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Energy-related problems of solid nanoparticles and nanoscale materials con-
cerning their stability and structure are investigated with a specifically target-
ing on nanocrystalline metallic systems. The new concept based on the atomic
hypothesis about the size dependence of nearest atom—atom interaction energy
and co-ordinated actions of atoms is offered. The verification is done for metal-
lic thin films and nanoparticles on the basis of experimental results, theoreti-
cal approach, and molecular static simulations. As shown, for nanomaterials,
the concepts of size-dependent interatomic interaction energies can be used for
description of thermodynamic and kinetic properties.

HociigskeHo muTanHA, IIOB’ A3aHI 3 €HEePTiei0 TBEPAUX HAHOUACTUHOK i HAHOPO-
3MipHUX MaTepifAaiB, M0N0 IX CTIAKOCTH Ta CTPYKTYPHU 3 aKIIEHTOM HAa HAHOK-
pHUCTATIYHMX MeTAaJeBUX CHUCTeMaX. ¥ pOOOTi IPOMOHYEThCA HOBUH ITigxin,
AKUM 6a3yeThCd Ha aTOMHIiM rimoTesi mpo po3MipHY 3aje:KHiCcTh eHeprii mixka-
TOMOBOI B3aeMOIii HAMOJIMKUYMX ATOMIB Ta Y3TOIKeHi KOJEeKTHUBHi Ail aToMiB.
ITepeBipky rimoresu 6yJio 3aificHEHO AJIs1 TOHKUX MeTaJeBUX ILTiBOK i HaHOUYac-
TUHOK Ha OCHOBIi eKCIIepUMEHTANILHUX Pe3yIbTATiB, TEOPETUYHOT0 HAOIMIKEHH A
i MOJIEKYJIAPHO-CTATUYHOTO Moe foBaHHs. [loKkasaHo, 110 I/ HaHOMAaTePiAIiB
MOJKHA BUKOPHCTOBYBATU KOHIIEIIIiI0 PO3MipHOI 3aJIe3KHOCTU eHeprii MiskaTo-
MOBOI BBaEMO/II1 /IJ151 OTIMCY TEPMOAMHAMIUHMX 1 KIHETUYHUX BJIACTUBOCTEM.

WccnemoBaHbl BOIPOCHI, CBSABAHHLIE C D9HEPrUeld TBEPALIX HAHOUACTUIL ¥ HAHO-
PasMepHBLIX MaTEPUAJIOB, OTHOCUTEJIBHO UX YCTOMUYMBOCTUA M CTPYKTYPHI C aK-
I[EHTOM Ha HAHOKPHCTAIMYECKUX MeTAINYECKUX cucTeMax. B paboTe mpen-
JaraeTcs HOBBIU ITOJIXO0Jl, OCHOBAaHHBIN Ha aTOMHOI I'MIIOTE3€ O Pa3MEPHOU 3aBU-
CHMOCTHU 9HEPTUU MeKaTOMHOTO B3auMOAeiCTBUA OJIMKANIIINX aTOMOB U COTJIa-
COBAHHBIX KOJIJIEKTUBHBIX MeHCTBUAX aTOMOB. I'mmoTesa OblLiIa mpoBepeHa IJisd
TOHKUX MEeTaJJINYeCKUX IJIEHOK 1 HAHOYACTHI] Ha OCHOBE dKCIIePUMEHTATbLHBIX
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pPe3yJIbTAaTOB, TEOPETUUYECKOT0 HPUOJMMKEHUS U MOJIEKYJISPHO-CTaTUYEeCKOTO
mopenupoBaHuda. Ilokazano, 4To AJjid HaHOMAaTepPUAJIOB MOYKHO KCIIOJIL30BaTh
KOHITENIIUIO PA3MEPHOI 3aBUCUMOCTY S9HEPTUU MEeKaTOMHOT'O B3aMO/IeICTBUA
IIJ1 OIMMMCAHUSA TEPMOAUHAMUYECKUX U KHHETUYECKUX CBOMCTB.

Key words: atom—atom interaction, size effect, thermodynamic properties,
diffusion in nanomaterials, nanocrystalline structures.
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1. INTRODUCTION

Many quantities and physicochemical properties of nanosize metals
and nanosolids, such as their melting, solubility, lattice parameter,
and Young’s modulus, remain no longer constant when their size be-
comes small [1-3]. One of the most commonly known size effect is re-
lated to the melting (transition) temperature T, shift [4—6]. In a gen-
eral form, the condition for the melting temperature can be written as:

T,=T{1+p/L}, (eY)

where T..is the bulk melting temperature of the material, L is a charac-
teristic size of a nanosystem (the radius R or the diameter d of a nano-
particle or the thickness % of the film, etc.). The coefficient 8 depends
on the material data[6].

