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Monatomic amorphous nanoparticles were studied in a spherical model containing different numbers of
atoms ranging from 1189 to 9093 by using molecular dynamics method under nonperiodic boundary condi-
tions. We use the double-well interaction pair potential developed by Engel and Trebin, and amorphous
nanoparticles were obtained by cooling from the melts. The structural properties of nanoparticles were studied
via radial distribution function, mean atomic distances, coordination number, and bond-angle distributions. In
addition, we also analyzed local order in nanoparticles by using the technique proposed by Honeycutt and
Andersen, and we found the existence of icosahedral order in the system. We found strong size effects on the
static properties of nanoparticles. Aging effects on the structure of nanoparticles were also observed and
discussed. The radial atomic density profile of nanoparticles was found and discussed. On the other hand, the
surface and core structures of nanoparticles were studied in detail. Moreover, we found the size dependence of
several quantities such as the glass transition temperature (7,), the potential energy, and surface energies of

nanoparticles. The mean-squared displacement of atoms was discussed.
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I. INTRODUCTION

Nanoscaled systems have been intensively investigated by
both experiments and computer simulations in recent years
not only due to their enormous technological importance, but
also due to scientific interests.'~'® Nanoparticles often exhibit
structures and properties significantly different from the cor-
responding bulk counterparts. On the other hand, while crys-
talline nanoparticles have been under intensive studies, it
was given less attention to the amorphous nanoparticles,
which may be due to their low abundance compared with the
crystalline counterparts.®~!! Therefore, our understanding of
their structure and properties is still limited although amor-
phous nanoparticles have been obtained in practice and they
are an important form of nanomaterials in addition to the
crystalline ones.®"!' Moreover, detailed information on an
atomistic level of structure and properties of nanoscaled sys-
tems can be found just by computer simulation, and one can
find only a few works carried out in this direction.'>!” The
physical properties of vitreous and amorphous Si nanopar-
ticles containing 400, 500, and 600 atoms have been studied
via molecular dynamics (MD) simulation. However, most
attention was paid to the local structure and diffusion con-
stant in the system.!> The structural properties of amorphous
TiO, spherical nanoparticles were studied in MD simulation
models with different sizes of 2, 3, 4, and 5 nm under non-
periodic boundary conditions.!? They used the pairwise in-
teratomic potentials proposed by Matsui and Akaogi, and
significant size effects were found on the partial radial dis-
tribution functions, coordination number distributions, bond-
angle distributions, and interatomic distances. The calculated
surface energy of amorphous TiO, nanoparticles has reason-
able value, and it is close to that of the crystalline counter-
part. More comprehensive MD simulation was done for the
liquid and amorphous SiO, nanoparticles, in which the size
dependence of the glass transition temperature was found
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and discussed in addition to the role of structural defects.'?
On the other hand, a good review of the structural properties
of free nanoclusters can be found in Ref. 16, in which much
attention was paid to the interplay of energetic, thermody-
namic, and kinetic factors in the explanation of cluster struc-
tures that were actually observed in the experiments. It is
essential to note that Lennard-Jones (LJ) clusters, i.e., the
simple nanoscaled systems, have been under intensive inves-
tigations for the past decades'’>* and much attention was
paid to the melting or freezing or local structural order in the
systems. In contrast, less attention was paid to the glass tran-
sition and structural properties of simple amorphous nanos-
caled systems although it was found recently that the amor-
phous structure of Lennard-Jones Ar confined in a nanoscale
pore is “practically stable” in the sense that no crystallization
is observed during 40 ns of annealing.!” So far, our knowl-
edge of structure and properties of liquid and amorphous
nanoparticles is still poor, and it is of interest to carry out the
study on simple monatomic liquid and amorphous nanopar-
ticles since we can focus our attention only on the topologi-
cal order in the structure rather than on both topological and
chemical orders. Therefore, it motivates us to carry out a
comprehensive study of the size effects on the structural and
thermodynamic properties of simple monatomic amorphous
nanoparticles by using the double-well interatomic pair po-
tential, similar to that of Dzugutov,” which was recently
proposed by Engel and Trebin.?®

II. CALCULATIONS

We performed the simulations in spherical nanoparticles
containing different numbers of identical atoms, i.e., it con-
tains 1189, 2469, 3407, 5743, and 9093 atoms, which were
denoted model (1), model (2), model (3), model (4), and
model (5), respectively. We used nonperiodic boundary con-
ditions with an elastic reflection behavior. The form of the
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TABLE 1. Parameters of LJG potential with a glass-forming ability and structural quantities of well-
relaxed models at 7=0.1. All models contain 2744 atoms in a cube under periodic boundary conditions. Here,
7 is the mean interatomic distance, 7 is the mean coordination number, and R, is a cutoff radius for the
determination of coordination number. We use oﬁ:0.0Z [models (B)-(D) were obtained by using NPT
ensemble, while the remaining models were obtained by using NVT one].

