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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 nanoparticles, their electronic prop-
erties are substantially affected by the quantum effects.
Nanomaterials should satisfy stringent requirements
for the size of particles, their shape, and purity. A high
concentration of small-sized particles can be achieved
in the course of gas condensation. However, the prepa-
ration of an ultradispersed fraction is complicated by a
fast coagulation. The final size of primary spherical
particles and their agglomeration are determined by the
ratio of the time between particle collisions to the coa-
lescence time. The coalescence is observed when the
characteristic time of this process is longer than the
characteristic time between particle collisions. In prin-
ciple, by varying these times, it is possible to control the
morphology and size of particles. There are two ways
for controlling the primary size of particles: a change in
the characteristic time between collisions through dilu-
tion (i.e., a decrease in the particle concentration in the
flow) and a change in the coalescence time.

However, there exists one more approach providing
a decrease in the reactivity of collisions. The surface of
silicon nanoparticles (

 

N

 

 > 200) can be passivated by
hydrogen in the temperature range 300–1800 K [1].
When hydrogen is present at the surface of nanoparti-

cles, they bounce off each other even in the liquid state.
According to the model concept of the diffusion in the
solid state, the characteristic coalescence time can be
written in the form [2–4]

(1)

where 

 

T

 

p

 

 is the particle temperature, 

 

n

 

 is the particle
number concentration, 

 

D

 

 is the diffusion coefficient in
the solid state, 

 

σ

 

 is the surface tension of a particle, and

 

k

 

 is the Boltzmann constant.

In the case of a viscous flow, the coalescence time is
defined by the relationship [5]

(2)

where 

 

d

 

p

 

 is the particle diameter and 

 

η

 

 is the viscosity
dependent on the temperature. The melting temperature
is equal to 1683 K for crystalline silicon and 1210 K for
crystalline germanium. As a rule, expression (1) is used
for estimating the coalescence time for silicon nanopar-
ticles in the solid state in the temperature range (1213 

 

≤

 

T

 

 

 

≤

 

 1273 K) of preparation of nanoparticles from this
semiconductor. Relationship (2) serves for the determi-
nation of the coalescence time for germanium nanopar-
ticles.
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Abstract

 

—The stabilization of the structure of Si

 

73

 

 clusters that are surrounded by 60 hydrogen atoms and sub-
jected to seventeenfold stepwise heating from 35 to 1560 K (in steps of ~90 K) is investigated using the molec-
ular dynamics method. The analysis is performed for clusters of three types, i.e., a particle assembled from an
icosahedron and a fullerene, a nanocrystal, and a particle with a random atomic packing. In all cases, an increase
in the temperature in the course of heating is accompanied by evaporation of a Si atom from the clusters and an
increase in the size of silicon particles. The temperature of detachment of Si atoms from clusters is lowest for
the cluster with a random atomic packing and highest for the nanocrystal. The nanoassembled particle has the
most stable number (close to four) of Si–Si bonds per atom over the entire temperature range 35 

 

≤

 

 

 

T

 

 

 

≤

 

 1560 K.
For each type of Si

 

73

 

 clusters, the mean length of the Si–Si bond decreases with an increase in the temperature.
According to the radial distribution functions, the Si

 

73

 

 clusters have different structures even at the temperature

 

T

 

 = 1560 K. The distributions of bond angles reflect the presence of fourfold symmetry elements in the nanoas-
sembled cluster and the nanocrystal. The relative depth of “penetration” of hydrogen atoms into the cluster is
largest for the nanocrystal and smallest for the nanoassembled nanoparticle. The largest number of hydrogen
atoms is “adsorbed” on the particle with a random atomic packing.
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The growth of aerosol particles in the regime of sup-
pression of the coalescence corresponds to the condi-
tions where the coalescence time is inversely propor-
tional to the particle growth rate. Without going into a
detailed model of particle growth, we can make the
inference that the shape and size of experimentally
grown nanoparticles are related to the temperature
through the change in the coalescence time. The surface
properties have a significant effect on the coalescence
time 

 

τ

 

f

 

. In actual fact, the coalescence is governed by
the minimization of the surface free energy. The passi-
vation of the surface by hydrogen considerably
decreases the surface tension of silicon nanoparticles
with sizes from 2 to 10 nm and only insignificantly
increases the self-diffusion coefficient of Si atoms [6].
The electronic and optical properties of hydrogenated
amorphous silicon are considered in [7–9].

