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The temperature stability of nanoparticles of such FCC metals as Ni, Cu, Au, Ag, Pt, Pd, Al, Pb was
studied by the molecular dynamics method using EAM potentials. It was established that small-size
particles of all the above-mentioned metals with an FCC structure are unstable and transform into
Icosahedral (Ic) structures. During the FCC — Ic transformation, an abrupt decrease in potential energy
was observed in the temperature dependence of the potential energy. After this transformation, the formed
Ic structures remained stable in the entire temperature range up to melting. The data on the temperature
and value of the potential energy jump dE during the transformation of structures with different numbers
of atoms for the metals studied were calculated. The surface free energy of the structures was determined
before the transformation. In addition, the potential energy distributions of atoms were found immediately
before and after the transformation. The loss of stability with a decrease in the size of a nanoparticle is due
to an increase in its specific surface free energy. The transformation of structures was accompanied by a
decrease in the surface free energy of nanoparticles, which exceeds the increase in the volume elastic
energy. The structure transformation mechanism was studied. The transformation of the structure is
realized by deformation and rotation of tetrahedra, into which the FCC cluster can be divided. For all
metals studied, the structure transformation mechanism is universal and is of collective and diffusionless
nature. The duration of structure transformation for all structures studied did not exceed 10 — 10 of a

second.
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1. INTRODUCTION

At present, nanosystems, due to the uniqueness of
their physicochemical properties, are widely used in
technologies. The uniqueness of nanosystems is caused
by a significant change in the existing physical
properties and the emergence of completely new ones
with a decrease in the characteristic dimension of the
system. At the same time, the stability of nanosystems
and, in particular, nanoclusters, is one of the main
characteristics that determine the possibility of their
effective implementation in modern technologies. The
loss of stability and transformation of metastable
structures is a phenomenon that often occurs in the
physics of nanosystems [1]. The loss of mechanical
stability of a nanosystem can be accompanied by both
disintegration of an object into smaller clusters and
polymorphic phase transformations into them. The
mechanisms of structure transformation during these
changes are complex and have not been closely examined
[2, 3]. The difficulty in studying the mechanisms of
transformation by experimental methods is connected
with a very short time of their implementation.

This work is dedicated to the issue of temperature
stability of metal nanoclusters of FCC metals. It was
convincingly  proved  both  theoretically  and
experimentally [4-8] that for metal FCC particles of
small sizes (L <100 A) a single-crystal structure is
metastable. A pentagonal structure in the form of an
icosahedron (Ic), the facets of which correspond to the
(111) surface, is stable for them. Besides, its surface
has the lowest surface energy of all the forms with the
same number of atoms. The mechanism of structure
transformation of particles during the FCC crystal — Ic
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transformation was studied by the molecular dynamics
(MD) method. This method allows to determine the
conditions of the lattice stability with temperature
change, as well as to study the dynamics of the process
of structure transformation.

2. METHODS OF ATOMISTIC SIMULATIONS

The MD simulations were carried out using the
XMD package [9].

To describe the interatomic interaction in the process
of MD simulation, the embedded atom method (EAM)
[10] was used, in which the total potential energy of a
system consisting of N atoms is represented as the sum
of embedding and pairwise interaction energies:

N N N
U-= éE(PﬂﬁL Z Zi(ﬁi,-(rij);pi = Zﬂ(’;j) .
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The embedding energy Fi(p;) of atom i is defined as
a function of the total electron density pi, which is
induced by neighboring atom j at position ri. The
pairwise interaction of atom i and atom j is determined
by the potential ¢ij(rij), where ri is the distance between
atoms.

