ISSN 0031-918X, The Physics of Metals and Metallography, 2012, Vol. 113, No. 9, pp. 823—830. © Pleiades Publishing, Ltd., 2012.
Original Russian Text © A.S. Shirinyan, Yu.S. Bilogorodskyy, 2012, published in Fizika Metallov i Metallovedenie, 2012, Vol. 113, No. 9, pp. §67—875.

THEORY

OF METALS

Atom—Atom Interactions in Continuous Metallic Nanofilms

A. S. Shirinyan“ and Yu. S. Bilogorodskyy”
%Taras Shevchenko National University of Kyiv, pr. Akademika Glushkova 2, Building 1, 03690 Kyiv, Ukraine
bBogdan Khmelnitskyy Cherkasy National University, Taras Shevchenko blvd. 81, 18031 Cherkasy, Ukraine

Received February 2, 2011;
in final form, January 30, 2012

Abstract—Physical reasons of the existence of the nanosystem-size dependence of the potential energy of the
neighboring atoms are considered, and a thermodynamic validation of this dependence is given. Solid nano-
films of monoatomic metallic systems having an fcc structure are simulated by the molecular-statics method
with the Morse and Sutton—Chen potentials.
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1. INTRODUCTION

The problem of describing the effect of dimensions
on the properties and stability of nanostructured
materials is one of the key problems in modern mate-
rials science [1, 2]. In order to solve this problem, it is
necessary to understand the behavior and properties of
materials at an atomic level. In many cases, the respec-
tive solution is constructed on the basis of knowledge
of atom—atom interactions, which determine physic-
ochemical properties of systems [3, 4].

It is well known that properties of materials change
with size of the system being considered as this size
tends to a nanometric scale and as the percentage of
surface atoms of nanodispersed systems grows [5].
Multilayer solid metal films obtained by various meth-
ods of sputtering atoms onto inert substrates in vac-
uum facilities [6] form an important class of nano-
structured systems. For such systems, the size of
objects becomes commensurate with the range of
intermolecular-interaction forces; therefore, the
energy of atom—atom interaction may also become
size-dependent.

This size dependence can readily be understood
upon considering that the matter density in a nanodi-
mensional material may differ from its counterpart in
massive samples. For spherically symmetric bodies,
this may be due, for example, to the change in the
Laplace pressure with size and, accordingly, to the
change in the average distance between neighboring
atoms. This may in turn lead to a change in the sur-
face-energy density [7, 8] and to a decrease or an
increase in the potential energy of atom—atom inter-
action within a nanomaterial. An enhanced concen-
tration of defects in nanomaterials may be yet another
factor leading to the size dependence of the potential

energy of interaction between neighboring atoms. For
example, the presence of vacancies and a change in
their concentration may lead to a change in the coor-
dination number of atoms [6]. It follows that, if one
applies a thermodynamic description, for example, to
a binary nanosystem on the basis of a local-configura-
tion-interaction model [9] belonging to the type of the
regular-solution model (where one usually employs
the energy of atom—atom interaction), then the need
for taking into account the size dependence in ques-
tion becomes obvious.

At the same time, it is impossible to explain experi-
mentally observed size dependences of, for example,
the surface energy via taking into account the curvature
of the surface for thin continuous films. This means that
the size dependence in question stems from the size-
dependent change in the effective pair energy of atom—
atom interaction in a nanomaterial both at the surface
and in the bulk of the material [10] rather from the
effect of the surface curvature. In view of this, it
becomes necessary to study the energy dependences of
physical quantities in thin films and small systems, and
one can do this on the basis of computer models for sys-
tems containing about 103 to 107 atoms.

Various nanocrystal models that purport to explain
size effects in nanomaterials have been proposed in
recent years. Basically, the proposed explanation relies
on taking into account the quantization of the phonon
energy, the anharmonicity of lattice vibrations, and
the interaction of an atom in the vicinity of a site of the
nanomaterial crystal lattice [11]. This approach
reveals that size effects manifest themselves within
0.1% for interatomic distances in intervals from about
1 to 10 nm at high temperatures (above the Debye
temperature) and disappear as the temperature
becomes lower. Without rejecting this possibility, we
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propose an alternative explanation on the basis of con-
sidering optimum energy states of the crystal and a
collective effect of the self-organization of nanocrystal
atoms. This effect manifests itself in a lattice deforma-
tion and in a change in spatial positions of atoms even
at zero temperature, in which case there are no atom
vibrations.