Spatially controlled nanocomposites with high
functional capabilities have already been synthesized to
date [10]. Fuel cells in the form of electrolytic mem-
branes based on silicon with the use of gas (hydrogen)
and liquid (methanol) fuels have been tested [11], and
miniature gas chromatographs capable of separating
and identifying complex gas mixtures in a few seconds
have been designed [12]. Small-sized semiconductor
nanostructures and organic molecules have opened up
unique possibilities based on an extremely low dissi-
pated power, quantum effects, and surface sensitivity.

The Si

 

60

 

 cluster in the ground state has a nonzero
spin and, hence, belongs to materials with a molecular
magnetism [13]. Unlike valently unsaturated, i.e., open,
structures (such as Si

 

60

 

), “closed structures” of the
Si

 

60

 

H

 

60

 

 type are nonmagnetic.
The purpose of the present work was to investigate

how the temperature affects the bulk and surface struc-
tures of three 73-atom silicon nanoparticles surrounded
by 60 hydrogen atoms. The silicon nanoparticles are
fragments of a diamond-like lattice or a random atomic
packing, as well as a nanoassembly formed by a
60-atom fullerene containing a 13-atom icosahedron.

THE TERSOFF POTENTIAL

Tersoff [14, 15] proposed a new form of binding of
two atoms in a model 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. The Tersoff potential can be repre-
sented in the following form [14, 15]:

(3)

where 

 

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

U
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potentials 

 

f

 

A

 

 and 

 

f

 

R

 

 in an explicit form are represented
by the Morse potentials

(4)

(5)

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

(6)

where

(7)

The term 

 

ς

 

ij

 

 characterizes the effective coordination
number of the 

 

i

 

th atom, i.e., the number of the nearest
neighbors. This number is determined with allowance
made for the relative distance between two neighbors 

 

r

 

ij

 

– 

 

r

 

ik

 

 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 

 

V

 

ij

 

 were chosen by fitting the theoretical
and experimental data obtained for real and hypotheti-
cal configurations. These data involved the bonding
energy, the lattice constant, and the bulk modulus. The
parameters of the Tersoff potential used for silicon are
presented in Table 1. In the initial packing composed of
the fullerene with the inscribed extended icosahedron,
there are five fullerene atoms located at the distance
equal to the bond length 

 

L

 

b

 

 = 0.24 nm for each atom
positioned on the icosaherdron surface. For an atom of
the icosahedron surface, the five nearest neighbors also
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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 distance from the icosa-
hedron center to atoms on its surface is 1.8 times larger
than the bond length Lb. The attraction of the fullerene
by the icosahedron is provided by 60 bonds.

REPRESENTATION OF THE
Si–H AND H–H INTERACTIONS

When simulating the Si–H interactions, there arises
a problem of control of the univalence of hydrogen.
Mousseau and Lewis [16] simulated an amorphous
Si−H system with the use of the approach based on dif-
ferent potentials describing the bonded and nonbonded

S–H interactions. The molecular dynamics calculations
within this approach appear to be very slow virtually at
any finite temperature. Kwon et al. [17] proposed the
potential that describes the Si–H interactions in an arbi-
trary configuration without necessity of including
bonded and nonbonded Si–H pairs. This potential con-
sists of two parts, one of which describes the pair inter-
actions and the other part represents the triple interac-
tions. The Si–H two-particle potential is written in the
form

(8)

where  is the cut-off function given by the formula

(9)

The parameters A1, A2, λ1, and λ2 obtained by fitting
to the ab initio calculated energy of hydrogen on a sili-
con cluster [17] are listed in Table 2. The two-particle
potential described by formulas (8) and (9) leads to a
minimum energy of –3.05 eV at r = 0.15 nm, which is
in good agreement with the energy of the Si–H bond
and the mean bond length in the Si–H amorphous sys-
tem. This potential also results in a frequency of 2023
cm–1 for the stretching vibration mode of the Si–H
bond, which also agrees well with the experimental fre-
quency of this mode. The short-range character of the

interaction is provided by the cut-off function ,
which can be represented in the form of a simple
smooth functional.

