   − a / 2   a / 2      x 2  +  y 2    d x d y ≈ 0.3826 a .  



(20)







The order parameter is determined based on the mean deviation for a fully ordered phase and a completely disordered phase.


  φ = 1 −   〈 δ r 〉   〈 δ r  〉  r a n d      



(21)







This determination of the order parameter satisfies the requirements for its values in the ordered phase and the disordered phase. The plot for the dependence of the order parameter  φ  on the parameter  B  is shown in Figure 10.



Numerical calculations were carried out for a lattice with 200 × 200 atoms. The order parameter is one (  φ = 1  ) when   B ≤ 0.275  . The film is in a fully ordered phase. The order parameter jumps in the range   0.275 ≤ B ≤ 0.276  . The transition to the unordered phase occurs in this interval. The order parameter decreases monotonously, aiming for an asymptotic value   φ ≈    0.3466 at   B ≥ 0.276  . The system does not enter a completely disordered phase. There is a near order in the arrangement of atoms, but there is no far order. This state corresponds to the amorphous phase in the film.




5. Discussion


The transition from a two-particle potential to a collective potential depends on the kind of atoms and their mutual location. The potential period coincides with the substrate atom’s period in most cases. The potential coincides with the Frenkel–Kontorova potential. In this case, the thin film atoms are located at the minimum potential. The film is in the crystalline phase. There is a narrow range of system parameter values near which the potential has a more complex landscape. Additional highs and lows are present in this area. Changing the substrate potential affects the thin film state. The destruction of the far order occurs in the film. The film enters the amorphous phase.



The effect of the substrate state on the crystallinity of thin films has been observed in various experimental works. Films Ge8Sb92 transition from the amorphous phase to the crystalline phase when the substrate is heated [37]. The crystallinity of the thermoelectric thin film Ag-Sb-Te at room temperature depends on the state of the substrate [38]. The crystalline silicon thin film is a two-phase structure of the amorphous phase and the crystalline phase [39]. The transition temperature from the amorphous phase to the crystalline phase shifts under the influence of the substrate.



The proposed model describes only pure materials for the substrate and epitaxial film. The film and substrate are multi-component systems in many real experiments. The description of such systems requires an extension of the proposed model. The multi-component system model includes several embedded crystal lattices in the description of the substrate. The difference in the elasticity coefficients for different atom pairs and the parameters of the different interactions with the substrate must be considered when describing multicomponent films. Some researchers have obtained experimental results for the microstructure and mechanical properties of pure films on the substrate [40,41,42]. These results show that changing the surface potential by introducing additional components increases the resistance of the coatings.







Author Contributions


Conceptualization, S.V.B. funding acquisition, I.V.B.; investigation, S.V.B. and I.V.T.; methodology, I.V.B. and S.V.B.; project administration, I.V.B.; software, I.V.T.; writing—original draft, S.V.B. and I.V.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Russian Science Foundation, project number 22-19-00355.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhabrev, V.A.; Margolin, V.I.; Tupik, V.A.; Su, C.T. Simulating the aggregation of nanoparticles on a substrate surface upon vacuum deposition. J. Surf. Investig. X-ray Synchrotron Neutron Tech. 2015, 9, 877–879. [Google Scholar] [CrossRef]

	



Aguirre, N.F.; Mateo, D.; Mitrushchenkov, A.O.; Pi, M.; de Lara-Castells, M.P. Helium mediated deposition: Modeling the He−TiO2(110)-(1×1) interaction potential and application to the collision of a helium droplet from density functional calculations. J. Chem. Phys. 2012, 136, 124703. [Google Scholar] [CrossRef] [PubMed]

	



Frenkel, Y.; Kontorova, T. On the theory of plastic deformation and twinning. Acad. Sci. USSR J. Phys. 1939, 1, 137–149. [Google Scholar]

	



Yuan, X.-P.; Zheng, Z.-G. Ground-state transition in a two-dimensional Frenkel-Kontorova model. Chin. Phys. Lett. 2011, 28, 100507. [Google Scholar] [CrossRef]