During the simulation, the system was under
constant pressure p = 0 Pa, which was maintained by
changing the volume of the working cell. Rescaling of
atomic velocities was used to change the temperature.
The simulations were carried out with a time step of
2:10-15 s,

Heating was performed at a rate of 3-101° K/s. The
visualization of the structure and the analysis of its
dynamics were carried out with the OVITO software [11].
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3. RESULTS AND DISCUSSION

In this work, we studied the stability of clusters
with a crystal FCC structure containing up to 1500
atoms of such metals as Ni, Cu, Au, Ag, Pt, Pd, Al, Pb.
The clusters were initially cut out from an ideal bulk
FCC structure and had a cuboctahedral shape. The
choice of the shape was determined by the following.
The icosahedral structure that has n shells contains the
so-called magic number of atoms determined by the
expression [8]: N= (10n3 + 15n2 + 11n + 3)/3. A cubocta-
hedron can be represented as a cube truncated by 8
planes perpendicular to its main diagonals, so that new
facets begin to touch. In this case, the number of atoms
in the cuboctahedron with a crystal FCC structure
always belongs to the magic numbers of the icosa-
hedron. As it will be shown below, during the FCC
crystal — Ic transformation, an Ic that was formed from
the cuboctahedron always has a completely filled outer
shell. This fact greatly simplifies the calculation of the
energy contribution of surface atoms. It should be noted
that the mechanism of transformation of the FCC
structure in the form of a cube and a cuboctahedron
was the same. The numbers of atoms in the structures
with a cubic shape do not belong to the series of magic
numbers of an icosahedron. In this regard, the difference
in the transformation consisted only in the fact that the
atoms of the cube, which were cut off from it during the
formation of the cuboctahedron, always turned out to
be on the outer unfilled shell of the icosahedron.

For the cuboctahedron of all the above-mentioned
chemical elements with the magic number of atoms
from 13 to 2089, the temperature dependence of the
potential energy Ep(7) in the range of 0 to the melting
point and their structure in this temperature range
were studied. For all metals studied, FCC structures
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with a small number of atoms (/N < 1000) turn out to be
unstable and transform into icosahedra with an ideal
pentagonal structure [8]. During the FCC —Ic¢ trans-
formation, an abrupt decrease in potential energy is
observed in the Ep(7T) dependence. The duration of the
FCC —1Ic transformation process for all structures
studied did not exceed 10-10 of a second. The type of
the Ep(T) dependence that is characteristic of all
structures is shown on the example of Cu3% cluster in
Fig. 1. The course of the Ey(T) dependence up to the
transformation temperature has always been
reversible, and the FCC structure of the cuboctahedra
persisted indefinitely. After the transformation, the
formed Ic structures remained stable in the entire
temperature range up to melting.

3,14

Ep(ev/at.)

10 100 160 220

T(K)

Fig. 1 — Temperature dependence of the potential energy
E,(T) for the Cu3® structure before and after the FCC —Ic
transformation

Table 1 combines the data on the temperature and
size of the potential energy jump dE during the
transformation of structures with different numbers of
atoms for the metals studied.

Table 1 - Data on the temperature and value of the potential energy jump dE during the transformation of structures with

different numbers of atoms for the metals studied

Number of| _C% Ni Au Pt Pd Al Ag Pb
atoms T (K), T (K), T (K), T (K), T (K), T (K), T (K), T (K),
dE(eV) | dE(eV) | dE(eV) | dE(eV) | dE(eV) | dE(eV) | dE(eV) | dE (eV)
13 1;0.086  [1;0.11 1;0.35 1;0.283  |1;0.191 1;0.09 1;0.185 1;0.32
55 1;0.08 1;0.084 1;0.168 1;0.097 |1;0.112 1;0.05 1;0.085 1;0.133
147 1;0.057  [22;0.039  |252;0.018 [876;0.001 [292; 0.033 |372; 0.017 |1; 0.051 142; 0.019
309 135; 0.025 |414;0.03  |459; 0.014 - 720; 0.023 - 427;0.018 |529; 0.015
561 753; 0.019 |726; 0.027 - - - - - -
923 932; 0.012 - - — — — - -

As seen, the cuboctahedron with the largest number
of atoms that underwent transformation turned out to
be the copper cuboctahedron with 923 atoms.

