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INTRODUCTION

The particular interest expressed by researchers in
silicon nanoparticles is associated primarily with the
use of these objects in optoelectronics. Owing to the
small sizes of these particles, their physicochemical
properties are substantially affected by the quantum
effects that arise on scales of characteristic physical
lengths, such as the mean free path of electrons and
phonons, the wavelength of optical radiation, etc. Car-
bon, silicon, and germanium belong to the same group
of the periodic table and their crystals have identical
diamond-like structures. However, the properties of
these macrocrystals differ substantially. Moreover, the
behaviors of nanocrystals also differ radically. Carbon
forms fullerenes and nanotubes, whereas these struc-
tures are unstable in the case of silicon and germanium
[1]. Computer simulations predict that silicon and ger-
manium fullerenes have a considerably lower stability.
According to Chen et al. [2], Si

 

60

 

 and Ge

 

60

 

 fullerenes
undergo decomposition at temperatures of 700 and
200 K, respectively. Nishio et al. [3] and Park et al. [4]
demonstrated that nanocrystals or amorphous nanoag-
gregates, i.e., quantum dots, closely packed in the sili-
con nitride and silicon dioxide are able to amplify inci-
dent light. The quantum dots take their name because
their properties are similar to the properties of individ-
ual atoms in many respects. These structures can be
treated as three-dimensional quantum wells. They are

responsible for the energy quantization even at dis-
tances that are several hundred times larger than the lat-
tice constant of the material. The quantum dot can be
considered an electron trap. Each individual electron
trapped by the quantum dot does not possess the energy
required to leave this dot. The smaller the quantum dot,
the higher the potential energy necessary for the elec-
tron to escape from the potential well. As a rule, the
diameters of the quantum dots prepared from the semi-
conductor materials used at present vary from 1 to 10
nm; i.e., the quantum dots contain from approximately
300 to 10

 

5

 

–10

 

6

 

 atoms.

The optical properties and the electronic structure of
quantum objects (dots) depend substantially on their
sizes and the arrangement of atoms in a nanoparticle.
For example, the location of a luminescence peak can
be controlled by varying the nanoparticle size [5]. It
should be noted that the luminescence intensity for
amorphous quantum dots appears to be higher than the
luminescence intensity for crystalline quantum dots.
Materials with the properties controlled by the sizes of
quantum dots contained in them, as well as by the
arrangement of atoms in these objects and the symme-
try of nanoparticles, can be used in luminescent
devices, lasers, diodes, sensors, and switches. More-
over, they can be used for writing and reading of optical
information.
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Abstract

 

—The physicochemical properties of 73-atom silicon nanoparticles that have a crystal structure, a ran-
dom atomic packing, and a packing formed by inserting a 13-atom icosahedron into a 60-atom fullerene are
investigated using the molecular dynamics method. Analysis of the behavior of the internal energy, the radial
distribution function, the distribution of bond angles, and the specific heat at a constant pressure 

 

C

 

p

 

 in the tem-
perature range 10–1710 K indicates that a crystalline nanoparticle undergoes melting at a temperature of 710 K
and that the structural transformations occurring in particles with an irregular atomic packing exhibit specific
features. It is demonstrated that the temperature dependence of the self-diffusion coefficient follows a linear
behavior. Local deviations from the linear behavior are most pronounced for the crystalline nanoparticle.
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In this work, we investigated the temperature depen-
dences of the physicochemical properties of silicon
nanoparticles in the form of a fragment of a diamond-
like lattice, a particle with a random atomic packing,
and a compact nanoassembly with clearly pronounced
threefold, fivefold, and sixfold symmetries. In the case
of free boundaries, silicon nanoparticles with the last-
mentioned structures can be unstable. However, when
they form a dense extended structure, it is possible to
prepare a slowly relaxing irregular material, i.e., a
glass.

The purpose of the present work was to investigate
the structural and kinetic properties of silicon nanopar-
ticles that contain 73 atoms and represent fragments of
a diamond-like lattice or a random atomic packing, as
well as a nanoassembly formed by inserting a 13-atom
icosahedron into a 60-atom fullerene.