	



Savin, A.V.; Zubova, E.A.; Manevitch, L.I. Survival condition for low-frequency quasi-one-dimensional breathers in a two-dimensional strongly anisotropic crystal. Phys. Rev. B 2005, 71, 224303. [Google Scholar] [CrossRef]

	



Babushkin, A.Y.; Abkaryan, A.K.; Dobronets, B.S.; Krasikov, V.S.; Filonov, A.N. The ground state of the Frenkel–Kontorova model. Phys. Solid State 2016, 58, 1834–1845. [Google Scholar] [CrossRef]

	



Vainchtein, A.; Cuevas-Maraver, J.; Kevrekidis, P.G.; Xu, H. Stability of traveling waves in a driven Frenkel–Kontorova model. Commun. Nonlinear Sci. Numer. Simul. 2020, 85, 105236. [Google Scholar] [CrossRef]

	



Quapp, W.; Bofill, J.M. Description of zero field steps on the potential energy surface of a Frenkel-Kontorova model for annular Josephson junction arrays. Eur. Phys. J. B 2021, 94, 105. [Google Scholar] [CrossRef]

	



Tekić, J.; Botha, A.E.; Mali, P.; Shukrinov, Y.M. Inertial effects in the dc+ac driven underdamped Frenkel-Kontorova model: Subharmonic steps, chaos, and hysteresis. Phys. Rev. E 2019, 99, 022206. [Google Scholar] [CrossRef]

	



Byckov, I.V.; Belim, S.V.; Maltsev, I.V.; Shavrov, V.G. Phase transition and magnetoelectric effect in 2D ferromagnetic films on a ferroelectric substrate. Coatings 2021, 11, 1325. [Google Scholar] [CrossRef]

	



Belim, S.V. Investigation of phase transitions in ferromagnetic nanofilms on a non-magnetic substrate by computer simulation. Materials 2022, 15, 2390. [Google Scholar] [CrossRef]

	



Belim, S.V.; Bychkov, I.V.; Maltsev, I.; Kuzmin, D.A.; Shavrov, V.G. Tuning of 2D magnets Curie temperature via substrate. J. Magn. Magn. Mater. 2022, 541, 168553. [Google Scholar] [CrossRef]

	



Remoissenet, M.; Peyrard, M. Soliton dynamics in new models with parametrized periodic double-well and asymmetric substrate potentials. Phys. Rev. B 1984, 29, 3153. [Google Scholar] [CrossRef]

	



Djuidjé Kenmoé, G.; Kofané, T. Frictional stick-slip dynamics in a nonsinusoidal Remoissenet-Peyrard potential. Eur. Phys. J. B 2007, 55, 347–354. [Google Scholar] [CrossRef]

	



Yang, S.; Yu, S.; Cho, M. Influence of mold and substrate material combinations on nanoimprint lithography process: MD simulation approach. Appl. Surf. Sci. 2014, 301, 189–198. [Google Scholar] [CrossRef]

	



Akbarzadeh, H.; Yaghoubi, H.; Salemi, S. Investigation of thermal behavior of graphite-supported Ag nanoclusters of different sizes using molecular dynamics simulations. Fluid Phase Equilibria 2014, 365, 68–73. [Google Scholar] [CrossRef]

	



Kornich, G.V.; Betz, G.; Zaporojtchenko, V.; Pugina, K.V.; Faupel, F. Molecular dynamics simulations of interactions of Ar and Xe ions with surface Cu clusters at low impact energies. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 2005, 228, 41–45. [Google Scholar] [CrossRef]

	



Rojas, M.I. Off lattice Monte Carlo simulation study for different metal adlayers onto (111) substrates. Surf. Sci. 2004, 569, 76–88. [Google Scholar] [CrossRef]

	



Hwang, S.F.; Li, Y.H.; Hong, Z.H. Molecular dynamic simulation for Co cluster deposition on Si substrate. Adv. Mater. Res. 2012, 560–561, 1138–1145. [Google Scholar] [CrossRef]