Nanomaterials’ research related to the size effect is usually based on
the increase of the excess surface energy of small systems (large part of
grain boundaries and surface atoms). The decrease of the size leads to
the situation when the phase with smaller surface free energy becomes
more probable and stable. Such behaviour is found for many solid
chemical elements and metallic systems (Mo, W, Y, Gd, Th, Ho, Tm,
etc.[7, 8)).

Due to the large part of grain boundary and surface atoms in solid
nanomaterials, one should pay attention to the existence of defects
(such as dislocations, dirt) that also leads to the difference in interac-
tion between such defects and the bulk and surface atoms and results in
size effects. Hereby, the main interest is related to the surface as the
source of sink and barrier for moving defects [9-11] and self-
organization of the matter like the self-cleaning, etc.

There is one more fundamental reason for size effects in multicom-
ponent nanomaterials, where the first-order phase transformation
starts from a nucleation and includes a change of composition or densi-
ty. This is the less known so-called ‘depletion effect’ related to the con-
servation of matter. In the usual treatment of phase transition, it is
assumed that there is no problem of matter supply during new phase
formation. In a nanosystem, the amount of one of the components in
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the entire nanosystem may be not sufficient for the construction of a
critical nucleus of the different composition [12-14]. Moreover, in
nanosystems, the well-known concept of equilibrium phase diagram
has to be revised, due to the fact that the amount of matter is limited
[15, 16]. Similar arguments may be applied for the case of grain
boundary segregation problem as a successful approach to stabilize
nanocrystalline materials against grain growth [17-19].

Another reason of the size effect in nanosolids appears because of
quantum mechanics. The surface state of electrons may give the ener-
gy local levels yielding the size quantization, surface waves and the
difference of the interaction with the light, dispersion and reflection
changes, etc. The change of the dimension of a nanomaterial is also the
reason for size effects explained mainly due to the quantum mechani-
cal behaviour and dimension quantization. Basically, the quantum-
mechanical explanation relies on the quantization of the phonon ener-
gy and anharmonicity of vibrations and atomic interaction around the
nanomaterial crystal-lattice sites, which increases with the increase of
the temperature and vice versa [20, 21]. This approach gives size ef-
fects within 0.1% for interatomic distances in intervals from about 1
nm to 10 nm at high temperatures (above the Debye temperature) and
disappearing as the temperature becomes lower. Thus, the traditional
quantum-mechanical scheme does not work at least for low tempera-
tures.

Most of the physical quantities, such as the Debye temperature, the
heat capacity, etc., are related to the cohesive energy of atoms. That is
why it is topical to check the atomic hypothesis related to the crystal
energy optimization, collective effect of a group of atoms and space
redistribution of atoms in a solid nanosystem even at the zero tempera-
tures when the vibrations are absent. It is worth noting that such type
of properties and behaviour can exist in many disciplines, say: in eco-
nomics, there exist the so called ‘scale economy’ and ‘regional econom-
ics’ where one considers the effect of firm size on financial reliability
and performance [22, 23]; in biology and descriptive statistics, one
considers the statistical significance [24]; in mathematics education,
relationship between class size and student achievements, etc. [25, 26].
In present communication, we show that there exist in physics and
chemistry the similar fundamental reasons for size effects and one can
offer the idea of the size-dependence of the cohesive energy on atomic
level: the idea of the dependence of the energy of atom—atom interac-
tions on the size of a nanosystem.

2. THEORY AND CALCULATIONS

In present work, we pay attention to one more fundamental reason for
size effects in nanocrystalline materials—the size-dependent atomic
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interaction energy, which means the dependence energy interaction of
atoms with the co-ordination environment and the lattice on the size
(for example, on the thickness of a solid nanofilm /nanolayer or the ra-
dius of a nanocrystalline particle). In other words, physicochemical
properties become size-dependent and one can resume the atomic hy-
pothesis: ‘the nearest atom—atom interactions and co-ordinated ac-
tions of atoms in a nanomaterial will be different depending on the size
L: the change of a grain or crystal in size can lead to a redistribution of
atoms in the lattice both on the surface and in the bulk and to the cor-
responding change in the interaction energy E of each atom on the sur-
face and in the bulk with neighbouring atoms’.