The three-particle potential, which is important for
simulating the Si–H covalent interaction and stabilizing
the tetrahedral structure of silicon, is written in the form
[18]

(10)

The indices 1 and 2 correspond to the Si–Si and Si–
H interactions, respectively. The radial functions ϕ1(r)
and ϕ2(r) are defined as ϕ1(r) = exp(–αr2) and ϕ2(r) =
exp(–αHr2). The cut-off functions ( , ) are repre-

sented in the form (r) = {1 + exp[(r – )/ µ1, 2]}–1.

The parameters BH, α, αH, , and µi are given in
Table 2. The parameters BH and αH were obtained by
fitting of the rocking mode (630 cm–1) and bending
mode (897 cm–1) for H–Si bond in amorphous Si:H.
This potential describes the Si–Si–H, H–Si–H, and Si–
H–Si interactions. It should be noted that the lowest
energy is achieved when the H atom is bound to one Si
atom.
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Table 1.  Parameters of the Tersoff potential for silicon

A B λ1 λ2 λ3
n c d

R D
β h

eV nm–1 nm

1830.0 471.18 2.4799 1.7322 0 0.78734 1.0039 × 105 16.217 0.285 0.015 1.1 × 10–6 –0.59825

Table 2.  Parameters of the potentials of the Si–H and H–H interactions

A1 A2 λ1 λ2
BH, eV

α αH µ1 µ2
ε, eV αHH rm , nm

eV nm–1 nm–2 nm

1113.967 –700 27.801 23.616 22.6526 30.34373 60.334 0.39527357 0.18 0.0312058 0.02 0.147 15.20 0.19

rc1
rc2
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The used H–H repulsive potential in the form

(11)

prevents nonphysical approach of hydrogen atoms to
one another [17]. In this scheme, the formation of H2
molecules is impossible. Only atomic hydrogen is
included in the model. The parameters ε, αHH, and rm

are presented in Table 2.

THE MOLECULAR DYNAMICS MODEL
OF Si73 NANOPARTICLES

The molecular dynamics calculations were based on
the integration of the equations of motion with the use
of the fourth-order Runge–Kutta method. The time step
∆t was equal to 10–16 s. Three series of calculations
were performed for silicon nanoparticles. The tempera-
ture of the initial state for each series of calculations
was taken equal to 35 K. The duration of the calcula-
tions 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 configura-
tion for the subsequent calculations at a higher temper-
ature. In the calculations, the temperature was
increased in steps of approximately 90 K. The last cal-
culations were carried out at a temperature of 1560 K.
In the first series of calculations, the initial configura-
tion of the nanoparticle was represented by the nanoas-
sembly composed of a 60-atom fullerene into which a
13-atom icosahedron was inserted. The minimum dis-
tance (0.24 nm) between the atoms in this nanoassem-
bly was close to the minimum distance between atoms
in the silicon macrocrystal (0.235 nm). In the second
series of calculations, a fragment composed of a partic-
ular site with 72 nearest neighbors in the diamond lat-
tice was used as the initial configuration. In the initial
state, the density of the crystalline nanoparticle corre-
sponded to that of the macrocrystalline material. In the

VHH
2( ) r( ) ε/ 1 6/αHH–( )[ ]=

× 6/αHH( ) αHH 1 r/rm–( )[ ] r/rm( )6–exp[ ]

third series of calculations, a fragment with a random
atomic packing served as the initial configuration. This
configuration of the nanoparticle was produced by fill-
ing a spherical region of the corresponding radius with
silicon atoms by using a random-number generator. In
the initial state, the minimum distance between silicon
atoms in the random packing did not exceed the mini-
mum distance in the corresponding macrocrystal. As a
result (and also in view of a decrease in the time of fill-
ing 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.