	



Ahmed, S.S.; Ringhofer, C.; Vasileska, D. Parameter-free effective potential method for use in particle-based device simulations. IEEE Trans. Nanotechnol. 2005, 4, 465–471. [Google Scholar] [CrossRef]

	



Claassens, C.H.; Terblans, J.J.; Hoffman, M.J.H.; Swart, H.C. Kinetic Monte Carlo simulation of monolayer gold film growth on a graphite substrate. Surf. Interface Anal. 2005, 37, 1021–1026. [Google Scholar] [CrossRef]

	



Giménez, M.C.; Ramirez-Pastor, A.J.; Leiva, E.P.M. Monte Carlo simulation of metal deposition on foreign substrates. Surf. Sci. 2006, 600, 4741–4751. [Google Scholar]

	



Fu, T.; Peng, X.; Feng, C.; Zhao, Y.; Wang, Z. MD simulation of growth of Pd on Cu (111) and Cu on Pd (111) substrates. Appl. Surf. Sci. 2015, 356, 651–658. [Google Scholar]

	



Hong, Z.-H.; Hwang, S.-F.; Fang, T.-H. The deposition of Fe or Co clusters on Cu substrate by molecular dynamic simulation. Surf. Sci. 2011, 605, 46–53. [Google Scholar] [CrossRef]

	



Lennard-Jones, J.E. On the determination of molecular fields. II. From the equation of state of a gas. Proc. R. Soc. Lond. A Math. Phys. Eng. Sci. 1924, 106, 463–477. [Google Scholar]

	



Pyykkö, P.; Atsumi, M. Molecular single-bond covalent radii for elements 1–118. Chem. Eur. J. 2008, 15, 186–197. [Google Scholar] [CrossRef]

	



Morse, P.M. Diatomic molecules according to the wave mechanics. II. Vibrational levels. Phys. Rev. 1929, 34, 57–64. [Google Scholar] [CrossRef]

	



Tersoff, J. New empirical approach for the structure and energy of covalent systems. Phys. Rev. B 1988, 37, 6991. [Google Scholar]

	



Bazant, M.Z.; Kaxiras, E.; Justo, J.F. Environment-dependent interatomic potential for bulk silicon. Phys. Rev. B 1997, 56, 8542. [Google Scholar]

	



Justo, J.F.; Bazant, M.Z.; Kaxiras, E.; Bulatov, V.V.; Yip, S. Interatomic potential for silicon defects and disordered phases. Phys. Rev. B 1998, 58, 2539. [Google Scholar] [CrossRef]

	



Brenner, D.W. Empirical potential for hydrocarbons for use in simulating the chemical vapor deposition of diamond films. Phys. Rev. B 1990, 42, 9458. [Google Scholar] [CrossRef]

	



Cleri, F.; Rosato, V. Tight-binding potentials for transition metals and alloys. Phys. Rev. B 1993, 48, 22. [Google Scholar] [CrossRef] [PubMed]

	



Finnis, M.W.; Sinclair, J.E. A simple empirical N-body potential for transition metals. Philos. Mag. A 1984, 50, 45–55. [Google Scholar] [CrossRef]

	



Todd, B.D.; Lynden-Bell, R.M. Surface and bulk properties of metals modelled with Sutton-Chen potentials. Surf. Sci. 1993, 281, 191–206. [Google Scholar] [CrossRef]

	



Mishin, Y.; Farkas, D.; Mehl, M.J.; Papaconstantopoulos, D.A. Interatomic potentials for monoatomic metals from experimental data and ab initio calculations. Phys. Rev. B 1999, 59, 3393. [Google Scholar] [CrossRef]

	



Sutton, A.P.; Chen, J. Long-range Finnis–Sinclair potentials. Philos. Mag. Lett. 1990, 61, 139–146. [Google Scholar] [CrossRef]

	