For clusters containing up to 147 atoms, the trans-
formation occurred athermally, whereas for larger
clusters it was thermally activated. For all the studied
elements, the value of the potential energy jump dE
during the transformation always decreased with the
growth of the cluster.

Since the surface of clusters is crucial for the for-
mation of their physical properties and, in particular,
their stability, the surface free energy of the structures
was determined before the transformation. In addition,
the potential energy distributions of atoms were found
immediately before and after the transformation.

The specific surface energy Es of the FCC structure
was determined according to the expression [12, 13]:
Es = (Eauster — Ebulk)/Acluster, where Ecuster is the potential
energy of a free cluster, Evuk is the potential energy of
this cluster when a massive sample is singled out from
its bulk, Acuster is the cluster surface area. The surface
energy Es found by this method for the FCC
cuboctahedron will practically coincide with the value
of the surface tension, since the surface relaxation
during its separation from the bulk sample is
insignificant. For icosahedra, these quantities differ
due to the presence of contraction of the surface layer
of atoms, as will be shown below.

The found values of the surface energy Es for
cuboctahedra indicate that its size dependence is
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practically absent for clusters with the number of
atoms more than 3-5 thousand. With a decrease in the
number of atoms, the values of FEs increase
monotonously, reaching a maximum for the 13-atom
cuboctahedron. As an example, Fig.2 shows the
dependence of the normalized surface tension on the
number of atoms in the cluster for Ni, Cu, and Au. For
normalization, the absolute values of these quantities
were used after the dependence reached the plateau.
Therefore, for Ni, Cu, and Au, they were 1.612, 1.449,
and 1.437 J/m2, respectively. As can be seen, the
surface tension increased 2.5-3 times with a decrease
in the number of atoms to 13 in the cluster. It should
be noted that this character of the Es(N) dependence
does not contradict the obtained by A.I. Rusanov [14]
linear dependence of surface tension on the radius of
small particles of any nature: o(R) = KR, where K is a
factor of proportionality. This dependence is valid for
the value of o averaged over an arbitrarily oriented
ensemble of particles, which is not our case. With a
change in the size of the cuboctahedron, the number of
atoms remains constant: 1) at its vertices, 2) on the
edges — in proportion to R, 3) on the facets — R2, and 4)
in the volume — R3. Calculations of the potential
energy of atoms at the vertices, on the edges and
facets indicate that it does not depend on the size of
the cuboctahedron. Therefore, for example, the
potential energies of atoms at the vertices of Ni
cuboctahedra with the number of atoms from 13 to 923
differ by no more than 0.03 %.

35

% - Ni 6, =0/
L
s o (Cu)=1.449 I/m'm
P
o-Cu

cm(Ni)=1.o|1 J/m'm

om[Au]=|.437 Jm'm

:
x 10

Fig. 2 — Dependence of the normalized surface tension on the
number of atoms for Ni, Cu, and Au cuboctahedron with the
FCC structure

With a decrease in R, the fraction of atoms on the
vertices and edges relative to their number on the
surface increases. At the same time, they have the
lowest binding energy among all surface atoms
(Fig. 3a). This is the factor that determines the nature
of the established dimensional dependence of surface
tension.

Fig. 3 shows, for comparison, the potential energy
distribution functions immediately before and after the
transformation of the Cu3% copper cuboctahedron. In
addition, the atomic structures pertaining to different
areas of potential energy are shown. As it can be seen,
the binding energy of atoms changes in increasing
order as follows: atoms at the vertices, on the edges, on
the facets and inner shells.
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Fig. 3 — The distribution function of atomic potential energy
immediately before (a) and after (b) the transformation of the
Cu3" copper cuboctahedron into an icosahedron

Estimates of the potential energy of structures
during the FCC-Ic transition indicate that the
transition is accompanied by a decrease in the surface
energy and an increase in the volume elastic energy of
the structures.