The atomic hypothesis for nanomaterials can be described in the
formula:

E=f(L). (2)

Physical mechanism of proposed atomic hypothesis that leads to the
change of the interatomic distance and dimensional change of the po-
tential energy of interatomic interaction is based on the collective be-
haviour of atoms in nanosolids and existence of the non-symmetrical
tails in the potential profile. The long-range part of the tail in nanosol-
ids is cut off and leads to the changes of the number of atoms in inter-
action spheres and the distances between the atoms.

Recently, Liang [27] deduced that the cohesive energy of nanoparti-
cles decreases with a reduction in size d. Therefore, nearly all thermo-
dynamic quantities can be approximately expressed as a linear func-
tion of 1/d by general thermodynamics [28]. Noteworthy is the fact
that the linear function of 1/d cannot be fully substantiated by the hy-
pothesis of size dependence of atom—atom interaction energy. It may
be the result of increasing the percentage of surface atoms in nano-
materials and averaging procedure. That is why it is important to
proof that the proposed hypothesis is true not only for the surface at-
oms of a nanomaterial, but also for the internal ones.

Additionally, there are other factors such as the atomic radius and
the shear modulus, which can modify the cohesive energy [29]. Howev-
er, the nanoscale size seems to be the main factor influencing the in-
teraction energy of atoms.

Let us verify the atomic hypothesis for nanomaterials on the basis of
experimental results and our theoretical approach and simulations.

2.1. Theoretical Approach Based on Experimental Data
and Microscopic Model

Let us first look at the experimental results on lattice parameter in
nanocrystalline solids and give simple theoretical estimation. In most
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experiments, an f.c.c. structure is observed, the densities of nano-
materials and the lattice parameters have been found changed in the
range of up to 1-2% [30—-33]. With the sufficient degree of accuracy,
one can write the approximation function of hyperbolical type for the
crystal lattice parameter, observed in many experiments:

a(L)=a.(1+b/L). (3)

Here, a..is an asymptotic value of the lattice parameter for macroscop-
ic sizes, b is a fitting parameter.

Let us now make the theoretical estimation for the potential energy
of atomic interactions. To describe the behaviour in metals, the pair
Morse potential can be used [34—36]:

U(r) = Uolexp{-2p(r = ro)} - 2exp{-p(r - ro)}]; (4)

here, U(r) is the potential of atom—atom interaction, U, =|U(r,)| is the
parameter of the dissociation energy, and p is the degree of anharmon-
icity; ro—equilibrium distance between two atoms, r—the distance be-
tween the atoms and can be ranged from 0 to an unlimited distance.

The Morse potential function (4) correctly describes vibrational lev-
els of b.c.c., f.c.c., and h.c.p. metals, covalent molecules, and defects
in cubic crystals [37, 38]. Using the Morse pair potential (4) and the
experimental result (3), we can estimate the dependence of the poten-
tial energy of the interaction between nearest atoms within the f.c.c.
nanosystem on the size L. It is well known that the distance between
two nearest atoms r,,; in the f.c.c. metals is equal to the lattice parame-
ter divided by square root of two [39]. It means that we can use the re-
lation r,, = a(L)/ V2 with the condition a(L) according to formula (3).
The simple algebra leads to the energy function of atom—atom interac-
tion E(L) in a first co-ordination sphere:

E(L)=U,lexp{-2&(n +b/L)} - 2exp{-E(n +b/L)}] ()

with parameters & = pa../ J2 ,M=1-r, J2 /a... The energy of the inter-
action of a single atom with all atoms in a first co-ordination sphere
can be found due to the summation and is equal to the quantity of
W =ZE(L), where Z is the co-ordination number and W,=ZU,,.

For instance, for the f.c.c. Cu nanoparticles, U,=0.3249¢eV, p=
=1.3588:10""m™, r,=2.866-10°m, a..=3.615-10 " m, Z =12 [31-33]
yield the estimation values: b=-2.1-10""m, L=R, W,=6.2465-10""° J,
£=8.474,=-0.1212, and the energy E(R):

E(R)=5.205-10"2"{exp(-6.947[-0.1212 - 0.021 /R]) -
— 2exp(-8.474[-0.1212 — 0.021/RY])}.
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Fig. 1. Results of estimated calculations using Morse potential (5) and exper-
imental data for lattice parameter (3) of isolated Cu nanoparticles: the de-
pendence of the energy E(R) on the radius of the nanoparticle.

Here, the energy E(R) is calculated in Joules, the radius R of Cu parti-
cle is in nm. Graphical visualization is presented in Fig. 1. Thus, the
result (5) explains the proposed atomic hypothesis on size-dependent
physical properties of nanomaterials and presents new and important
concept for nanoscience.