The basic hypothesis of the present study relies on
the idea that there exists a correlation between the size
of a metallic nanosystem, the lattice parameter, inter-
atomic distances, and the energies of the interaction of
atoms in the bulk of the metal with its crystal lattice.
Present-day quantum-mechanical ab initio methods
are yet hardly appropriate for studying such systems
over long time scales, so that, in testing our hypothesis
on the size dependence of physical quantities in nan-
odimensional systems, it would be reasonable to
employ methods of molecular dynamics (MD) and
molecular statics (MS) with known interaction poten-
tials for metals [12—15].

The ensuing exposition is organized as follows.
First, we discuss available experimental results (Sec-
tion 2) and frequently used potentials of atom—atom
interaction (Section 3). After that, we perform a sim-
ple theoretical estimation for the example of an fcc
metal (Section 4). An MS model of a solid nanodi-
mensional film for monoatomic systems of fcc metals
is formulated in Section 5. The respective results of
MS calculations are presented in Section 6. In the last
section of this article, we make concluding comments
that outline the possibilities for employing the results
that we obtained.

2. EXPERIMENTAL DATA

Experimental information about films is quite con-
tradictory, whereas quantitative data for nanoparticles
and discontinuous condensates predominantly show a
growing decrease in the lattice period as the crystallite
size becomes smaller. Such data were obtained for par-
ticles of many metals, such as for example, Ag, Au, Bi,
and Pt, and for binary crystallites, such as KCI, NaCl,
Csl, and NaBr. On the other hand, the lattice param-
eter for continuous films of Fe, Cu, Ag, Au, y-Cr, and
Pt proved to be increased by 1 to 2%, while the lattice
for Al films is normal. The lattice parameter for LiF
crystallites 50 to 120 A in size turned out to be slightly
greater than a normal one. A decrease in the lattice
constant was obtained for Ag discontinuous films, but
no change in the lattice constant was revealed elec-
tronographically upon the beginning of continuous-
layer formation. Experiments with fine-dispersed
globular films of V and Cr showed a substantial depen-
dence of their behavior on the surrounding-medium
pressure. It was found that, at a pressure of 10~8 mm,
the lattice parameter for discontinuous films from
touching particles decreased in relation to that in mas-
sive samples, but the growth of the lattice parameter
with decreasing thickness was recorded at a pressure of
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10~ mm Hg. Monte Carlo calculations for fcc struc-
tures of argon clusters at 0 K on the basis of data on the
radial distribution function showed the growth of the
distance between the nearest neighbors in response to
a decrease in size [16, 17].

All of the experimental results quoted above show
that competing reasons for the change in lattice con-
stants in nanomaterials exist. Moreover, the experi-
mental errors of the instruments used and the uncer-
tainties in the applied procedures are superimposed on
special features in the behavior of nanomaterials.

In the majority of the experiment, the nanodimen-
sional metallic films and particles are found to have an
fcc structure. For example, electronographic investi-
gations of Ta, Nb, W, and Mo films reveal an fcc struc-
ture of average size 5 to 10 nm instead of a conven-
tional bec structure [16, 17]. For Y, Gd, Tb, Ho, and
Tm rare-earth metals, fcc structures were obtained
experimentally instead of hcp (as in the case of massive
crystals) [18].

In the majority of cases, the values obtained for the
lattice parameters in metals can be quite accurately
described by a hyperbola-type approximation; that is,

all)=a,(1+b/L), D

where L is the characteristic size of the nanodimen-
sional system being considered (film thickness /# or
nanoparticle radius R), a,, is the asymptotic value of
the lattice parameter for large dimensions, and b is an
approximation parameter. In other words, the average
density of metals becomes size-dependent.

For nanodimensional materials, experimental
results frequently yield a value within 1 to 2% for the rel-
ative change in the lattice parameter Aa/a,, [16—21]. We
will now use these results to perform a simple theoret-
ical estimation on the basis of a microscopic model of
atom—atom interaction.