Model 7o N r Z T, R,

(A) 1.20 1.50 1.160 13.31 0.33 1.45
(B) 1.20 2.50 1.175 13.69 0.53 1.45
(©) 1.20 3.50 1.195 13.66 0.64 1.45
(D) 1.20 4.50 1.200 13.56 0.67 1.45
(E) 1.47 1.50 0.904 11.73 0.46 1.25
(F) 1.47 2.50 0.900 11.96 0.64 1.25
(G) 1.47 3.50 0.880 11.76 0.69 1.20
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interatomic potential used in the present work is given be-

low:
o 12 o 6 (r—r0)2
(R HERE Bl T

For most values of the parameters, i.e., gy € [0.10,5.00],
roe[1.11,2.10], and 02=0.02 (see Ref. 26), V(r) is a
double-well potential with the second well at position r,
depth g(, and width oy. This potential was called Lennard-
Jones—Gauss (LJG) and it was initially proposed for the self-
assembly of two-dimensional monatomic complex crystals
and quasicrystals. However, in three-dimensional systems,
the situation is quite different. We found that stable glassy
configurations can be obtained by using the LJG potential
with limited values for the parameters r, and g, especially
when we use relatively small values for r, (see Table I). In
contrast, crystallization occurs if we use r( with larger values
and quasicrystals have not been found yet (not shown). In
particular, a stable glassy state in both nanoparticles and in
the bulk can be obtained if we use the potential with the
parameters such as ry=1.47, g,=1.50, and a'é=0.02, and we
used such fixed parameters in the present work. It is essential
to note that in order to test the stability of an amorphous
structure, we have a relaxed amorphous model with 7,
=1.47, g,=1.50, and o%=0.02 containing 2744 atoms in a
cube under periodic boundary conditions, which is obtained
at T=0.3 by using NVT ensemble simulation for 5 X 10° MD
steps (or 6.175 ns if Ar is taken for testing), and its amor-
phous structure remains unchanged during such relatively
long annealing. In contrast, it was found that the bulk argon
glass with a pure Lennard-Jones potential is much easier to
crystallize, i.e., it transforms into the closest-packed crystal
just after the annealing of 0.045-0.300 ns (see Ref. 17).
Therefore, one can consider that the glassy state with LJG
potential used in the present work is practically stable in the
sense that no crystallization is observed during a relatively
long time of annealing like that discussed in Ref. 17. Further,
the cutoff was applied to the LIG potential at r=2.5 similar
to what was done in Ref. 26. The initial spherical configura-
tion was cut from a big simple cubic structure model, which
was previously built at the density p,=0.8. Such initial con-

figuration melted by a further relaxation for 5X 10* MD
steps at a high temperature 7=1.0 (NVT ensemble simula-
tion). Then the system was cooled down from the melt at
constant volume corresponding to the system density p,
=0.8 (i.e., NVT quenching). Temperature of the system was
linearly decreased in time as 7=T,—yn. Here, y=107> per
MD step is the cooling rate, n is the number of MD steps,
and T,=1.0 is the initial temperature. We use the Verlet al-
gorithm, and the MD time step is df=0.0057,. We use the
following LJ-reduced units in the present work: the length in
units of o, temperature 7" in units of &/kp, and time in units
of 7y=c\m/e [see Eq. (1) and Fig. 1]. Here, k is the Bolt-
zmann constant and m is the atomic mass. For Ar, o
=3.84 A (i.e., it is the atomic diameter of Ar), m=6.632
X 10726 kg, and, by taking the energy unit e=1.0 eV, we can
infer that the time unit 7y=0.247 ps and the MD time step
dt=0.0057,=1.235 fs. This means that the cooling rate used
in the present work is equal to 0.810X 10'° K/s. This value
of the cooling rate is close to those analytically suggested for
freezing of liquid nanodroplets in Ref. 16. However, it is
essential to note that we use the one-step cooling of the sys-
tem from the liquid state to the glassy state. In order to
calculate the coordination number and bond-angle distribu-
tions in nanoparticles, we adopt the fixed value R,=1.25.
Here, R, denotes a cutoff radius, which is chosen as the
position of the minimum after the first peak in the radial
distribution function (RDF) for the amorphous state at the
temperature of 7=0.1. The final amorphous configuration at

2]

1.0 1.5 20 25
ric

FIG. 1. LJG potential with ry=1.47, g,=1.50, and a’(2)=0.02.
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FIG. 2. Temperature dependence of the potential energy of
nanoparticles.