Besides, the decrease in surface energy always
exceeds the volume energy increment. The following
leads to a decrease in the surface energy during trans-
formation: 1) a reduction in Epet of atoms at the vertices
while maintaining their number, 2) a decrease in Epot of
each atom on the edges, 3) a increase in the number of
atoms on the edges due to the increase in the number
of edges from 24 (cuboctahedron) to 30 (Ic), 4) the
transformation of (100) surface facets into (111) facets.

Internal contraction stresses during transformation
are inhomogeneous and increase towards the center of
the structure. For the Cu3% Ic¢ in Fig. 3b, it can be seen
that the central atom has changed significantly its Epot
value for this reason.

To analyze the transformation mechanism, the
state of the structure during its transformation was
recorded step by step. The subsequent visualization of
individual segments of the structure made it possible to
study their evolution.

To clarify the transformation mechanism, Fig. 4 shows
the structure of the cuboctahedron and icosahedron.
The cuboctahedron can be represented as consisting of
8 regular tetrahedra and 6 regular quadrangular
pyramids with an ideal FCC structure. Each of the
quadrangular pyramids, in turn, consists of 2 irregular
tetrahedra, the bases of which form the base of the
pyramid. The vertices of all tetrahedra and pyramids
coincide with the center of the cuboctahedron.
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Solid angles at the vertices of the regular tetra-
hedron Qtetr, quadrangular pyramids Qpyr and irregular
tetrahedron Q'tr were equal to 0.55129, 1.3593, and
0.6796 sr, respectively. The icosahedron, in turn, can be
represented as consisting of 20 identical tetrahedra
with a solid angle Qic = 0.6283 sr at the vertices that
coincide with the center of the structure.

Observations of the dynamics of atoms during the
transformation of the structure indicate that all 20
tetrahedra in the original structure of the
cuboctahedron retain their individuality, turning into
20 identical tetrahedra that form an icosahedron. The
transformation mechanism is of collective and
diffusionless nature. All atoms belonging to any tetra-
hedron before the transformation completely form one
of the tetrahedron of the icosahedron.

a)

Fig. 4 — Diagram of the structures before (a) and after (b) the
transformation

Besides, all tetrahedra before the transformation,
having 3 neighboring tetrahedra with a common facet
and 6 with common edges, retain their neighbors
during the transformation.

The cuboctahedron consists of two types of tetra-
hedra: 8 regular and 12 irregular ones. The transfor-
mation of their structure takes place in different ways:
for type one, the solid angle at the vertex increases
from Qtetr to Q1c by 0.077 sr. At the same time, all the
(111) planes of the tetrahedron are parallel to the base
and stretch, retaining their structure. Twelve irregular
tetrahedra have a common facet in pairs and bases in
the form of isosceles triangles in the (100) plane.
During their trans-formation, the solid angles at the
vertex decrease from Q%etr to Qic by 0.0513 sr.
Moreover, as a result of contraction in the direction of
the common edge at the base of the neighboring tetra-
hedron, all (100) planes parallel to the base transform
into the (111) planes. After that, their common facet
turns out to be a twin plane. In addition to the
indicated transformations within the tetrahedra of
both types, they also rotate around the center of the Ic
as integral structures.

Fig. 5a shows a singled out fragment of the Ni®%6!
cuboctahedron at 7'=1 K that consists of two regular
tetrahedra and one quadrangular pyramid between
them with a common vertex in the center of the
cuboctahedron. Fig. 5b shows the same fragment in the
Ic after the transformation and cooling to 7'=1 K. The
vertices of the tetrahedron (Fig.5a) O and O¥, the
center of the cuboctahedron and two edges of the tetra-
hedron lie on one straight line that, after the trans-
formation, turns out to be a fivefold axis of symmetry.
The central atom of the cuboctahedron serves as the
center of the icosahedron. During the transformation,
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O* b) O*

Fig. 5 — The fragment of the FCC structure consisting of two
regular tetrahedra and one quadrangular pyramid between
them before (a) and after (b) the transformation

the upper and lower tetrahedra rotate relative to each
other around the O*0 axis at an angle of 36° (Fig. 5b).
The dihedral angles of the tetrahedron at the edges of
the O*0 axis increase from 70.53° to 72°. The choice of
the diagonal in the square base of the pyramid that will
serve as a new edge of the Ic occurs at random, but it is
always consistent with the choice of similar diagonals
in the four adjacent bases of the pyramids.