Wang, X.F.; Gu, D.; Xiao, T.; Xu, X.F.; He, Y.; Huang, C.Z.; Zhang, Z.L.; Li, T.L.; Zhu, W.L.; Lai, T.S. Effect of substrate on phase-change characteristics of GeSb thin films and its potential application in three-level electrical storage. AIP Adv. 2019, 9, 015105. [Google Scholar] [CrossRef]

	



Prainetr, N.; Voraud, A.; Thaowonkaew, S.; Horprathum, M.; Muthitamongkol, P.; Seetawan, T. Effect of substrates on thermoelectric properties of Ag–Sb–Te thin films within the temperature annealing. Phys. B Condens. Matter 2020, 582, 411977. [Google Scholar] [CrossRef]

	



Lu, Y.; Li, H.; Yang, G. Varied longitudinal microstructure of μc-Si:H films by tuning substrate temperature. Surf. Eng. 2015, 31, 763–769. [Google Scholar] [CrossRef]

	



Zhang, Y.; Fu, T.; Yu, L.; Shen, F.; Wang, J.; Cui, K. Improving oxidation resistance of TZM alloy by deposited Si–MoSi2 composite coating with high silicon concentration. Ceram. Int. 2022, 48, 20895–20904. [Google Scholar] [CrossRef]

	



Zhang, Y.; Yu, L.; Fu, T.; Wang, J.; Shen, F.; Cui, K. Microstructure evolution and growth mechanism of Si-MoSi2 composite coatings on TZM (Mo-0.5Ti-0.1Zr-0.02 °C) alloy. J. Alloys Compd. 2022, 894, 162403. [Google Scholar] [CrossRef]

	



Zhang, Y.; Cui, K.; Fu, T.; Wang, J.; Shen, F.; Zhang, X.; Yu, L. Formation of MoSi2 and Si/MoSi2 coatings on TZM (Mo–0.5Ti–0.1Zr–0.02C) alloy by hot dip silicon-plating method. Ceram. Int. 2021, 47, 23053–23065. [Google Scholar] [CrossRef]








[image: Coatings 12 00853 g001 550] 





Figure 1. Systems geometry. 






Figure 1. Systems geometry.
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Figure 2. The dependence of amplitudes    A k   (   z ′  ,  σ ′   )    on the parameter    σ ′    at    z ′  = 1  . 
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Figure 3. Plots for    A 1   (   z ′  ,  σ ′   )    (a) and    A 2   (   z ′  ,  σ ′   )    (b) versus    σ ′    near    σ 0    (  A 1   (   z ′  ,  σ 0   )  = 0 )   at different    z ′   . 
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Figure 4. The plot of the ratio    A 2   (   z ′  ,  σ ′   )  /  A 1   (   z ′  ,  σ ′   )    coefficients to    σ ′    at    z ′  = 1  . 
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Figure 5. The plot of the parameter    σ 0    dependence on the distance to the film    z ′   . 
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Figure 6. The dependence of the coefficient   B  (  1 , 1  )    on the number of atoms in the chain. 






Figure 6. The dependence of the coefficient   B  (  1 , 1  )    on the number of atoms in the chain.



[image: Coatings 12 00853 g006]







[image: Coatings 12 00853 g007 550] 





Figure 7. A plot for the potential   U  (   x ′  ,  z ′   )    versus    x ′    at    z ′  = 1  ,    σ ′  = 1  , and   ε = 1   for different numbers of atoms in the chain  N . FK is the Frenkel–Kontorova potential. 
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Figure 8. The arrangement of film atoms for elasticity modulus equal to substrate amplitude (  g / A = 1  ) and different values of parameter  B : (a)   B = 0.1  , (b)   B = 0.5  , (c)   B = 1.0  , (d)   B = 2  . 
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Figure 9. Substrate potential surfaces for different values of parameter  B : (a)   B = 0.1  , (b)   B = 0.5  , (c)   B = 1.0  , (d)   B = 2  . 
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Figure 10. The plot for the dependence of the order parameter  φ  on the parameter  B . 
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