2.2, Verification by Molecular Static Simulations

The pair Morse potential function does not take into accounts the ion—
electron—ion component of interaction. That is why we verified the
proposed hypothesis by performing molecular static study based on the
Sutton—Chen potential of atomic interactions for the solid monatomic
thin films and nanoparticles of different metals in order to find out the
stable structures and average atomic pair interaction energies inside
the nanosystems and at the surfaces [40—42]. The Sutton—Chen poten-
tial is the many-body potential and, due to the reasonable agreement
with experiments, is often employed for the description of the interac-
tion between metallic atoms inside a metallic cluster or a nanoparticle
[40, 43]. In Figure 2, we present the simulation results for Cu nanofilm
of the thickness h, obtained due to molecular static simulations of en-
ergy optimization procedure for the whole nanofilm.

Let us look at the simulation results on thin Cu film (Fig. 2). One can
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Fig. 2. Results of computer simulations using Sutton—Chen potential [40, 41]
for Cu thin f.c.c. film in vacuum: the dependence of the energy of the interac-
tion W of the internal atom within the nanofilm with neighbouring atoms on
the different thicknesses.

see that the potential energy of atomic interaction demonstrates the
size effect up to 20 nm. This is true for nanofilms and it is stronger for
the case of nanoparticles, where we obtained the size effect for atoms
up to 30 nm. Hence, simulations confirm the proposed concept of size-
dependent energies of atomic interaction for nanomaterials.

3. RESULTS AND DISCUSSION
3.1. Application to the Thermodynamics of Nanosystems

As the example of the application of atomic hypothesis, we show the
quantitative treatment emphasizing new physics: the methodology of
phase diagram construction of binary nanosystems that may be fur-
bished. Nanophase diagrams in this work mean the size-dependent iso-
baric temperature—composition phase diagrams of coexistence of dif-
ferent new nanosize phases.

For the first example, for a two-component nanosystem consisting A
and B atoms, let us use well-known regular solution model and find the
phase separation temperature T, (temperature, at which the binary
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solid solution separates on two different phases)[12, 39].

Due to the abovementioned size effect for interatomic interaction
energy within the scope of the thermodynamic approach for nanosol-
ids, one can use the potential energy of the atom—atom interaction (5)
in the form of a Taylor series, and, in the simplest case, it may be as-
sumed by the following formula:

E(L)=E.{1+¢/L}. (6)

Here, E..—potential energy of atomic interaction in bulk phase and ¢ is
the energy fitting parameter. Then, for the two-component nanosys-
tem, we can use the corresponding formula of the potential energies, E:

E \(L)=E (1 +¢,,/L), Egg(L) = Egg(1 +¢€5p/L),
E, p(L) =E (1 +€,45/L). (M

Hereby, the values E, (L), Egz(L) and E  z(L) are the corresponding in-
teraction energies of each sort of atoms (in a first co-ordination sphere)
in a nanomaterial indicated by the corresponding subindexes A and B.
The mixing energy

E,i (L) ={0.5(Epp(L) + E 4(L)} — E,5(L) (3)
becomes size-dependent so that the phase separation temperature
Ttr: 2ZEm1X(L)/kB (9)

depends on the size L of a nanosystem and may vary from a few to hun-
dreds Kelvins similar to equation (1). In equation (9), kg is the Boltz-
mann constant. Simple algebra gives the condition for the phase tran-
sition temperature:

T,=T.{1+p/L}, (10)

where T..= 2ZE ;. /kg is the phase separation temperature, and E,;, is
mixing energy in a bulk material, coefficient § = {0.5[E j4€44 + Egg€pz] —
— E 15845}/ E i

For the second example, we apply the relations (6) and (7) to recon-
struct the Gibbs free energy dependence for each nanophase in the na-
nomaterial. Using the Gibbs method of geometric thermodynamics
(when the equilibrium concentrations in phases are determined by the
rule of the common tangent drawn from curves of concentration de-
pendences of the Gibbs free energy) and commonly used CALPHAD data
for bulk phases and quantities E 4, Ezg, E 45, one can draw nanophase di-
agrams in a wide range of sizes and compositions, calculate the size de-
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pendences of phase transition temperatures, solubilities of components,
etc. Due to such technique, we calculated the nanophase diagram for
thin Bi—Sn solid film giving adequate and coinciding with experiments
results [44]. The size dependence of phase transition temperatures are
found as following: T, =-161.5/L + 412 K—the eutectic temperature of
Bi—Sn thin film, T,* = -279.5/L + 543 K—the melting temperature of
thin Bi film, T, = -187.8/L + 504.8 K—the melting temperature of
thin Sn film (the thickness L of the Bi—Sn film is taken in nm, and tem-
peratures are in Kelvins). The approximation formulae for limit solubil-
ities (solvus line) in Bi—Sn nanofilms have been found in the following
form: x, =0.1L""% +0.181 —for Bi in Sn and x,, =61.8L>* +2-10°
—for Sn in Bi. It is worth noting that the limit solubility of Sn in Bi is
equal to 0.024 for the 9 nm film at 395 K and 0.002 in a bulk material
[45].