THE MOLECULAR DYNAMICS MODEL

In essence, molecular dynamics calculations are
computer calculations that make it possible to solve
numerically the many-body problem in mechanics. In
the model, the positions and velocities of atoms are rep-
resented as time functions. The microscopic behavior
of a system is calculated by solving the differential
equations of motion with the use of initial positions and
velocities of atoms and interatomic interaction forces.
The molecular dynamics calculations are characterized
as a determinate process (accurate to within the compu-
tational error), because no stochastic factors are
included in the atomic motion. Integration of the equa-
tions of motion was performed using the fourth-order
Runge–Kutta method. The time step 

 

∆

 

t

 

 was equal to
10

 

−

 

16

 

 s.

Tersoff [6, 7] proposed a new form of the inter-
atomic pair potential with due regard for many-atom
correlations. The main idea is that, in real systems, the
strength of each bond depends on the local environ-
ment, so that bonds formed by an atom with many
neighbors are weaker than those formed with several
nearest neighbors. As follows from computer simula-
tions, the properties of silicon that would be consistent
with experimental data are difficult to reproduce by
using a unified empirical potential describing the crys-
talline, amorphous, and liquid phases [8]. The use of
the Tersoff potential for nanoparticles without cavities
can lead to incorrect results. In this respect, the poten-
tial energy of the system was described by a combina-

tion of the Tersoff potential 

 

V

 

ij

 

 and the Lennard-Jones

potential ; that is,

(1)

where 

 

k

 

 = 1 for the nanoassembly composed of a
60-atom fullerene and a 13-atom icosahedron at inter-
atomic distances 

 

r

 

ij

 

 < (

 

R

 

 – 

 

D

 

) = 0.28 nm; 

 

k 

 

= 0 in all
other cases, including the two other systems; 

 

r

 

ij

 

 is the
distance between the 

 

i

 

th and 

 

j

 

th atoms; 

 

f

 

A

 

 and 

 

f

 

R

 

 are the
attractive and repulsive pair potentials, respectively;
and 

 

f

 

C

 

 is the smooth cut-off function. The potentials 

 

f

 

A

 

and 

 

f

 

R

 

 in an explicit form are represented by the Morse
potentials

(2)

(3)

The parameters 

 

A

 

 and 

 

B

 

 determine the repulsive and
attractive forces, respectively. The parameters 

 

R

 

 and 

 

D

 

are chosen in such a way as to include only the layer of
the first nearest neighbors in the bulk structures of sili-
con, graphite, and diamond. The smooth cut-off func-
tion 

 

f

 

C

 

 decreases from 1 to 0 in the range 

 

R

 

 – 

 

D

 

 < 

 

r

 

 <

 

R

 

 + 

 

D

 

. The main feature of this potential is the presence
of the term 

 

b

 

ij

 

. The bonding force depends on the local
environment and decreases when the number of neigh-
bors is large. This behavior of the bonding is governed
by the term 

 

b

 

ij

 

, which increases or decreases the ratio
between the attractive and repulsive forces according to
the relationship

(4)

where

(5)
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Parameters of the Tersoff potential for silicon