Each Si73 particle was placed in a virtual sphere of
the same diameter. The radius of the sphere was chosen
so that 60 hydrogen atoms located at a distance of no
less than 0.22 nm from each other can be randomly
positioned in the space between the particle and the sur-
face of the sphere. Therefore, the initial density of the
hydrogen “coat” was approximately equal to 42–
45 kg/m3. It should be noted that the experimental den-
sity of liquid hydrogen at 20 K is approximately equal
to 70 kg/m3. The calculations for silicon particles sur-
rounded by the hydrogen coat were performed using a
canonical ensemble. The initial temperature (35 K)
exceeded the boiling temperature of real hydrogen
(20 K), so that the hydrogen environment of the nano-
particle even in the first calculation was a dense gas.

THE INFLUENCE OF HYDROGEN
ON THE STABILITY OF Si73 CLUSTERS

The hydrogen coat has a clear stabilizing effect on
the Si73 nanoparticle but does not provide the retention
of the structure at a high temperature and does not pre-
vent the evaporation of Si atoms. Figure 1 depicts the
configurations of the Si73 nanoassembled clusters after
a seventeenfold stepwise increase in the temperature, so
that their kinetic energy approximately corresponds to
a temperature of 1560 K. It can be seen from Fig. 1a
that, in the absence of hydrogen, the Si73 cluster has
strongly expanded and lost five atoms by the instant of
time 100 ps (T = 1560 K), two of which are shown in
the lower part of Fig. 1a. In the presence of the hydro-
gen coat (Fig. 1b), the silicon cluster composed of the
fullerene and the icosahedron even at this high temper-
ature retains a spherical shape and only one of its atoms
evaporates (this atom is shown in the lower part of
Fig. 1b). Although the silicon cluster surrounded by
hydrogen is expanded, its expansion is less pronounced
than that of the cluster in the absence of the hydrogen
coat.

The internal energy of the Si73 cluster in the form of
the diamond lattice fragment surrounded by the hydro-
gen coat smoothly increases from –5.18 eV/atom at
35 K to –2.65 eV/atom at 1560 K (Fig. 2a). The other
two Si73 clusters surrounded by hydrogen have stronger
temperature dependences of the internal energy. In this
case, the internal energy U for the nanoassembled clus-

z

(a)

x y

z

(b)

x y

Fig. 1. Configurations of the Si73 cluster composed of a
13-atom icosahedron and a 60-atom fullerene: (a) cluster
with a free surface and (b) cluster surrounded by 60 hydro-
gen atoms at the instant of time t = 100 ps and the tempera-
ture T = 1560 K.
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ter retains values comparable to those of crystalline sil-
icon (–4.36 eV/atom) [19] up to a temperature of
1112 K (–4.33 eV/atom). The internal energy of the
cluster with the random packing rapidly increases with
an increase in the temperature, especially in the temper-
ature range 690 ≤ T ≤ 850 K. At T = 750 K, the internal
energy of this cluster reaches the internal energy U for
the Si73 nanocrystal. This behavior of the internal
energy U is associated with the considerable transfor-
mation of the cluster structure. The particle with the
random atomic packing, the nanoassembled particle,
and the nanocrystal each lose one Si atom at tempera-
tures of 760, 850, and 1120 K, respectively. The inter-
nal energy U at temperatures above these values was
determined for Si72 clusters.

The temperature dependences of the volume of the
sphere that is constructed from the center of mass of the
cluster and contains all 73 atoms (including evaporated
atoms) are plotted in Fig. 2b. The volume of the bound-
ing sphere for the nanoassembled cluster and the cluster
with the random atomic packing is retained (accurate to
within 20%) only to a temperature of ~600 K, whereas
the volume of the sphere circumscribed around the
nanocrystal is retained (accurate to within 3%) up to a
temperature T ≈ 750 K. The atom is completely
detached from the cluster (the Si–Si bonds of this atom
with the cluster disappear completely) at higher tem-
peratures.

