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Plasmonic applications, which are determined by the strong interaction between an electromagnetic wave and
free electrons in nanostructures, are among the possible applications of silver nanoparticles. It appears that
the frequency and intensity of the plasmon resonance depend on the polarization charge distribution deter-
mined by the shape and structure of a nanoparticle. Consequently, the control of the structure of nanoclusters
allows varying the wavelengths of light that are scattered or absorbed on them. In this work, the limits of the
thermal stability of the initial amorphous phase in silver clusters with sizes smaller than 2.0 nm with the num-
ber of atoms corresponding to the “magic” numbers of the fcc structure are studied by the molecular dynam-
ics method with the modified TB-SMA tight-binding potential. The results are compared with the data for a
similar set of particles with the initial fcc structure. It is shown that the characters of thermally induced struc-
tural transitions in the studied groups of nanoclusters are drastically different. This property can allow fabri-
cating small silver clusters with the required internal structure.
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1. INTRODUCTION

Silver is actively used in microelectronics primarily
because of its high electric and thermal conductivities.
However, nanoparticles of many even well-known
metals can have surprising properties. In particular,
recent experiments showed that small metal nanoclus-
ters can behave as semiconductors because of the
appearance of a band gap on the Fermi level [1]. It was
found that the width of such band gap increases with a
decrease in the size of the cluster and can exceed 2–
3 eV in very small nanoparticles. For this reason, we
focus on the analysis of some features of the behavior
of silver nanoclusters in this most interesting size
range.

Their studies are developed primarily in the direc-
tion of forecasting of various physicochemical proper-
ties and development of new synthesis methods and
possible technological applications [2–4]. We
describe the latter item in more detail and mention
that the existing main applications of Ag nanoparticles
expand from plasmonics, photoelectric devices, opti-
cal antennas, nanoscanning probes to various medical
applications [5, 6], biosensors [7], etc. In optics, Ag
clusters are the most popular candidates for the
fabrication of two-dimensional quantum dots because
such small clusters of atoms have interesting spectro-
scopic properties different from the properties of bulk
analogs [8].

The extraordinary optical properties of Ag nano-
clusters are determined primarily by quantum effects
in them, which are most pronounced at sizes below
2.0 nm [9]. In this case, silver nanoclusters have
molecular-like rather than bulk properties because
their sizes are comparable with the wavelengths of
Fermi electrons (~0.5 nm for Ag); as a result, small Ag
clusters have discrete electron energy levels leading to,
e.g., strong f luorescence [1].

Further studies showed that such quantum effects
are strongly determined by sizes of nanoclusters, their
shape, internal structure, and location and density of
nanoparticles on a substrate. For example, large Ag
nanoclusters can be used to apply absorption and scat-
tering of light, whereas small silver nanoclusters are
responsible for nonlinear optical properties. In partic-
ular, bulk silver is usually nonluminescent because of
the metallic bond between atoms, single Ag atoms
demonstrate only a narrow weak radiation band in the
ultraviolet–blue spectral range, and Ag nanoclusters
emit a broad luminescence band covering the entire
visible spectral range [10, 11].

The processes of interaction between a metal and a
light wave (plasmon effects) allow new engineering
applications of silver because of the strong interaction
between incident light and free electrons in nano-
structures. Metal nanoparticles smaller than the wave-
lengths of visible light can strongly absorb light owing
to surface plasmon resonance, which is caused by the
collective oscillation of conduction electrons under
638
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the action of the light wave. It is currently clear that the
size, shape, and structure of nanoparticles determine
their optical properties, including resonant frequen-
cies. In particular, the authors of [12] showed a typical
correlation between the peak wavelength at surface
plasmon resonance of silver nanoclusters and their
size. For example, Ag nanoclusters demonstrate the
surface plasmon resonance peak at 380 nm (diameter
of the cluster is  nm); at the diameters of the
clusters D = 3.0 and 4.8 nm, the surface plasmon res-
onance peak is observed at 390 and 396 nm, respec-
tively [12].

The symmetry of particles can also affect the mag-
nitude of scattering and absorption a light wave. With-
out the formation of a strong dipole, scattering and
absorption of light by nanoparticles will be insignifi-
cant. The strong dipole can be easily formed for highly
symmetric objects such as spheres, cubes, and octahe-
dra. In particular, the separation of the charge at verti-
ces of the cube induces the dipole because vertices are
located on opposite sides of the symmetry line. By
analogy, the separation of the charge for spheres
occurs in a completely isotropic medium. However,
nanostructures that do not have such a symmetry, e.g.,
triangular plates, cannot form a strong dipole and they
absorb light only slightly. It was found in the experi-
mental work [13] that the plasmon resonance can be
observed in the wavelength range from 300 to
1200 nm, depending on the structure of silver nano-
structures. The main resonance peak for the spherical
nanoparticle, cubic nanoparticle, decahedron of
localized surface plasmon, and octahedron was in the
ranges of 320–450, 400–480, 350–450, and 400–
500 nm, respectively.