A, eV B, eV λ1, nm–1 λ2, nm–1 λ3, nm–1 n c d R, nm D, nm β σ, nm ε, eV

3264.7 95.373 32.384 13.258 13.258 22.956 4.8381 2.0417 0.3 0.02 0.33675 0.37 0.01182
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The term ς ij characterizes the effective coordination
number of the ith atom, i.e., the number of the nearest
neighbors. This number is determined with allowance
made for the relative distance between two neighbors
rij  – rik and the bond angle θ. The function g(θ)
describes the dependence of the coordination number
on the bond angle. The parameter d characterizes the
rate of change of the function g(θ). The parameter c
specifies the dependence of the force on the angle θ.
The parameters of the potential Vij were chosen by fit-
ting the theoretical and experimental data obtained for
real and hypothetical configurations. These data
involved the bonding energy, the lattice constant, and
the bulk modulus. The parameters of the Tersoff poten-
tial used for silicon are presented in Table 1 [7]. More-
over, this table also involves the parameters σ and ε of
the Lennard-Jones potential for silicon [9]. It should be
emphasized that the Lennard-Jones interaction (repul-
sion) was taken into account only in the case where the
atoms approach each other to a distance r < (R – D)
when simulating the nanoassembly consisting of the
icosahedron and the fullerene. The reason is that the
Tersoff potential is applicable for simulating systems in
which, on average, there are three or four covalent
bonds for every atom [10]. In the initial packing com-
posed of the fullerene with the inscribed extended
icosahedron, there are five fullerene atoms located at
the distance equal to the bond length Lb = 0.24 nm for
each atom positioned on the icosaherdron surface. For
an atom of the icosahedron surface, the five nearest
neighbors also lying on the icosahedron surface can be
disregarded, because the distance to these atoms is
~1.9 times larger than the bond length Lb and the dis-
tance from the icosahedron center to atoms on its sur-
face is 1.8 times larger than the bond length Lb. The
attraction of the fullerene by the icosahedron is pro-
vided by 60 bonds. In the absence of the Lennard-Jones
repulsion at small distances, the molecular dynamics
calculations lead to an inadequate behavior of the
nanoassembly. In this case, atoms even at sufficiently
low temperatures rapidly approached each other to
impermissibly small distances. As a consequence, the
internal pressure increased rapidly and the potential
energy reached high positive values. A fast disturbance
of the local environment of atoms located on the icosa-
hedron surface is associated not only with their quintu-
ple bonds with the fullerene but also with the fact that
the angle between the bonds differs from the tetrahedral
angle (109.47°). As a result, the nanoassembly under-
went collapse in the course of the molecular dynamics
calculations when using only the Tersoff potential with
the parameters for silicon. However, the use of the Ter-
soff potential with the parameters for carbon in the
molecular dynamics calculations does not result in the
collapse of the corresponding configuration. The situa-
tion can be corrected, to some extent, by including the
Lennard-Jones contribution responsible for the addi-
tional repulsion at distances smaller than R – D.

Three series of calculations were performed for sil-
icon nanoparticles. The temperature of the initial state
for each series of calculations was taken equal to 10 K.
The duration of the calculations at each temperature
was equal to 1000000 time steps or 100 ps. The final
atomic configuration obtained at a lower temperature
served as the initial configuration for the subsequent
calculations at a higher temperature. In the calcula-
tions, the temperature was increased in steps of 100 K.
The last calculations were carried out at a temperature
of 1710 K. In the first series of calculations, a fragment
composed of a particular site with 72 nearest neighbors
in the diamond lattice was used as the initial configura-
tion. In the initial state, the density of the crystalline
nanoparticle corresponded to that of the macrocrystal-
line material. In the second series of calculations, a
fragment with a random atomic packing served as the
initial configuration. This configuration of the nanopar-
ticle was produced by filling a spherical region of the
corresponding radius with silicon atoms by using a ran-
dom-number generator. In the initial state, the mini-
mum distance between silicon atoms in the random
packing did not exceed the minimum distance in the
corresponding macrocrystal (0.24 nm). As a result (and
also in view of a decrease in the time of filling the
sphere), the initial nanoparticle had a looser atomic
packing. The nanoparticle density was no higher than
0.6 of the density of the silicon nanocrystal. In the third
series of calculations, the initial configuration of the
nanoparticle was represented by the nanoassembly
composed of a 60-atom fullerene into which a 13-atom
icosahedron was inserted. The minimum distance
between the atoms in this nanoassembly corresponded
to the minimum distances between atoms in the silicon
macrocrystal.