3. POTENTIALS
OF ATOM—ATOM INTERACTION

An adequate description of the potential of atom—
atom interaction is a fundamental problem in simulat-
ing strongly interacting nanodimensional systems.
The present-day classification of molecular interac-
tions distinguishes three regions of distances. These
are (i) short distances, where repulsion dominated by
Coulomb and exchange interactions manifest itself;
(ii) intermediate distances in the vicinity of the poten-
tial minimum, where electrostatic, exchange, and
exchange-polarization interactions and charge trans-
fer manifest themselves; and (iii) long distances at the
potential tail, where attraction involving electrostatic
multipole—multipole, polarization, relativistic mag-
netic, and retarded electromagnetic interactions man-
ifests itself [22]. A function appropriate for represent-
ing atom—atom interaction should meet the following
criteria: (a) it should tend asymptotically to a finite
value for r — oo; (b) it should have a minimum at a
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point r = ry; (c) as the distance tends to =0, the func-
tion in question should increase or tend to infinity;
and (d) the allowed eigenvalues of energy in the solu-
tion of the Schrodinger equation for the chosen poten-
tial should agree with spectroscopic data on the mole-
cules being studied.

Such potentials include the exponential Morse
potential, which was proposed in the 1920s. By using
spectroscopic data, Morse was able to select potential
parameters for a large class of molecules and inert
gases in metals [12]. In describing states of solids and
properties of cubic crystals, the Morse potential was
successfully applied in the studies of Slater, Torrens,
and Girifalco and Weizer [23—25], who used experi-
mental values of the latent energy of evaporation, lat-
tice parameter, and compressibility factor.

The Morse potential can be represented in the form
[22—28]

Uy (r) =Uy(exp{—20(r —ry)} —2exp{—o(r —ry)}),(2)

where U, = |Uy(r,)| and o are the parameters of,
respectively, the dissociation energy for a pair of atoms
and the degree of anharmonicity of the potential
energy; r, is the equilibrium distance between two
atoms; Ar=r— r, is the displacement of an atom from
the equilibrium position; and ris the distance between
the atoms.

The Morse potential function is frequently used to
simulate covalent molecules; defects in cubic crystals;
and bcc, bee, and hep metals and was adequately stud-
ied [29—31]. At the same time, it is noteworthy that the
redistribution of charges at metal surfaces requires
taking into account, in the atom—atom interaction,
the Coulomb (ion—electron—ion) component, which
is disregarded in many pair potentials, including the
Morse potential [32]. Detailed investigations of vari-
ous authors show that the long-range part of the Morse
potential is in poorer agreement with experimental
data, since, in this region of distances, an inverse
power-law dependence works better than the expo-
nential dependence—moreover, there can even exist
oscillation tails in the potential profile [21, 32]. At
r=0, the Morse potential is finite, which also con-
strains the region of its applicability. Nevertheless, it
describes satisfactorily vibrational levels of crystals,
since the region of distances around the minimum r, is
of importance for these levels.

Not only is the development of potentials of atom—
atom interaction incomplete, but it rather gains
momentum in view of the appearance of new com-
puter facilities. According to the opinion of many
authors, the Schommers potential based on pseudo-
potential theory supplemented with a phenomenolog-
ical description and an effective two-body treatment
[33—36] is one of the most promising pair potentials of
this kind. The addition of an interaction of the van der
Waals type to the Coulomb component makes it possi-
ble to describe dipole—dipole and dipole—monopole
interactions in some metals. For example, the Schom-
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mers potential describes quite correctly the majority of
properties of aluminum over a broad temperature
range—namely, the melting temperature, diffusion
constants in the liquid phase, the structure of bulk
solid and liquid phases, and the density of phonon
states. This is precisely the reason why this potential
has frequently been used in recent years to simulate
nanostructures [37].

In the past years, the use of multiparticle poten-
tials—in particular, the Sutton—Chen potential—in
which an atom is affected by the “jelly” of close- and
far-lying ions and an electron cloud, has become quite
efficient [38, 39]. The Sutton—Chen potential has the
form

Use(r) = a(%V(r) - c\/E), 3)

m
N
where V(r) = Z;—u [9] is a potential that simulates
=t|
J

atom interaction with the lattice and which takes into
account repulsion induced by the Pauli exclusion

my
. N .
principle; p = Z l(ﬂj takes into account the local
J=H p.