T=0.1 was relaxed for 5X 10* MD steps (or 61.75 ps if we
take Ar for testing; this time is large enough for equilibrating
the MD simulation system) before calculating static quanti-
ties. The diameters of nanoparticles in the present work are
d=14, 18, 20, 24, and 280, respectively. It was kept constant
during the calculations for each nanoparticle. By taking Ar
for testing with 0=3.84 A, we found that the sizes (or diam-
eter) of the nanoparticles are equal to 5.376, 6.912, 7.680,
9.216, and 10.752 nm for models (1), (2), (3), (4), and (5),
respectively. For comparison, we also show the results for
liquid and amorphous models in a cube containing 9261 at-
oms under periodic boundary conditions, which are consid-
ered as the bulk counterparts. In order to improve the statis-
tics, we average the results over two independent runs. It is
essential to note that similar double-well interaction poten-
tials were previously proposed in order to clarify the mecha-
nism of the density anomaly of water?’?® or for the self-
assembly of simple lattices.?

III. RESULTS AND DISCUSSIONS

A. Glass transition and thermodynamics

The curve for an interatomic LJG potential is presented in
Fig. 1, where one can clearly see two wells of the potential.
It is essential to note that the general form of pair potentials
in metals consists of a strong repulsive core plus a decaying
oscillatory Friedel term. Therefore, the LIG potential can be
understood like an oscillatory potential cutting off after the
second minimum,?® and in this part of the paper, we focus
our attention on the glass transition and the thermodynamics
of liquid and amorphous nanoparticles. Figure 2 shows that
the potential energy of nanoparticles decreases with decreas-
ing temperature upon cooling from the melt. On the other
hand, one can see that E,, (the potential energy per atom)
for nanoparticles is significantly higher than that for the bulk
due to the surface energy of the former. Thus, we can suggest
the following relations:

EZZ;’O - EﬁZik =ée, (2)
e, X N
E;=— 5 (3)

Here, e, is the surface energy per atom in a nanoparticle and
E, is the surface energy of a nanoparticle (N is the total
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FIG. 3. Temperature dependence of the surface energy (E;) of
nanoparticles.

number of atoms in a nanoparticle and § is the surface area
of a nanoparticle). We found that E, decreases with decreas-
ing temperature (Fig. 3). Moreover, we clearly found the size
dependence of surface energy of nanoparticles; i.e., due to
the surface effects, the smaller the nanoparticle, the higher
the surface energy (Fig. 3).

Like those noted above, the features of the glass transition
in liquids are still unclear including glass transition in nanos-
caled systems (i.e., nanoparticles, thin films, and liquids in
confined geometries), which has been under intensive inves-
tigations in recent years.®3%-32 While the glass transition tem-
perature is typically lower in a confined geometry, experi-
ments have also found cases where T, increases.’>** The
finite size effects on T, cannot be readily interpreted as that
on the melting temperature 7,, due to the lack of a consensus
on the nature of the glass transition.’>® The glass transition
temperature in the present work was found via the intersec-
tion of a linear high- and low-temperature extrapolation of
potential energy like those done for bulk Al,04-SiO, (see
Ref. 37 and Fig. 4). We found that T, is equal to 0.386,
0.384, 0.392, 0.390, and 0.371 for models (1), (2), (3), (4),
and (5), respectively. It is essential to note that the method of
determining 7, in the present work is only an approximation;
therefore, we suggest that T, increases with decreasing nano-
particle size like that found experimentally for the glass tran-
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FIG. 4. Determination of T, via an intersection of low- and
high-temperature dependence of the potential energy of
nanoparticles.
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FIG. 5. An inverse nanoparticle size dependence of the glass
transition temperature.

sition in liquid propylene glycol and two of its oligomers
inside the pores of controlled porous glasses’* (see Fig. 5;
the solid line is just the suggested one for the inverse nano-
particle size dependence of T,). The ideas behind most glass
transition studies in the bulk were to probe the cooperative
length involved in the glass transition, ¢&. However, in con-
fined systems at the nanoscale, they proposed new param-
eters which may influence the behavior of the glass transi-
tion. The first one is the size d of the nanoparticle and the
atomic size o may be considered as an additional
parameter.>® Moreover, the boundary conditions of confined
geometries may affect the glass transition.'* In the present
work, we use a simple fixed and elastic reflection boundary,
and our results give additional understanding of the glass
transition in nanoscaled systems. In order to highlight some
features of dynamics in the system upon cooling from the
melt, the mean-squared displacement (MSD) of atoms in
model (2) has been presented in Fig. 6. Like those commonly
observed in glass-forming liquids, one can clearly see two
regimes in the MSD curves: a ballistic one at short time and
a diffusive one at longer time. At low temperatures, these
two regimes are separated by a plateau regime. The plateau
regime is related to the caging effects, which is more pro-
nounced at lower temperatures. In addition, Fig. 6 also
shows that at a temperature below the glass transition (T
=0.1), atoms in the nanoparticle look mobile unlike that

model (2)