STRUCTURE OF Si73 CLUSTERS IN THE 
PRESENCE OF HYDROGEN ON THEIR SURFACE

The radial distribution function g(r) was constructed
for the atom located most closely to the center of mass
of the cluster. This construction of the radial distribu-
tion function g(r) for the clusters allows one to cor-
rectly take into account a spherical symmetry of the
function. Figure 3 shows the calculated radial distribu-
tion functions for the Si73 clusters at temperatures of 35
and 1560 K. The radial distribution function for the

1
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1000 1500
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3
(b)
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, e

V
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–5

0
(a)

–10

Fig. 2. Temperature dependences of (a) the internal energy
of silicon clusters and (b) the volume of the virtual sphere
bounding all atoms in the system: (1) nanoassembled parti-
cle, (2) nanocrystal, and (3) particle with a random atomic
packing.
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Fig. 3. Radial distribution functions for Si73 clusters at tem-
peratures of (1) 35 and (2) 1560 K: (a) nanoassembled par-
ticle, (b) nanocrystal, and (c) particle with a random atomic
packing.
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nanoassembled cluster at T = 35 K exhibits two well-
resolved peaks. The first (low-intensity) peak is gov-
erned by the twelve nearest neighbors located at the
surface of the icosahedron. The second (high-intensity)
peak is determined by the 60 next nearest neighbors
corresponding to the fullerene. At T = 1560 K, there is
only one peak (broader and with a higher intensity), the
maximum of which is shifted toward smaller distances
by ∆r = 0.022 nm with respect to the position of the sec-
ond peak of the radial distribution function g(r) at 35 K.

The radial distribution function of the Si73 nanocrystal
has eight peaks at a temperature of 35 K and only four
peaks at T = 1560 K (except for oscillations in its tail
portion). The first and second peaks of the radial distri-
bution function g(r) are shifted toward smaller dis-
tances by ∆r = 0.022 and 0.043 nm, respectively. The
third peak of the radial distribution function is shifted
toward larger distances by ∆r = 0.044 nm. The fourth
broad peak at  = 0.673 nm replaces the other five
peaks of the radial distribution function g(r) for the
nanocrystal at a temperature of 35 K. The radial distri-
bution function for the cluster with the random atomic
packing at T = 35 K has a large number of predomi-
nantly poorly resolved peaks. The tail of this function
extends to ~1.20 nm, and the first peak of the radial dis-
tribution function g(r) is located at 0.239 nm. After
heating to a temperature of 1560 K, the tail of the radial
distribution function g(r) extends to only ~0.925 nm
and the first peak is located at  = 0.215 nm.

The distributions of the angles θ formed by the Si–
Si bonds in the Si73 clusters at temperatures of 35 and
1560 K are shown in Fig. 4. In all the cases under con-
sideration, the angle θ = 91.8° is dominant. For the
nanoassembled cluster at T = 1560 K, the height of the
first peak at 91.8° decreases by 4.6% and all the other
peaks (at angles differing from 91.8°) are smeared.
Upon heating of the Si73 nanocrystal from 35 to 1560 K,
the peak at 110° completely disappears in the distribu-
tion of the angles θ and the intensity of the peak at 91.8°
increases by 11.4%. In the distribution of the angles θ
for the cluster with the random atomic packing, the
intensity of the peak at 91.8° decreases almost ten times
with an increase in the temperature by 1525 K.