J
density of atoms in the interaction; c is a dimensionless
parameter; € is a parameter that has dimensions of
energy; a is the lattice constant; and m, and m, are pos-

itive integers, m, > m, (usually m, =9, m, = 6).

We will perform the respective analysis both for the
case of the Morse potential (2) and for the case of the
Sutton—Chen potential (3). A comparison of the
results obtained in this way with their counterparts
corresponding to different model potentials reveals
that, despite quantitative distinctions, the basic result
that the properties of nanodimensional materials are
size-dependent remains in force. A detailed compara-
tive analysis is beyond the scope of the present article.
We will give it in subsequent publications.

4. THEORETICAL ESTIMATION

We will perform theoretical estimations for the
example of the Morse pair potential. For the case of a
continuous film whose thickness is /4, expression (1)
makes it possible to estimate readily the spacing

between the closest atoms in an fcc metal as r,, =

a(h)/x/i. Upon substituting the last expression into
formula (2) for the potential energy and taking into
account the experimental result in (1), we obtain the
dependence of the energy of atom—atom interaction
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Born—von Karman boundary conditions

Fig. 1. Multilayer solid metal film with an fcc structure and coordinate frame.

in the first coordination sphere, ®(h) = Up(r,y), as a
function of the film thickness; that is,

®(h) =Uq (CXP{—%[I 2 +QJ}

a, h

204, _ro_«/é b
—2exp{— NG [1 o +hJD.

Thus, we have obtained the first—and, simulta-
neously, the main—result of our study: the presence of
a size dependence of the energy of atom—atom inter-
action. A similar consideration can be applied to
nanoparticles as well.

It should be noted that the estimate in (4) was
obtained in the approximation specified by Eq. (1).
Therefore, this estimate is not a perfect validation of
the above hypothesis that the energies within the film
are size-dependent. The point is that expression (1)
can also be considered as the result of an increase in
the fraction of surface atoms in nanodimensional
materials; allowance for this circumstance by means of
averaging may lead to a dependence of the type in (1).
In order to prove that the proposed hypothesis of
atom—atom interaction is applicable not only to sur-
face atoms but also to atoms in the interior of the film,
we perform a MS calculation and separate the effect
for surface layers from the effect for internal layers of
the nanofilm being considered.

With the aim of analyzing in greater detail thick-
ness-dependent physical properties, we now proceed
to perform an MS investigation of nanofilms formed
by chosen fcc metals.

Q)

5. MS MODEL OF A SOLID NANOFILM

We have constructed a three-dimensional molecu-
lar-statics model of a nanofilm from an fcc metal in a
vacuum (see Fig. 1).

In order to determine the potential energy of the
whole metal-film crystal in which atoms occupy fixed
positions, it is necessary to sum the expression for the
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potential of atom—atom interaction over the material
volume. The simplest way to do this consists in choos-
ing one crystal atom for the origin of coordinates [40].
For the case of the Morse potential (2), the total
potential energy of a nanodimensional system can be
written in the form

(&)

where r;is the distance from the jth atom to the chosen
ith atom and j is the number of an atom in the set of
neighbors of the ith atom [summation in expression (5)
is performed for i #/].

For the case of the Sutton—Chen potential (3), we
accordingly obtain

N lN m
Eg=¢) | = QJ -c
« 222[

where summation is performed for i #.

In order to trace the effect of coordination spheres
of atom interactions, we will calculate the average
potential energy W, of atom interaction with the
whole lattice in the chosen nth layer of the lattice along
the Z axis (along the thickness). Within the Morse
model, we arrive at the expression

W, = D Uylr) (7
Jj=1
For the case of the Sutton—Chen potential, we
accordingly have

~ lr/<rcm
W,=¢ 5 Z ( ‘

In expressions (7) and (8), summation is performed
over all distances 7 smaller than the chosen cutoff

®)
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radius r,,, which was compared with the equilibrium

radius r, = a,/ V2 corresponding to the first coordina-
tion sphere of atom—atom interaction for a massive fcc
sample.