3.2. Application to the Diffusion in Nanomaterials

The aforementioned reasons allow us to make the conclusion that a size
dependence of the kinetic coefficients in nanomaterials exists. It is ev-
ident from the consideration of the diffusion in terms of the energy-
activated process, which follows the Arrhenius dependence:

D = Doexp{-Q/(ksT)}, (11)

where D, is the frequency factor and @ is the activation energy for the
diffusion process.

If we return to the idea that the size is important for bonding ener-
gy, then it becomes understandable that, first, depending on the diffu-
sion mechanism (interstitial diffusion, or vacancy diffusion, etc.)
bonding to the surrounding atoms may be different and, second, due to
the relations (56)—(7) bonding energy and activation energy @ depend on
the size of the nanomaterial.

Moreover, it can be understood from other viewpoint. On the one
hand, it is well established that the correlation between the activation
energy @ and the melting temperature T',, has the form:

Q=18k,T,,. (12)

The diffusion parameters D, and @ are empirically correlated with the
melting temperature and the proportionality factor is nearly a con-
stant for a specific class of materials [46]. On the other hand, there ex-
ists a size dependence of the melting temperature in the form of equa-
tion (1). Taking into account the conditions (11), (12) and equation (1),
one can find out the size dependence of the diffusion coefficient in the
nanomaterial, which may be written as
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D =Dexp{-18T.(1+p/L)/T}. (13)

One can see from equation (12) that the diffusion coefficient be-
comes a decreasing function of the size: it increases when the size L de-
creases and vice versa. The expression (13) explains the fast diffusion
in nanoscale materials as compared with the bulk cases.

In addition, in polycrystalline materials compared to single crystals,
diffusion is faster because of the grain boundaries [47]. In many cases,
effective transport properties may be written due to diffusion coeffi-
cients in the form:

D =Dy + D8/ L, (14)

where D, is the grain boundary diffusion coefficient, D, is the bulk
diffusion coefficient, and 8 is the width of the grain boundary diffu-
sion channel. It is worth noting that due to the proposed concept of
size-dependent energies of atomic interaction for nanomaterials both
quantities D, and D, become size-dependent similar to equation (13).

Furthermore, there are other physical reasons for the existence of the
size dependence of the kinetic coefficients related to the solubility limits
in nanomaterials, etc. In this respect, the critical revision of many reac-
tive diffusion problems (where a new phase appears due to interdiffu-
sion processes) with regard for the size dependent diffusion at the initial
stages of evolution (when the new phases are in a nm range) leads to new
nonmonotonic solutions for rates of reactions and a time exponent and
gives the new understanding of the old problems [48].

4. CONCLUSIONS

The paper presents the atomic concept in the following simple form:
‘the nearest bonding and co-ordinated actions of atoms in a nano-
material are different depending on the size of it’. This is caused by the
fact that in the nanosystem one has to take into account the change of a
density and the limited number of atoms, while in a bulk material the
last one is assumed to be infinite. We find it useful to compare size ef-
fect magnitudes using the pair Morse potential, experimental data on
lattice parameter, and Sutton—Chen many-body potential. For the case
of the solid thin film and nanoparticles, the effect of size on the energy
of atomic interaction is found up to a few tens nm. The outlined in the
paper nanophase diagram construction technique provides an accepta-
ble explanation of the first order phase transition phenomenon. Our
findings suggest that the size of the nanomaterial is important for dif-
fusion of atoms and proposed atomic hypothesis may be the reason of
the size-dependent diffusion in nanosize structures. It might be fruit-
ful to further investigations of the atomic mechanisms in different
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nanomaterials, through which the size translates into macroscopic be-
haviour and properties.

We believe that one can use the proposed concept to solve the inverse
problem: the modification of the well-known pair potentials for real
metals and chemical elements in nanosize states due to simultaneous
taking into account the theoretical approach (4)—(7), experimental da-
ta, and computer simulations.

It is worth noting that new questions appear, say, when accepting
system-size-dependent energy between nearest-neighbouring atoms,
one should assume also position-dependence of the energy in the sam-
ple and include directional terms. This would be necessary to obtain
end effects, say, in nanowires, whiskers, and transition metals.
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