The Si–Si covalent bond is a short-range bond. The
cut-off function fC(r) defined by expression (5) cuts off
the Si–Si pair interactions at distances exceeding
0.3 nm. Let us assume that the criterion for the exist-
ence of the Si–Si bond is represented by the condition
rSi–Si < 0.3 nm. By using this criterion for the determi-
nation of distances rSi–Si between the current Si atom
and all the other Si atoms in the cluster, it is possible to
calculate the mean number  of bonds per atom and

the mean length  of the Si–Si bonds. The calculated

values of  and  for the Si73 clusters in the temper-
ature range 35 ≤ T ≤ 1560 K are presented in Fig. 5. At
low temperatures (T < 630 K), the values of  and 
for the nanoparticle with the random atomic packing
are larger than those for the other clusters under consid-
eration. These parameters for all the clusters under
investigation decrease with an increase in the tempera-
ture. Upon heating by 1525 K, the mean number  of
bonds in the cluster with the random atomic packing
decreases most drastically (by approximately 30%).
The mean numbers  of bonds in the nanoassembled

rmax4

rmax1

nb

Lb

nb Lb

nb Lb

nb

nb

0
θ, deg

120

1

2

10

20

(c)

60 180
0

1

2

10

20

(b)

0

30

1

2

10

20

(a)

0

30
Probability, %

Fig. 4. Distributions of bond angles θ in Si73 clusters at tem-
peratures of (1) 35 and (2) 1560 K. The letter designations
are the same as in Fig. 3.
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cluster and the nanocrystal decrease by 12 and 17%,
respectively. It should be noted that, at temperatures
above 690 K, the values of  for the nanoassembled
particle, as a rule, are larger than those for the other par-
ticles under investigation. The nanocrystal has the
smallest values of  over the entire temperature range.

At a temperature of 35 K, the mean bond length 
for the particles with noncrystalline packings is larger

than the mean bond  for the silicon crystal

(0.235 nm). The equality  =  is observed at T =
250 K for the nanoassembled particle and T = 592 K for
the particle with the random atomic packing. Upon
heating to 1560 K, the mean bond lengths  for the
nanoassembled nanoparticle, the nanocrystal, and the
particle with the random atomic packing decrease by
15, 10, and 14%, respectively. The mean bond lengths

 for the particle formed by inserting the icosahedron
into the fullerene and the particle with the random
atomic packing decrease most rapidly in the ranges
710  ≤ T ≤ 1230 K and 170 ≤ T ≤ 890 K, respectively.
As a result, the smallest mean bond lengths  at T >
1090 K are observed for the particle composed of the
fullerene and the icosahedron. At T > 1260 K, the mean
bond lengths  for the nanocrystal again become
smaller than those of the particle with the random
atomic packing.

nb

nb

Lb

Lb
cryst

Lb Lb
cryst

Lb

Lb

Lb

Lb

THE SURFACE RELIEF OF THE Si73 CLUSTERS 
AND HYDROGEN ADSORPTION

The cluster radius Rcl is defined as the length of the
segment from the center of mass of the cluster to the
center of the Si atom that belongs to the cluster and is
most distant from the center of mass. The temperature
dependences of the radius Rcl for the particles under
consideration are plotted in Fig. 6. The dependences
Rcl(T) for the particles reflect the evaporation of atoms
from the solid cluster. The peak in the dependence
Rcl(T) for the Si73 cluster with the random atomic pack-
ing is observed at the lowest temperature. This peak
indicates that the atom evaporates from the particle. A
similar peak for the nanoassembled cluster appears at a
higher temperature. The corresponding peak in the
dependence Rcl(T) for the nanocrystal occurs at the
highest temperature. The arrows near the abscissa axis
indicate the temperatures of the onset of evaporation.
The evaporation begins at a somewhat higher tempera-
ture T than the temperature at which the peak is located
in the corresponding dependence Rcl(T) due to the dis-
creteness of the change in the temperature. The detach-
ment of the atom from the cluster leads to a decrease in
the cluster radius Rcl, because the number of atoms con-
tained in the cluster becomes smaller by unity. At a tem-
perature of 1560 K, the nanoassembled cluster has the
smallest size and the largest radius Rcl is observed for
the nanocrystal.