We will use expressions (2), (3), (5)—(8) to test in
detail the hypothesis that there exists a correlation
between the nanofilm thickness and the energy of
atom interaction with the lattice. For this, the proce-
dure of MS minimization of the nanosystem potential
energy as given by Egs. (5) and (6) is used to determine
the optimum density and special features of atom—
atom interaction in a film that contains N,,, layers. In
our MS calculations, we changed, in general, the
thickness from an eight-atom layer to a 140-atom
layer, this corresponding to the thickness range from
1 to 30 nm.

It is noteworthy that a direction that stands out
exists in a film—along its thickness (see Fig. 1).
Therefore, it was necessary to implement the algo-
rithm of MS optimization of the energy of our system
in such a way as to find optimum interatomic distances
(lattice periods) along the width, a, (in our case, this is
the direction of the [100] vector— Z axis) and along
the film, ayy (along the [010] or [001] vector— X and
Yaxes). The interaction of atoms along the (100) plane
was specified in the code used with allowance for the
Born—von Karman periodic boundary conditions.

6. RESULTS OF MS CALCULATIONS

By and large, the size effect can manifest itself dif-
ferently for the lattice parameter and for the energy of
atom interaction with the lattice. We will show this for
films from two fcc metals: Cu and Pb.

Interatomic distances. The results for the distribu-
tion of distances between atoms over the film thickness
show the presence of internal regions (see Fig. 2) and
surface regions, where the crystal lattice undergoes a
nonuniform expansion or compression. One can also
see that the potentials that we chose lead to different
results. While the behavior of internal lattice atoms
proves to be of the same type in the two models that we
chose (plateau in Fig. 2), the behavior of surface atoms
shows opposite trends. According to our calculation
on the basis of the Morse model for films containing
Ny, = 16 layers, for example, the internal regions of
the crystal lattice along Z prove to be more compressed
in the central region and expanded as one approaches
the film surface (Fig. 2). At the same time, the MS cal-
culation with the Sutton—Chen potential shows the
compression of the surface layer a,.

Most frequently, experimental results may yield only
averaged values of the lattice parameter or interplane
distances; therefore, it would be reasonable to consider
the possibility of determining averaged values of inter-
atomic distances for chosen metals[12, 23—27, 41—46].
Averaging over the entire film makes it possible to find
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Fig. 2. Results of our molecular-statics calculations within
two models for the thickness distribution of a, for each
layer n (from one surface to the other) in a copper film
from N,y = 14 layers. The Morse potential [22] leads to the
expansion of surface layers, while the Sutton—Chen
potential [38] leads to the compression of the external
layer.

the lattice parameter {(a) for various thicknesses, as well
as a, within the film and at the surface (see Fig. 3).

One can see that our MS simulation shows the
presence of a size effect both in the bulk of the film and
in its surface layer (Fig. 3), the effect being different
for different directions—that is, the size effect is
anisotropic, which manifests itself in the lattice defor-
mation. The Sutton—Chen potential leads to a more
pronounced size effect in the surface layer (see
Fig. 3b). Moreover, size-dependent changes may be
substantially different in internal and surface layers.
The averaged pattern of the size dependence of the lat-
tice parameter {a) is determined by the dominance of
the surface effect.

At the same time, it is of interest not only to con-
sider surface layers but also to trace interatomic dis-
tances within the film and to study the energy state of
atoms within internal (bulk) layers of the film, since we
formulated the basic hypothesis of our study precisely
for the bulk layers.

Energy of atom—atom interaction. We will now cal-
culate the energy of atom interaction with the lattice,
focusing on internal atoms. For this, we take a copper
film by way of example and perform an MS analysis,
minimizing the energy (6) of this film. Figure 4a shows
the results obtained by calculating the energy W, on the
basis of the Morse potential for a film of N,,, = 16 layers
with allowance for different numbers of coordination
spheres of atom interaction (cutoff radius r,,). The
difference in the energy levels W, at different values of
the cutoff radius is due to an increase in the number of
atoms contained in the respective coordination sphere
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Fig. 3. Comparison of lattice parameters versus the film
thickness that were calculated for internal and surface lay-
ers by using the chosen potentials at the cutoff radius of
Feut = 47, for (a) lead films treated according to the Morse
model [22] and (b) copper films treated according to the
Sutton—Chen model [38].

of interaction. It is well known that, in fcc metals, the
first, second, and third coordination spheres contain,
respectively, 12, 42, and 92 atoms; the total number of
neighbors in the kth sphere is 10k? + 2 [47].