Consequently, the variation of the size, shape, and
internal structure of the metal nanostructure allows
controlling light with a very high accuracy. Conse-
quently, it is not surprising that successes in the assem-
bly of metal nanostructures open new capabilities for
more accurate control of processes of interaction of
metal nanoparticles with the light wave [13] and the
determination of morphology of single silver nanopar-
ticles is of great interest in this application. In our pre-
vious works [14, 15], we already analyzed the thermal
stability of silver nanoclusters with the diameter
smaller than 2.0 nm and with the initial fcc structure.
It was shown that such form of clusters is thermally
stable for nanoparticles containing more than
200 atoms. However, scenarios of the thermal evolu-
tion of the internal structure of smaller silver nano-
clusters are much more complex. This work is also
devoted to the analysis of the thermal stability of the
structure of silver nanoclusters with the diameter
smaller than 2.0 nm, but with the initial amorphous
structure, which allows revealing the effect of the ini-
tial morphology of Ag nanoparticles on the character
of structural transitions.
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2. COMPUTER MODEL
In this work, we analyze the possible rearrange-

ments of configurations of atoms in small silver clus-
ters (  nm) under thermal action. In addition to
reasons indicated above, such small particles are cho-
sen because the so-called “magic” numbers of differ-
ent nature are of great importance in the stability of
the structure of such particles [9, 16, 17]. Unfortu-
nately, existing experimental methods cannot provide
an adequate diffusion picture of displacements of
atoms inside such small clusters; at best, only the
image of the final stage of the evolution of chemically
or physically synthesized nanoparticles will be avail-
able. However, electron microscopy data on the shape
and internal structure of small metal clusters cannot
be considered fully adequate.

In particular, the high-resolution electron micros-
copy study [18] of Cu3Au particles (  nm)
showed that the electron microscope beam signifi-
cantly changed the morphology of nanoparticles. At
the first stage, nanoparticles of Cu3Au alloy did not
have a clear shape, which varied from spherical to
elliptical. After irradiation of particles by the electron
beam for 2 min, their shape began to change and a new
shape of particles was formed approximately after
15 min. Thus, irradiated particles are transformed to
liquid drops, which were then crystallized. The shape
and structure (fcc) of particles crystallized from the
melt did not further change even if particles were again
irradiated. It is obvious that the internal structure and
shape of smaller metal nanoparticles exposed to the
electron beam will change drastically; for this reason,
we believe that computer simulation is more appropri-
ate for the detailed study of processes of diffusion dis-
placement of silver atoms under the thermal action.

The most convenient method for this study can be
the molecular dynamics approach based on the calcu-
lation of classical (Newtonian) trajectories of an
object in the phase space of coordinates and momenta
of its atoms. This method makes it possible to quite
accurately determine the structural and thermody-
namic properties of clusters, as well as to trace the
dynamics of atoms of nanoparticles under the varia-
tion of external parameters such as the temperature
and pressure.

The correct choice of the interatomic interaction is
also important for the successful simulation of real
systems. Practice shows that the embedded atom
method (EAM) potential cannot be applied to the
simulation of small metal nanoparticles because of the
basic features of the construction of such interaction.
This method can give adequate results for sufficiently
large particles, but simulation based on this method
provides physically incorrect results for the small
nanoclusters studied in this work. In particular, the
melting temperatures of small nanoparticles deter-
mined with the EAM potential no longer depend on
the size of the cluster; i.e., the binding energies of
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atoms are almost the same despite different numbers
of coordination spheres in clusters with different sizes
[19].

In this case, it can be more adequate to use the
modified TB-SMA tight-binding potential [20] based
on the assumption that numerous properties of transi-
tion metals can be completely determined from the
density of states of outer d electrons. In our opinion,
this method, where the ion–ion interaction is
described taking into account the band character of
bonds and the short-range repulsion pair potential,
can quite correctly describe some features of small
metal nanosystems. For this reason, the simulation of
silver nanoparticles is performed in this work using
this interatomic potential.

The computer analysis of all processes occurring in
Ag clusters was performed in the canonical NVT
ensemble. The temperature was determined in terms
of the average kinetic energy of atoms, which was cal-
culated using the Verlet velocity algorithm with the
time step h = 1 fs. Structural transitions were identi-
fied using imaging, as well as the radial distribution
function and the temperature dependence of the
potential energy.

The initial structure in the computer experiment
was taken in the form of spherical silver clusters with
sizes smaller than 2.0 nm. The initial amorphous
structure of nanoclusters was obtained by sampling
particles cut from the ideal fcc lattice, which were then
heated until the complete destruction of the long-
range order in them. Further, to fix the amorphous
structure, clusters were “instantaneously” cooled to a
temperature of 20 K. The sizes of nanoclusters were
chosen such that the number of atoms in them corre-
sponds to magic numbers of the fcc structure. Then, to
estimate the thermal stability of the amorphous struc-
ture of small Ag clusters, simulated systems were
smoothly heated from 20 to 1000 K using a Nosé ther-
mostat. The upper limit of 1000 K is sufficient to melt
simulated particles because the melting temperature
for small Ag clusters is significantly lower than that for
bulk silver (Tm = 1235.1 K). To determine the most
stable cluster structure, we studied an ensemble of
nanoparticles with the same size. In the process of
heating, the temperature was changed stepwise gener-
ally with a step of 20 K and with a step of 5 K in the
region of structural transitions; clusters were aged for
1.0 ns at each fixed temperature. The simulation was
performed with the MDNTP software developed by
Dr. Ralf Meyer (University of Duisburg, Germany).