T=1.0
- — T=0.5
]——T=01

mean-squared distplacement

0.1
0.01+
1E-34
10’ 107 10° 10°* 10°
MD steps
FIG. 6. MSD of atoms of nanoparticles at different
temperatures.
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FIG. 7. (Color online) Snapshot of a well-relaxed amorphous
nanoparticle with the size d=200 or model (3) obtained at 7=0.1.

commonly observed in the bulk (i.e., after the ballistic re-
gime, the MSD is almost constant for a long time due to
strong caging effects), indicating the surface effects on the
dynamics of atoms in the former.

B. Structural properties

The structural properties of amorphous nanoparticles are
of great interest. Due to the surface effects, their structure
may be different from the bulk counterparts. Moreover, while
the structure of the latter was relatively well investigated, our
understanding of the structure of the former is still limited,
especially those of the monatomic amorphous
nanoparticles.!>!315-38 Snapshot and static diffraction images
of a well-relaxed amorphous nanoparticle with the size d
=20 are presented in Figs. 7 and 8. We can clearly see the
formation of a glassy state in the system, and the surface
shell of an amorphous nanoparticle contains voids of differ-
ent forms and sizes, which can be considered as structural
point defects. Structural point defects in the surface shell can
have an important role in the structure and physicochemical
properties of nanosized substances.*!> We will return to this
problem in subsequent parts of the paper.

FIG. 8. Static diffraction image of a well-relaxed amorphous
nanoparticle with the size d=200 or model (3) obtained at 7=0.1.
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FIG. 9. RDF of well-relaxed amorphous nanoparticles obtained
at 7=0.1 compared with that observed in the bulk.

In order to understand the atomic structure of liquids and
glasses, the most widely used one is the RDF, and we found
specific features of the RDF of amorphous nanoparticles in
the present work (Fig. 9). First, we found that the RDF has a
typical form that is very similar to that of metallic glasses,
i.e., it has a first sharp peak with a split second peak.’® The
subpeak of the second peak in the RDF is often thought to be
related to the existence of icosahedra in the system.?340:41
Indeed, we found the existence of the icosahedra in the sys-
tem via the Honeycutt—Andersen local order analysis.'® This
means that one can use this simple monatomic LJG model
for studying the nature of metallic glasses in addition to a
similar Dzugutov model.?>*? On the other hand, the peaks in
the RDF of amorphous nanoparticles are broader than those
of the bulk, indicating that the structure of the former is more
heterogeneous than that of the latter due to the contribution
of the surface structure. In addition, the RDF of amorphous
nanoparticles is also size dependent, which can be clearly
seen for the peaks beyond the second one, i.e., the larger the
size of the nanoparticle, the higher the peaks in the RDF,
which reflects the size dependence of the structure of amor-
phous nanoparticles in general (see Fig. 9). However, more
detailed information about the size dependence of the struc-
ture of amorphous nanoparticles can be seen only via other
structural properties.

We show the coordination number and bond-angle distri-
butions for the entire nanoparticles in Figs. 10 and 11, and
some remarks can be made. The coordination number distri-
butions in amorphous nanoparticles and in the bulk counter-
part are broad, indicating the disordered structure of the sys-
tems typical of metallic glasses. Many atoms in amorphous
nanoparticles are located in the position surrounded by 12
nearest neighbors, which may be related to the icosahedra of
12 vertices in the system. In fact, we found the existence of
1551 bond pairs in the system, since the number of 1551
bonds is a direct measurement of the degree of icosahedral
ordering in supercooled liquids and glasses.!® One can see
that the fraction of atoms with low coordination number de-
creases, while the fraction of atoms with high coordination
number increases with increasing nanoparticle size toward
that of the bulk, reflecting the surface effects [i.e., the ratio of
the surface to volume S/V of nanoparticles decreases with
increasing size (Fig. 10)]. In contrast, the mean interatomic
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FIG. 10. Coordination number distributions of well-relaxed
amorphous nanoparticles obtained at 7=0.1 compared with that ob-
served in the bulk.

distance in nanoparticles is size independent and equal to
that of the bulk. Some characteristics of amorphous nanopar-
ticles compared with those observed in the bulk can be found
in Table II. On the other hand, the bond-angle distributions
for amorphous nanoparticles have a single pronounced peak
at 60°, indicating the dominance of equilateral triangles in
the system, which may be related to the faces of icosahedra.
We found that bond-angle distributions weakly depend on
the nanoparticle size (Fig. 11).