The described transformation mechanism was uni-
versal for all studied metals with the number of atoms
in clusters indicated in the table.

The observed transformation of structures is caused
by the implementation of a “compromise” between the
contributions of the excess surface energy and the
volume energy of internal stresses. With an increase in
the number of atoms in the icosahedron, the number of
shells with the (111) tensile facets increases, which
leads to an increase in the internal stresses and volume
elastic energy of a nanoparticle. The absence of the
FCC - Ic transformation in nanoparticles with more
than 1000 atoms is caused by an increase in the volume
elastic energy comparable to the decrease in the
surface energy during the transformation.

4. CONCLUSIONS

The conducted study of the temperature stability of
nanoparticles of such FCC metals as Ni, Cu, Au, Ag, Pt,
Pd, Al, Pb by the MD method, using EAM potentials,
allows us to draw the following conclusions:

e small-size nanoparticles of all metals with the FCC
structures studied in this work are unstable and
transform into icosahedral structures;

e the loss of stability with a decrease in the size of a
nanoparticle is due to an increase in its specific surface
free energy;

e the FCC —Ic transformation is accompanied by a
decrease in the surface free energy of nanoparticles,
which exceeds the increase in the volume elastic
energy;

e the transformation mechanism is of collective and
diffusionless nature;

e the rearrangement of the structure during the
transformation is realized by deformation and rotation
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of tetrahedra, into which the FCC cluster can be studied;

divided, while preserving individuality in the Ic; °

the duration of the transformation for all studied

e the mechanism of the FCC — Ic transformation is structures did not exceed 10-10 of a second.

universal for particles of various sizes of all the metals

REFERENCES

1. G. Kostorz, Phase transformation in materials (Wiley-VCH: 8.
Weinheim: Germany: 2005).

2. J.S.Kim JS, T.Lagrange, B.W.Reed, M.L. Taheri,
M.R. Armstrong, W.E. King, N.D. Browning, G.H. Campbell, 9.

Science 321, 1472 (2008). 10.

3. L.Q. Chen, Annu. Rev. Mater. Res. 32, 113 (2002).
4. F.D. Fischer, T. Waitz, D. Vollath, N.K. Simha, Prog.
Mater. Sci. 53, 481 (2008).

5. H. Hofmeister, Fivefold Twinned Nanoparticles, Encyclopedia 11.

of Nanoscience and Nanotechnology 10, 1 (H.S. Nalwa Ed.).

6. L.D. Marks, L. Peng, J. Phys. Cond. Matter. 28, 053001 12.

(2016).

7. H.G. Rubahn, Nanophysik und Nanotechnologie — Teubner, 13.

184 (2004).

14.

E.E. Lord, A.L. Makkey, S. Ranganatan, Novaya geometriya
dlya novykh materialov, 264 (M.: Fizmatlit: 2010) [In
Russian)].

J.A. Rifkin, XMD-Molecular Dynamics for Metals and Ceramics.
Byeong-Joo Lee, Won-Seok Ko, Hyun-Kyu Kim, Eun-Ha Kim,
The Modified Embedded-Atom Method Interatomic Potentials
and Recent Progress in Atomistic Simulations_ CALPHAD, 34
(2010).

A. Stukowski, Model. Simul. Mater. Sci. Eng. 18, 015012
(2009).

E. Aghemenloh, J.0. Umukoro, S.O. Az, S. Yusuf, J.0.A. Idiodi,
Comput. Mater. Sci. 50, 3290 (2011).

S. Ali, V.S. Myasnichenko, E.C. Neyts, Phys. Chem. Chem.
Phys. 18, 792 (2016).

V.M. Samsonov, A.A. Chernyshova, N.Yu. Sdobnyakov Bull.
Russ. Academy Sci.: Phys. 80, 698 (2001).