THE ENERGY, THE VOLUME, 
AND THE SPECIFIC HEAT

AT A CONSTANT PRESSURE CP

The temperature dependences of the potential
energy U and the volume V for the silicon nanoparticles
under investigation are plotted in Figs. 1a and 1b,
respectively. The energies for the nanoparticle with the
random atomic packing and the nanoassembled nano-
particle are negative in sign over the entire range of
temperatures. The dependence U(T) for the nanoparti-
cle with the initial crystal packing exhibits a sharp peak
with U > 0 at the temperature T = 710 K. In the temper-
ature range corresponding to this peak 500 K ≤ T ≤
900 K, the potential energy U for the crystalline nano-
particle is higher than those for the other nanoparticles.
Similarly, the potential energy for the nanoparticle with
the random atomic packing in the temperature range of
the main peak 1100 K ≤ T ≤ 1300 K in the dependence
U(T) is higher than the potential energies for the other
nanoparticles in this temperature range. In all the other
cases, the potential energy of the nanoassembled nano-
particle is higher than those for the other nanoparticles.
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The volume of 73-atom nanoparticles was deter-
mined as the volume of the sphere circumscribed about
the center of mass of all atoms initially forming the
nanoparticle. The radius of the sphere is equal to the
distance from the center of mass to the center of the
most distant atom. The volume of the crystalline nano-
particle increases drastically beginning with a tempera-
ture of 1010 K. This indicates that atoms evaporate
from the particle. The volume of the other nanoparticles
increases more smoothly with an increase in the tem-
perature. The volume begins to increase rapidly at a
temperature of 510 K for the nanoparticle formed by
the fullerene and the icosahedron and at the tempera-
ture T = 910 K for the nanoparticle with the random
atomic packing. Therefore, the crystalline nanoparticle
turns out to be most stable to evaporation.

The specific heat at a constant pressure Cp =
(∂H/∂T)p was calculated by numerical differentiation of
the enthalpy H = E + PV (where E is the internal
energy). For a crystalline nanoparticle, the specific heat
at a constant pressure Cp diverges in the vicinity of the
temperature T = 710 K (Fig. 2a). The horizontal line in
this figure indicates the experimental value of the spe-
cific heat Cp for crystalline silicon according to the data
taken from [11]. The temperature dependence of the
specific heat at a constant pressure Cp for a nanoparticle
with the random atomic packing exhibits two maxima
at temperatures of 610 and 1210 K, whose locations are
indicated by the arrows in Fig. 2b. The specific heat at
a constant pressure Cp for a nanoassembled particle is

relatively low, especially in the temperature range
1000 K ≤ T ≤ 1300 K (Fig. 2c).

RADIAL DISTRIBUTION FUNCTIONS

In order to provide the required spherical symmetry,
the radial distribution function g(r) was constructed for
one atom located most closely to the center of mass of
the nanoparticle. The radial distribution functions g(r)
obtained at a temperature of 1710 K for all three nano-
particles under investigation are depicted in Fig. 3. The
insets to Fig. 3 show the radial distribution functions for
these nanoparticles at an initial temperature of 10 K.
The calculated radial distribution functions and the
experimental radial distribution function for amor-
phous silicon [12] are compared in the insets to Fig. 3.
The limiting distance (2.5 nm) of the range over which
the radial distribution functions g(r) are determined
corresponds to a volume of approximately 65 nm3 (see
Fig. 1), so that the radial distribution functions reflect
the contributions not only from the atoms belonging to
the nanoparticles but also from the majority of evapo-
rated atoms. As the temperature increases, the radial
distribution function of the nanoparticle with the crystal
packing of atoms is smeared. However, a number of
peaks even at a temperature of 1710 K remain com-
pletely resolved. The distances at which the radial dis-
tribution functions g(r) remain significant increase with
an increase in the temperature T. This means that an
increase in the temperature leads to the nanocrystal
expansion attended by evaporation of atoms. The nano-
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Fig. 1. Temperature dependences of (a) the potential energy of silicon nanoparticles and (b) the volume containing 73-atom nano-
particles: (1) particle with a diamond-like structure, (2) particle with a random atomic packing, and (3) nanoassembly composed of
a 60-atom fullerene and a 13-atom icosahedron.
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particle with the random atomic packing also becomes
looser as the temperature increases. The position of the
main maximum of the radial distribution function is
shifted from r = 0.25 nm to r = 0.28 nm. At the initial
temperature T = 10 K, the first peak of the radial distri-
bution function is highest for the nanoassembled nano-
particle. This peak is shifted by 0.06 nm toward larger
values as compared to the corresponding peak of the
experimental radial distribution function. The shift of
the first peak of the radial distribution function toward
the right is equal to 0.04 nm for the nanoparticle with
the random atomic packing and only 0.01 nm for the
crystalline nanoparticle. The large extension of the
radial distribution function for the nanoassembled par-
ticle at a temperature of 10 K is associated with the con-
siderable displacements of the central and outer atoms
due to the strong repulsion from the nearest neighbors.
The number of evaporated atoms at a temperature of
1710 K is equal to eight for the nanoassembled particle,
six for the nanoparticle with the random atomic pack-
ing, and four for the crystalline nanoparticle. The initial
configuration of the nanoassembled particle is shown in
Fig. 4a, and the configuration of this nanoparticle with-
out evaporated atoms at the temperature T = 1710 K is