One can discuss in more detail the spatial atomic configu-
ration of amorphous nanoparticles by using the radial atomic
density profile p(R), where R is the distance from the center
of the nanoparticle. This quantity is determined as follows:
We find the number of atoms belonging to the spherical shell
with the thickness of AR=0.2 formed by two spheres with
radii R—0.1 and R+0.1. Then we calculate the quantity p(R),
i.e., the number of atoms per unit volume at the distance R
from the center of the nanoparticle. Here, it is unphysical if
we begin with R from zero or from a very small value since
the number of atoms in any volume element is small; the
local density is a rather noisy variable. We show p(R) only
for three different nanoparticles; however, similar results
have been found for nanoparticles with other sizes (Fig. 12).
We can clearly see two parts of p(R): The first one is related
to the core of nanoparticle, whereas p(R) is nearly constant
up to R=4.2, 6.5, and 9.3 for models (1), (3), and (5), re-
spectively (see Fig. 12). The remaining part is related to the

0.084 ——— model (1)
|- model (3)
-~ model (4)
0.06 -
c
2 0.04
o
Y
0.02
0.00 = T T
30 60 90

angle (degree)

FIG. 11. Bond-angle distributions of well-relaxed amorphous
nanoparticles obtained at 7=0.1.
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TABLE II. Several characteristics of amorphous nanoparticles compared with those observed in the bulk
at the same 7=0.1 (d and N are diameter and total number of atoms of the nanoparticle, T, is a glass

transition temperature, 7 is a mean interatomic distance, and 7 is a mean coordination number; all quantities
are given in LJ-reduced units). For the bulk, d means the length of a cube.

Nanoparticles
Model Model Model Model Model
Quantity (1) (2) (4) (5) Bulk
d 14 18 24 28 22.617
N 1189 2469 3407 5743 9093 9261
T, 0.386 0.384 0.392 0.390 0.371 0.385
r 0.904 0.904 0.904 0.904 0.904 0.904
7 11.149 11.539 11.745 11.947 12.107 12.237

surface of nanoparticles, whereas p(R) is beginning to de-
crease down to zero. Figure 12 shows that p(R) for the core
of nanoparticles is nearly size independent, i.e., it has almost
the same value for nanoparticles with three different sizes.
This means that the core structure of simple amorphous
nanoparticles may be similar to each other. The curve for
p(R) obtained in the present work is similar to those ob-
served for KI nanoclusters*? and it is unlike those found for
amorphous TiO, nanoparticles'? or silica nanoclusters.*? For
amorphous silica nanoclusters, it was found that oxygen has
a tendency to concentrate at the surface and it causes a sub-
sequent enrichment of Si atoms at the layer just below the
surface in order to achieve the local charge neutrality. This
phenomenon causes the occurrence of a peak in p(R) any-
where close to the surface of nanoclusters, i.e., due to the
chemical ordering in the system containing particles with
different charges in addition to the different atomic sizes.*3
On the other hand, we can see in Fig. 12 that the real radii of
nanoparticles are less than the “formal” radii, i.e., the real
nanoparticle radii are around 6.1, 8.7, and 11.5 for models
(1), (3), and (5), respectively. However, the radii for such
models were taken equal to 7.0, 10.0, and 14.0, respectively
(see Table II). The problem may be related to the relatively
low density py=0.8 adopted for NVT ensemble simulation,
and atoms have a tendency to aggregate with each other in
order to achieve the most stable configuration (or the equi-
librium configuration). According to our estimation, the

() T T T T T
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.*é‘
=)
@
o
[72]
1<
2 14
@©
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>
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2 4 6 8 10 12 14

FIG. 12. Radial atomic density profile p(R) of well-relaxed
amorphous nanoparticles obtained at 7=0.1.

“real” density (or the equilibrium density) of nanoparticles
with the adopted LJG interatomic potential is approximately
po= 1.20. The same tendency was found for the bulk models,
i.e., atoms also have a tendency to aggregate with each other
in order to achieve the equilibrium density of a value higher
than that adopted p,=0.8 for the NVT ensemble simulation.