Let us now calculate the effective potential of inter-
action between neighboring atoms that are internal
with respect to the film, ® (/). For this, we determine
the average energy of interaction of an internal atom in
the middle of the film thickness (Fig. 4b) in the first
coordination sphere. As a result, we find that the size
effect manifests itself quite well for internal atoms up
to film thicknesses of about 30 nm, and this confirms
our hypothesis. The respective analysis for spherical
metallic particles reveals the presence of the effect up
to sizes of about 50 nm.
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Fig. 4. (a) Energy of atom—Ilattice interaction in the nth
layer of a 16-layer copper film for various numbers of coor-
dination spheres taken into account in the calculation
based on the Sutton—Chen model [38]; (b) potential
energy of the interaction of an internal atom of a copper
film with neighboring atoms (in the first interaction
sphere) as a function of the nanofilm thickness /# according
to calculations based on the Sutton—Chen model [38].

7. CONCLUDING COMMENTS

Our investigation of the equilibrium state of nano-
films by the method of molecular statics with the
Morse and Sutton—Chen potentials has revealed the
presence of a size dependence of the lattice parameter,
interatomic distances, and the energy of atom—atom
interaction both in the interior of a nanodimensional
material and at its surface. The effect in question is
collective and is due to the fact that, in a thin film, part
of the long-range tail of the potential is cut off, which
changes the number of atoms in interaction spheres.
This result shows that, in order to construct a thermo-
dynamic description of nanodimensional systems, it is
necessary to refine energy dependences not only for
surface layers but also for volume components of the
energy. In particular, it can be assumed that, for a first
approximation, effective potentials of the pair interac-
tion of atoms in the interior of continuous nanofilms
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can be written as an expansion in a Taylor series (see
Fig. 4b); that is,

©(h) = D.{1 —n/h}. )

where @, is the potential of atom—atom interaction in
the bulk phase (it corresponds to the diagram of state
for the respective massive material) and 4 is the nano-
film thickness. From the above consideration, it is
obvious that 1 depends on the structure type and the
sort of atoms and may also depend on the film thick-
ness. According to (9), the properties of the nanoma-
terial of a continuous film for large thicknesses
approach asymptotically their counterparts for mas-
sive samples.

Our result makes it possible to refine methods for
constructing nanophase diagrams [48]. In particular,
we believe that, in employing models of (ideal, regular,
or subregular) solutions in the thermodynamics of thin
films and condensed nanodimensional systems, the
effective potentials of pair atom—atom interaction,
®(#), should be modified with allowance for the
aforesaid and be taken to be dependent on the size of
the system being considered. In our opinion, the
respective dependences and potentials can be found
from experimental diagrams of state for nanodimen-
sional systems. At the same time, it should be borne in
mind that the pair-interaction energies D(4, x)
depend on coordinates (see Fig. 4a), so that averaged
values of the energies of atoms in the bulk and at the
surface of nanodimensional systems will be extracted
from phase diagrams.

The results that we obtained for fcc nanofilms show
the following: first, the size effect in the energy depen-
dences in question is present for films and particles of
small thickness, up to several tens of nanometers; sec-
ond, the amplitude of such a size effect in the energies
for the metals chosen here is modest, amounting to
about 1%; and, third, a description of nonuniform sys-
tems in terms of energies averaged over the whole sam-
ple has limitations associated with surface segregations
caused by gradients of energies.

At the same time, the size dependence of energies
of atom—atom interaction can make it possible to
obtain deeper insight not only into the thermodynam-
ics of nanodimensional systems (change in the condi-
tions of phase equilibrium in nanodimensional mate-
rials and shift of curves on phase diagrams) but also
into the kinetics of processes proceeding in them
(change in the mobility of atoms because of the size
dependence of the activation energy for the diffusion
of atoms) [49, 50].
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