depicted in Fig. 4b. It can be seen from these figures
that an increase in the temperature is accompanied by a
substantial change in the nanoparticle structure. At a
high temperature, the nanoparticle has an amorphous
structure in which close-packed fragments alternate
with holes.

SILICON–SILICON BOND ANGLES

The bond angles ϕ were determined only in the case
where the length of the Si–Si bonds did not exceed
0.3 nm. This bond length exceeds the distance between
the nearest neighbors in crystalline silicon by approxi-
mately 27% and is close to the parameter of the Morse
potential (0.30451 nm) used to describe the Si–Si inter-
actions [13]. The mean number of bonds  per atom in
the inner region of the nanoparticle was determined by
directly counting the number of interatomic distances
no larger than 0.3 nm for twelve atoms most closely
located to the central atom of the nanoparticle. The
mean number  thus determined was largest for the

Si73 crystalline nanoparticle (  = 4.19) at a tempera-
ture of 10 K and smallest for the nanoassembled parti-
cle (  = 1.78) at a temperature of 1710 K. In the crys-
talline nanoparticle at a temperature of 10 K (see the
inset to Fig. 5a), all the bond angles coincide accurate
to within 1.5° with the tetrahedral angle. However, an
increase in the temperature leads to a considerable
change in the distribution of the bond angles ϕ in the
nanocrystal. At T = 1710 K, the most intense portion of
the distribution of the bond angles ϕ is observed in the
angle range 90° ≤ ϕ ≤ 146° and the main peak is located
at an angle of 117° (Fig. 5a). It should be noted that the
maximum in the distribution of the Si–Si bond angles
for the inner region (composed of 60 atoms) in the
480-atom silicon nanoparticle at a temperature of
1560 K (determined as the melting temperature) is
located at an angle of 104° (Fig. 5b). This distribution
was obtained by molecular dynamics calculations with
the use of the Stillinger–Weber potential [14]. The dis-
tribution of the bond angles ϕ for the nanoparticle with
the random atomic packing varies only slightly with an
increase in the temperature (Fig. 5b). This suggests that
the formation of a tetrahedrally ordered structure is hin-
dered. At T = 1710 K, the position of the main peak
remains unchanged as compared to its position at a tem-
perature of 10 K (ϕ = 92°) and the intensity of this max-
imum decreases by 38%. The peak second in intensity
in the distribution of the bond angles ϕ is observed at
104°. The position of this peak coincides with that of
the main peak in the corresponding distribution at the
melting temperature of the silicon nanoparticle [14]. As
the temperature increases, the distribution of the bond
angles ϕ broadens toward the small-angle range.
Almost identical evolution of the distribution of the
bond angles ϕ with an increase in the temperature is
observed for the nanoassembled nanoparticle (Fig. 5c).
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Fig. 2. Temperature dependences of the specific heat at a
constant pressure Cp(T) for 73-atom silicon nanoparticles in
the initial state with a structure in the form of (a) a diamond-
like lattice, (b) a random atomic packing, and (c) a fullerene
and an inserted icosahedron according to (1) the molecular
dynamics calculation and (2) the experimental data taken
from [11] for crystalline silicon. Arrows indicate the loca-
tion of the maxima in the dependence Cp(T).
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In this case, as the temperature increases from 10 to
1710 K, the intensity of the sharp peak located at an
angle of 92° decreases by 29% and the distribution of
the bond angles ϕ broadens toward the small-angle
range up to 36°. The peak second in intensity in the dis-
tribution of the bond angles ϕ at a temperature of
1710 K is observed at an angle of 113°.