Like those discussed above, the coordination number dis-
tributions in the core of amorphous nanoparticles are nearly
size independent and are close to that of the bulk (Fig. 13). It
is essential to note that the same phenomenon, i.e., the core
structure of amorphous nanoparticles is nearly size indepen-
dent, was found for amorphous SiO, or TiO,
nanoparticles.13’15 However, one can see that the atomic ar-
rangements in the core of nanoparticles are more closely
packed compared to that of the bulk, i.e., the fraction of
atoms with high coordination number is higher, while the
fraction of atoms with low coordination number is lower
than that of the bulk. In contrast, the surface of amorphous
nanoparticles has a more porous structure compared to that
of the core or the bulk. The coordination number distribu-
tions in the surface shells are quite different from those of

0.3

a) surface /0
{ ==O==model (1) P \
- @ model (2) *
0.2+
S - v~ model (5)
S | —#—buk
0.1+ sB=m e
] 87 ) - e . .
R ~
0.0 =
1 b) core .
0.34 —o0— model (1) y
{ - @ model (3) K
S o024 "V model (5) *
B | —¢—buk
o
0.1
0.0+

coordination number

FIG. 13. Coordination number distributions (a) in the surface
shells and (b) in the core of well-relaxed amorphous nanoparticles
obtained at 7=0.1.
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TABLE III. Mean coordination number in the surface shell and
in the core of amorphous nanoparticles at 7=0.1.

Model Model Model

1) 3) (%)
Surface 9.327 9.470 9.910
Core 13.215 13.223 13.223

the bulk or the core. We found that the coordination number
distributions in the surface shells of amorphous nanoparticles
are size dependent although weak (see Fig. 13 and Table III).
One can see in Table III that the mean coordination number
in the surface shell of amorphous nanoparticles is much less
than that of the core. Since the mean coordination number
for entire nanoparticles is around 11-12, undercoordinated
structural units (for example, those with Z<6) or overcoor-
dinated ones (for example, those with Z=16) compared to
the mean one can be considered as the structural point de-
fects. Our calculations show that such point defects mostly
concentrate in the surface shells of amorphous nanoparticles
rather than in the core.

One more type of structural defects in amorphous nano-
particles is vacancy, i.e., due to a specific disordered struc-
ture, there is a significant amount of large pores that can
exchange position with the nearest neighbor atoms and they
can act as vacancies in the diffusion processes like those
found and discussed for amorphous Al,O; (see Ref. 44). This
means that the surface of amorphous nanoparticles contains a
large amount of structural point defects such as vacancies
and atoms with low coordination number (see Fig. 7), while
the core has overcoordinated structural point defects if any.
Due to the small dimension, probably, amorphous nanopar-
ticles can have only such structural defects unlike those ob-
served in crystalline nanosized substances.* The existence of
structural defects at the surfaces of amorphous nanoparticles
might enhance the diffusion of atomic species like those ob-
served and discussed for silica nanoclusters.*>*> Possibly, it
is the origin of the different surface properties of amorphous
nanoparticles, i.e., structural defects can play an important
role in the structure and properties of amorphous nanopar-
ticles including catalysis, adsorption, optical properties, etc.,
like those observed for nanocrystalline TiO, (see Ref. 4 and
references therein). In fact, the strong red photoluminescence
of amorphous SiO, nanoparticles has been attributed to the
defects at their inner surfaces,*® and it was pointed out that
intrinsic point defects are the origin of optical band gap nar-
rowing in fused silica nanoparticles.*’

C. Evolution of structure upon cooling from the melts

In order to gain some insights into the transition from the
liquid state to the glassy state, we present several structural
characteristics of model (3) obtained upon cooling from the
melt. We found that at relatively high temperature 7=1.0, the
second peak in the RDF of the system also has a small sub-
peak, which was thought to be related to the existence of
icosahedron-type clusters in the system (Fig. 14). Figure 14
shows that (i) more pronounced changes have been observed
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FIG. 14. RDF of unrelaxed amorphous nanoparticles with the
size d=200 obtained at different temperatures upon cooling from
the melt.

for the first peak in the RDF, that is, its magnitude is strongly
enhanced and the width becomes narrower like those com-
monly found in glass-forming liquids;*® (ii) the subpeak of
the second peak is enhanced with decreasing temperature,
indicating the increment of the fraction of icosahedra in the
system; and (iii) the amplitude of oscillations are larger at
lower temperature for peaks beyond the second ones. How-
ever, more details about the changes of structure upon cool-
ing from the melt can be found via the coordination number
distributions and atomic density profile (Figs. 15 and 16).
The fraction of atoms with low coordination number de-
creases, while the fraction of atoms with high coordination
number increases with decreasing temperature. This indi-
cates the formation of a more close-packed structure in the
system upon cooling from the melt due to the glass transi-
tion. Indeed, the mean coordination number increases from
11.112 to 11.753 when temperature decreases from 7=1.0 to
T=0.1 (Fig. 15). The evolution of another important quantity
of the system caused by cooling from the melt, which is the
atomic density profile p(R), can be seen in Fig. 16. One can
see that atoms have a tendency to concentrate in the core of
nanoparticles and they move from the surface into the core
when the system is cooling down; i.e., p(R) decreases in the
surface shell and it increases in the core of nanoparticles if
temperature is lowered (Fig. 16).