The degree of penetration of hydrogen atoms into
the cluster can be defined as the ratio ξ = (Rcl – RH) /Rcl,
where RH is the distance from the center of mass of the
silicon cluster to the hydrogen atom nearest to the cen-
ter of mass. The temperature dependence ξ(T) for the
nanoassembled cluster exhibits a maximum at 746 K,
and the degree of penetration ξ beginning with 1100 K
increases progressively (Fig. 7a). Two peaks are
observed in the temperature range 0 ≤ T ≤ 1150 K in the
dependence ξ(T) for the nanocrystal. The highest peak
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Fig. 5. Temperature dependences of (a) the mean number of
Si–Si bonds per atom in Si73 clusters and (b) the mean
length of these bonds. The number designations are the
same as in Fig. 2.
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is located at a temperature of 1004 K. An increase in the
temperature to 1165 K is accompanied by a monotonic
increase in the quantity ξ for the nanocrystal. The tem-
perature dependence ξ(T) for the cluster with the ran-
dom atomic packing is rather smooth. However, this
dependence also exhibits a small maximum at T =
690 K. The locations of all the maxima at the above
temperatures coincide with those in the corresponding
dependences Rcl(T).

The temperature dependences of the number NH of
hydrogen atoms located in the spherical layer of thick-
ness (Rcl – RH) for the clusters are depicted in Fig. 7b.
Among the clusters under investigation, the Si73
nanoassembled cluster has the smallest value of NH.
The maximum number NH = 33 is observed at a temper-
ature of 746 K immediately before the evaporation tem-
perature. After subsequent heating of the cluster by
~90 K, the number NH becomes equal to zero. At tem-
peratures above 1090 K, this quantity insignificantly
increases to NH = 9. The dependence of the number NH
for the nanocrystal exhibits a maximum at T = 1004 K
(NH = 47). However, already after the next heating
stage, the number NH decreases to 6. At a temperature
of 1350 K, the number NH becomes equal to 60; i.e., all
the H atoms are located in the surface nanocrystal layer
of thickness (Rcl – RH). The dependence NH(T) for the
cluster with the random atomic packing is character-
ized by a considerably smoother behavior. In this
dependence, there is a small maximum (NH = 55) at the

temperature T = 690 K. The next extremum (minimum)
turns out to be not deep (NH = 52), and the quantity NH
at the temperature T =1000 K reaches an almost maxi-
mum value (NH = 59).

CONCLUSIONS

Thus, the results of the computer experiment dem-
onstrated that the Si73 clusters well adsorb hydrogen at
low temperatures. The hydrogen coat is retained around
these particles up to high temperatures (~1500–
1600 K). The hydrogen atoms are repelled from each
other and, thus, have a compressive effect on the clus-
ter. The coat stabilizes the nanoparticles at tempera-
tures below 600 K. However, at higher temperatures, Si
atoms can evaporate from the clusters. The nanoparticle
composed of the icosahedron and the fullerene retains
the highest density up to a temperature of 1560 K. Two
concentric atomic layers of this nanoparticle are mixed
at high temperatures. As a consequence, the corre-
sponding radial distribution function exhibits one peak
instead of two peaks.

The crystal lattice of diamond has a tetrahedral
ordering. As the temperature increases, the ordering of
the Si73 clusters under investigation becomes nontetra-
hedral. At a temperature of 1560 K, the tetrahedral
angle of 109.5° appears to be weakly pronounced in the
distribution of the bond angles θ and manifests itself as
a small peak only for the nanoassembled particle. The
peak at 109.5° in the distribution of the bond angles θ
for the other two particles virtually disappears. In the
high-temperature range, the angle of 91.8° is dominant
in the distributions of the bond angles θ for the nanoas-
sembled particle and the nanocrystal. This means that
the structure of each particle under consideration is
characterized by a fourfold symmetry element. The
nanoassembled particle has the most stable number
(close to four) of Si–Si bonds per atom in the tempera-
ture range 35 ≤ T ≤ 1560 K. In each particle under
investigation, the mean bond length decreases and the
particle size Rcl increases with an increase in the tem-
perature. Moreover, the particle shape does not deviate
significantly from a spherical shape. As a result, holes
should be formed inside the particles, and these holes
can be occupied by hydrogen. The practical importance
of our investigation is associated with the use of hydro-
gen as a fuel.
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