THE SELF-DIFFUSION COEFFICIENT
The self-diffusion coefficients of atoms were deter-

mined from the relationship

(6)D
∆r2〈 〉
6t

--------------,
t ∞→
lim=

where 〈∆r2〉 is the mean-square atomic displacement
and t = 50 ps is the time interval in which the displace-
ment occurs. The atomic mobility in the nanoparticles
under investigation increases almost linearly with an
increase in the temperature (Fig. 6). In the case of the
regular atomic packing, local deviations of the temper-
ature dependence of the self-diffusion coefficient of
atoms D(T) from the linear behavior are more pro-
nounced. For each 73-atom nanoparticle, the self-diffu-
sion coefficient D is more than two times larger than the
experimental self-diffusion coefficient of atoms on the
surface of crystalline silicon at a temperature of 1273 K
[15].
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DISCUSSION OF THE RESULTS

The difference in the initial structure of the nanopar-
ticles is responsible, to a considerable extent, for the
difference in their physicochemical properties. The
intense peak in the temperature dependence of the
potential energy for the crystalline nanoparticle at a
temperature of 710 K is associated with the nanoparti-
cle melting, which begins from the nanoparticle sur-
face. The weak peaks in the dependence U(T) at tem-
peratures of 710 and 1200 K for the silicon nanoparticle
with the random atomic packing correspond to orienta-
tional ordering in the structure. Structural transforma-
tions in a nanoassembled particle occur in a smoother
manner. There are only weak peaks in the dependence
U(T) at temperatures of 410 and 1200 K. The computer
simulation of the crystalline and liquid phases of silicon
with the use of the isobaric Monte Carlo method and
the environment-dependent interatomic potential [16]
revealed that, at zero pressure, the weak first-order liq-
uid–liquid phase transition occurs at a temperature of
1135 K and a continuous liquid–amorphous phase tran-
sition is observed at 843 K.

According to the Ehrenfest classification [17], phase
transitions accompanied by abrupt changes in the first
and second derivatives of the thermodynamic potential
belong to first-order and second-order transitions,
respectively. The melting of bulk crystals is a first-order
transition, because this process is attended by an abrupt
change in the volume and the entropy. The changeover
from massive materials to nanoparticles is accompa-
nied by the enhancement of the surface effect. It is
known that the melting temperature Tm of the surface of
a massive crystal is lower than the melting temperature
Tm of its bulk region and that the melting temperature
Tm of nanoparticles decreases with a decrease in their
size. For small-sized nanoparticles, jumps in the vol-
ume and the entropy are so insignificant that the melt-
ing phase transition in these objects can be attributed to
second-order phase transitions [18]. For normally melt-

ing materials, an increase in the nanoparticle volume
can be compensated by the nanoparticle compression
under the Laplace pressure. Since the Laplace pressure
is inversely proportional to the nanoparticle size, the
compensation effect is not observed for large particles
and the melting in them occurs as a first-order phase
transition. Another situation holds true for anomalous
compounds, such as silicon. The melting of the silicon
crystal leads to a decrease in the volume; i.e., a skeleton
packing transforms into a closer packing. A decrease in
the volume due to the melting should have also been
observed for silicon nanoparticles. However, since the
Si–Si interaction has a short-range nature, more free
atoms of the surface move away from the bulk region.
As a result, a negative radial gradient of the density
arises and a change in the volume upon melting is min-
imized. Therefore, the Laplace pressure in this case is
immaterial due to the specific features of the Si–Si
interatomic interaction.