In order to analyze the evolution of structure upon cooling
from the melt in more detail, we use the common technique
proposed by Honeycutt and Andersen.'” The analysis was

—o—T=1.
- @ T=0.
.-+ T=0.

0o

fraction

.~
/5_—9-52—-:E>§4U
o —a
0.0 a=EZ " ,
o 4 8
coordination number

FIG. 15. Coordination number distributions of unrelaxed amor-
phous nanoparticles with the size d=200 obtained at different tem-
peratures upon cooling from the melt.
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number of atoms per unit of volume

10

FIG. 16. Radial atomic density profile p(R) of unrelaxed amor-
phous nanoparticles with the size d=200 obtained at different tem-
peratures upon cooling from the melt.

done by using a special program written by Hoang. The
structure is analyzed by pairs of atoms, which are classified
via four indices: (i) The first index indicates whether or not
they are near neighbors. The first index is 1 if the pair is
bonded and 2 otherwise, and we use the fixed cutoff radius
R,=1.25 for determining the nearest-neighbor behavior. (ii)
The second index is equal to the number of near neighbors
they have in common. (iii) The third index is equal to the
number of bonds among common near neighbors. (iv) The
fourth index is related to the arrangement of the bonds
among the common near neighbors (Fig. 17). Indeed, we
found the existence of various pairs of bonds like those ob-
tained for Lennard-Jones liquids'® (see Table V). However,
the most abundant pairs are just 2101, 2211, 2331, 2441,
1551, 1541, and 1661, and their temperature dependence can
be seen in Fig. 18. One can see that the fraction of the 1551
pair increases with decreasing temperature, indicating the en-
hancement of icosahedral local order in the system like those
stated via the changes in the intensity of the subpeak of the
second peak in RDF. However, the existence of other pairs
such as 2101, 2211, and 2331 in large amount shows the
existence of other local orders in the system. It is essential to
note that local icosahedral symmetry was also found in con-

ey A

2101 2211 1321
T 1 |
o—o I—C
A & —® ®
2331 1421 1422
o R O P,
2441 1551 1541

FIG. 17. Common pair bond diagrams in supercooled liquids
(Ref. 19).
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TABLE IV. The abundance (fraction) of various bond pairs in
unrelaxed model (3).

Pair 7=1.0 T=0.6 7=0.2
2101 0.391 0.373 0.364
2211 0.182 0.170 0.169
2331 0.231 0.255 0.260
2441 0.018 0.017 0.020
1301 0.002 0.001 0.001
1311 0.011 0.008 0.007
1321 0.010 0.010 0.009
1421 0.004 0.003 0.002
1422 0.011 0.007 0.006
1441 0.004 0.005 0.006
1551 0.089 0.104 0.108
1541 0.035 0.033 0.031
1661 0.011 0.013 0.016

fined amorphous LJ argon,'” in LJ clusters,* or in several
metallic nanoclusters such as silver,*> gold,*? copper,’>3
nickel,® and lead.’® In particular, the freezing of Lennard-
Jones clusters®* with 160<N <2200 was studied by MD
simulations (N is the total number of atoms in clusters) and
they found that there was a transition at increasing size from
icosahedra to a mixture of structures (decahedron, fce, hep,
and icosahedron). The transition did not depend on the cool-
ing method and took place for N=450 (see Ref. 24). Our
calculations for the LJG nanoparticles indicate that they have
a mixture of structures for the whole temperature range stud-
ied since there are different bond pairs in large amount in
addition to the 1551 bond pair and the fraction of different
bond pairs does not change much with increasing size of
nanoparticles from that containing 1189 atoms to that con-
taining 9093 atoms.

D. Aging effects

Aging effects on the structure and properties of glasses
were given much attention in recent years by both experi-

T 0.4 T

T—_ T a]
Dsm\c\j -
0.08 1551
- —
—eo— 1541 V\V\V
5 —v— 1661 02,
g o— o ——o—°*°*
—=0=2101
0.04+ —e—2211
oo —0—o—° —v— 2331
—e— 2441
Vg o o o o
; v 0.0 . "
0.4 0.8 0.4 0.8
temperature temperature

FIG. 18. Temperature dependence of bond pairs of unrelaxed
amorphous nanoparticles with the size d=200.
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FIG. 19. Aging time dependence of total energy per atom in an
amorphous nanoparticle with the size d=18¢ at constant 7=0.3.