Juunamika nepersopeunsa maiaux I'IIK kpucranis y ikocaenpuyni HaHOYaCTUHKU

B. Bimomankal, O. Menpuuk?, B. Cynbxkenko?, JI. Ilimenos!

1 Beposncokuil 0epocasHull nedazo2iunull yHigepcumem, 8ya. Illmioma, 4, 71100 Beposincok, Yrpaina
2 Tnemumym memanogizuru imerni I'.B. Kyporwmosa Hayioranvroi akademii Hayk Yrpainu,
6-p Axademira Bepuadcvrozo, 36, 03142 Kuis, Ykpaina

MeTtomoM MOJIEKYJIAPHOI OWHAMIKA 3 BHKOpucTaHHAM EAM ImoTeHIla/iB BHBYEHa TeMIEpaTypHA
crabiipHicTh HaHouacTHHOK Takmx ['1IK merams ax Ni, Cu, Au, Ag, Pt, Pd, Al, Pb. Beramosneno, 1o
YACTHHKM MaJNX po3MipiB Bcix 3asHauennx MeramiB 3 ['L[K crpykrypoio e HecrablipHUMEA 1
TpaHcdopmyoThes B ikocaempuuni (Ic) crpyxrypu. Ha TemiepaTypHUX 3aj1€sKHOCTAX MOTEHIAHOI eHepril
mpu mmepebymoBi ['IIK — Ic cmocrepirarorhes cTpuOKOIOMiOH] 3MeHIIeHHA ToTeHITiiHol eHeprii. CdhopmoBami
micsst tpaHcdopmariii Ic crpyrTypm s3ammmaiorbes CTAO0LIBHUME y BCHOMY I1HTEPBAJI TEMIIEpaTyp 0
IJIaBJIeHHS. JHANEHO TeMIepaTypu Ta 3HAYeHHs CTPUOKIB moTeHINHOI eHeprii dE mpu TpaHcdopmarii
CTPYKTYP 3 PI3HOI0 KIJIBKICTIO aTOMIB po3riissHyTux mMerasiB. O0unciieHo BibHY moBepxueBy eHepriio ['I[K
CTPYKTYp mepex ix mepedymoBoo. Kpim 11poro, 3HAMIEHO PO3MOLLIN aTOMIB 3a HMOTEHI[IMHOK €Heprien s
CTpYKTyp OeamocepenHpo Iepen Ta micas ix TpaHchopmarii. Orpmmani paHl cBigyarh, IO BTpaTa
CTablIIPHOCTI 31 3MEHIEHHSIM PO3MIPy CTPYKTYp O0yMOBJIEHA 3POCTAHHSM IX BLJIBHOI ITOBEpXHEBOI eHeprii.
IlepeTBopeHHS CTPYKTYP CYIIPOBOKYETHCS 3MEHIIEHHSIM IX BIIIBHOI IIOBEPXHEBOI eHeprii Ha BeJIHMYUHY, 110
TepeBUIIye IMPUpIicT 00 €MHOI Py kHOI eHepril. Busueno mexauiam mepelymosu. IlepeOymoBa peastidyeTbes
uepes medopMaliio Ta o0epTaHHA TeTpaeapis, Ha ki moxe Oyt poamomiiena ['I[K crpykrypa. s Beix
BHBYEHMX METAJIB MEXaHi3M TpaHcdopMallil CTPYKTYp € yHIBepCcaJbHHM 1 Mae KOJEeKTUBHHUI 1 Geamudy-
3ittumit xapakrep. TpuBasmicTs mepeOym0BH 1A BCiX BUBUYEHUX CTPYKTYP He mepesBuinyBasia 10 - 10 ceKyHan.

Kmiouosi cnosa: HecrabimbaicTs, Ikocaempuuma crpykrypa, IloBepxmeBa emepris, Posmipumii edexr,

CrpykTypHa m1epebymoBa.
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