For a crystalline nanoparticle, the temperature
dependence of the specific heat at a constant pressure
Cp exhibits a sharp peak at a temperature of 710 K. The
temperature dependence of the specific heat at a con-
stant pressure for a nanoparticle with a random atomic
packing exhibits less pronounced peaks at the afore-
mentioned temperatures. The specific features
observed in the dependence Cp(T) for a nanoassembled
particle can be mistaken for fluctuations. It is at this
temperature of 710 K that the temperature dependence
of the self-diffusion coefficient for a crystalline nano-
particle deviates from the linear behavior to the greatest
extent (toward a decrease in the self-diffusion coeffi-
cient D). The reason for this deviation is that the atomic
thermal motion is “blocked” immediately before the
onset of the irreversible breaking of the crystal structure
[19].

In essence, the phenomenon is as follows. The
atomic arrangement in a crystal lattice can be repre-
sented as a packing of atomic layers alternating in a
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specific manner. In the lattice, silicon atoms are held by
strong but short-range forces of the covalent interac-
tion. Initially, the lattice does not contain point defects
(vacancies, interstitial atoms). At high temperatures,
the crystal lattice is distorted, atomic layers are strongly
bent, and their identification is complicated. In the
vicinity of the melting temperature, the amplitudes of
atomic vibrations increase so that individual atoms can
break the bonds with atoms of their “layer.” However,
they cannot freely pass into the neighboring layer. The
transformation of a regular atomic arrangement into an
irregular arrangement is a collective process in which

motions of individual atoms are hindered. The kinetic
limitations in the structural transformation manifest
themselves in a drastic decrease in the self-diffusion
coefficient. There occurs a “blocking” effect. With a
further increase in the temperature of the system,
atomic collisions become more frequent and stronger.
The number of broken bonds increases sharply. Atoms
execute the translational motion, which manifests itself
in a considerable increase in the self-diffusion coeffi-
cient. The system completely transforms into the liquid
state.
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CONCLUSIONS

Over a few last decades, the molecular dynamics
method has been widely used for investigating the
properties of quite different materials. These are molec-
ular crystals, amorphous polymers, liquid crystals, zeo-
lites, nucleic acids, proteins, superconductors, and
semiconductors. In the present work, the structure and
thermodynamic properties of 73-atom silicon nanopar-
ticles that had substantially different initial structures
were studied over a wide range of temperatures. It was
demonstrated that a 73-atom crystalline nanoparticle
undergoes melting at temperatures close to 710 K. The
melting of a 480-atom silicon nanoparticle is observed
at a temperature of 1560 K [14], which is close to the
melting temperature of real silicon crystals (1665 K). It
was revealed that, as the temperature increases, struc-
tural transformations in a nanoassembled silicon parti-
cle occur in a smoother manner as compared to those in
a silicon nanoparticle with a random atomic packing.
The simulation of a silicon nanoparticle constructed
from a fullerene and an icosahedron showed that the
Tersoff potential with the parameters taken from [7] is
not a universal potential. The molecular dynamics cal-
culations based on the density functional theory and the
ab initio theory of electronic structure revealed that liq-
uid silicon nanoparticles containing from 274 to
323 atoms can form distorted icosahedral structures
upon freezing [20]. A geometrical prerequisite for the
explanation of this fact is the possibility of constructing
an icosahedron from 20 slightly distorted tetrahedra
shared by faces. Thus, the conclusion can be drawn that
the computer simulation makes it possible to predict the
structure and thermodynamic properties of new non-
crystalline materials and to improve the technology
used for their production.
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