ments and computer simulations.”’-%> However, due to the
limitation of computer power, the aging problem in glasses is
a serious challenge for the computer simulation community.
Therefore, there is a limited number of works related to the
study of aging in glasses by using computer simulations and
much attention was paid just for the bulk glasses.”’”*-% To
the best of our knowledge, there is no MD simulation work
related to the investigation of aging effects in amorphous
nanoparticles. It motivates us to carry out the study in this
direction, and model (2) obtained by cooling from the melt at
T=0.3 was relaxed at constant temperature and constant vol-
ume (i.e., NVT ensemble simulation) up to 5 X 10° MD steps
(or 6.175 ns if Ar is taken for testing) in order to investigate
the aging effects. Like those observed for the bulk Al,O3
(see Refs. 63-65), the aging time dependence of the total
energy of the amorphous nanoparticle in the present work
also has two different parts (Fig. 19): The first one is related
to the early time window of 0<n<10° (n denotes the num-
ber of MD steps; the model with n=0 is related to the unre-
laxed one), the second one is related to the later time window
of 10°<n<5X10° The total energy in the first part of the
curve is high and rapidly decreases with the aging time, in-
dicating that the initial model, which was obtained by cool-
ing from the melt, is far from the equilibrium state. In con-
trast, the total energy in the second part of the curve is nearly
constant with the aging time, indicating the achievement of
an equilibrium state of the system after aging long enough.
It was found that the static properties of glasses do not
significantly depend on aging.>’%%3-65 Almost the same situ-
ation was found for the aging effects on the static properties
of the amorphous nanoparticles. We found that aging just
slightly changes the RDF and the atomic density profile of
amorphous nanoparticles (Figs. 20 and 21). However, some
remarks can be made here. Aging leads to a slight increase in
the height of peaks in the RDF, especially for the first peak,
indicating the enhancement of structural order in the nano-
particles. Indeed, we found that the mean coordination num-
ber slightly increases from 11.516 to 11.677 after aging an
unrelaxed model for 5X 10° MD steps. The same tendency
was found for the bulk supercooled Al,O;. On one hand,
aging also leads to a slight movement of atoms from the
surface into the core of the amorphous nanoparticle, i.e.,
atomic density decreases in the surface shell, while it in-
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FIG. 20. RDF of an amorphous nanoparticle with the size d
=180 obtained after different aging times at constant 7=0.3.

creases in the core of the nanoparticle (see Fig. 21). On the
other hand, since an amorphous structure of LJG nanopar-
ticles remains unchanged during the relatively long aging of
6.175 ns, one can suggest that amorphous LJG nanoparticles
are practically stable in the sense that no crystallization oc-
curs during relatively long annealing like that found for the
bulk counterpart. Moreover, it was found that confinement
can greatly enhance the stability of amorphous structure of
nanoscaled systems compared to that observed in the bulk.!”

IV. CONCLUSIONS

Simple monatomic amorphous nanoparticles with the LIG
interatomic potential have been obtained by using MD
method. Calculations show that a practically stable glassy
state can be obtained by using the LJG potential. We found
the size effects on static properties and on thermodynamic
quantities of amorphous nanoparticles. It was found that the
glass transition temperature of LJG nanoparticles has a ten-
dency to increase with decreasing nanoparticle size like that
found experimentally for liquid propylene glycol and two of
its oligomers inside the pores of controlled porous glasses.>

Amorphous nanoparticles have two distinct parts: the sur-
face and the core. The structure of the former is size depen-

unrelaxed
1------ 5x10° MD steps

number of atoms per unit of volume

0 T T T T T T
2 4 6 8
R

FIG. 21. Radial atomic density profiles of an amorphous nano-
particle with the size d=180 obtained after different aging times at
constant 7=0.3.
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dent, with typically low atomic density. The surface of amor-
phous nanoparticles contains a large amount of structural
defects, which may have an important role in the structure
and properties of nanoparticles. In contrast, the core of amor-
phous nanoparticles has a more close-packed structure com-
pared to that of the surface and nearly size independent.

We found the existence of icosahedral local order in the
glassy state with LJG interatomic potential like those often
observed in metallic glasses or in those of Dzugutov. We
found that the icosahedral local order in the system is en-
hanced upon cooling from the melt. Moreover, upon cooling
from the melt, atoms have a tendency to move from the
surface into the core of amorphous nanoparticles.

Like those previously observed in glasses, the static prop-
erties of amorphous nanopaticles do not depend significantly
on aging. However, we found that aging leads to the slight

PHYSICAL REVIEW B 77, 125434 (2008)

enhancement of local structural order and also leads to a
slight movement of atoms from the surface into the core of
amorphous nanoparticles.

Since there are only a few works related to the amorphous
nanoparticles, our results give additional understanding of
the important forms of the different polymorphs of nanopar-
ticles.
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