3. RESULTS AND DISCUSSION

It is well known that silver atoms have a high oxida-
tion ability [1]; for this reason, various stabilizers
should be used to keep the chemical purity of Ag nano-
clusters. However, these methods are too complex to
be applied in industry [15, 21]. Another approach to
this problem can be the synthesis of very pure particles
with an ideal crystal structure. Only surface atoms in
such single-crystal nanoparticles can be involved in
chemical reactions because of a decrease in their coor-
dination number. It is also noteworthy that the pres-
ence of defects of the crystal lattice and phase inter-
faces in a particle results in additional scattering of
conductivity electrons, which leads to large optical
losses reducing the plasmon efficiency. Thus, the ideal
crystal structure is important for the long-term exis-
tence of the plasmon resonance.

This assumption has direct experimental evidence.
In particular, using the method of deposition of a clus-
ter beam based on magnetron sputtering, the authors
of [21] obtained Ag single-crystal nanoparticles with
D = (12.5 ± 1.1) nm and D = (24.0 ± 2.0) nm and an
fcc single-crystal structure. They believed that just the
single-crystal nature of Ag nanoparticles was a reason
for the long-term stability of localized surface plasmon
resonances. Silver nanoparticles synthesized in [21]
demonstrated a high stability of the intensity of the
plasmon resonance band, which decreased only by
20% after 30-day aging at room temperature in the
environment.

We believe that an additional possibility of increas-
ing the plasmon efficiency can be the use of silver
nanoparticles with a size equal to magic numbers of
various crystal structures as localized surface plasmon
resonance structures. The experimental analysis of the
size distribution of synthesized particles shows that
clusters with a certain number of atoms corresponding
to magic numbers are much more stable than clusters
with different numbers. The degree of defectiveness of
the surface of such magic clusters is minimal, whereas
this degree in other clusters can be very high. Thus, the
determination of boundaries of the thermal and size
stabilities of the initial structure of nanoparticles
seems very important for the use of silver nanoclusters
in plasmonic applications.

Since bulk silver has the standard fcc structure, we
analyze the simulation results for silver clusters whose
sizes are equal to magic numbers for this arrangement
of atoms in the crystal lattice (N = 79, 135, and 201).
First, we present the main data on the thermal stability
of such clusters under the assumption of their initial
fcc structure [14, 15]. At first glance, the fcc structure
of clusters with a magic number of constituents should
be completely stable, but the situation appears not so
certain. Indeed, processes in clusters Ag79 and Ag201
proceeded according to the above hypothesis. Thus,
the consideration of the geometric arrangement of
atoms in an ensemble of clusters Ag79 and Ag201
revealed that their initial fcc structure held up to the
melting temperature and was gradually destroyed
beginning with the surface; i.e., the initial fcc phase of
clusters with such a size was thermally stable, which is
confirmed, in particular, in [17]. We detected no ther-
mally induced structural transitions in nanoparticles
JETP LETTERS  Vol. 113  No. 10  2021
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Fig. 1. (Color online) Temperature dependence of the
potential energy of the Ag cluster (N = 79 atoms). The
most probable variant of thermal evolution is shown.

p

with these sizes. Such a behavior of Ag clusters was
expected and predicted, but this behavior was signifi-
cantly violated in Ag135 clusters (  nm), where
the fcc → Ih transition to the icosahedral structure was
revealed by the computer analysis. All molecular
dynamics simulation experiments demonstrated the
transition of the fcc structure of silver particles con-
sisting of 135 atoms to the Ih structure. The resulting
icosahedral phase further held up to the melting tem-
perature of the cluster.

Since a similar effect was observed in our previous
work [22] for 135-atom Ni and Cu clusters, we gener-
ally concluded that this number of atoms in a
nanoparticle ensures the most favorable energy condi-
tions for the formation of the Ih structure. Conse-
quently, the thermally induced structure of the
135-atom silver nanocluster was determined not only
by the magic fcc number but also by other factors, e.g.,
electronic magic numbers [23]. The authors [24] also
concluded that structural and electronic effects can
simultaneously affect the stability of clusters. In our
opinion, the closeness of the icosahedral magic num-
ber N = 147 and to the electronic magic number
N = 138 could be responsible for the transition from
one structure to the other in the cluster Ag135.

However, the properties revealed for silver nano-
clusters with the same sizes N = 79, 135, and 201 atoms
but with the initial amorphous structure indicate that
the thermal stability of the amorphous phase for these
particles is determined mostly by some other factors
rather than by the correspondence to the magic num-
bers of the fcc structure. In particular, the analysis of
the results of our molecular dynamics simulation
shows that amorphous nanoparticles Ag79 in most
cases (  70%) completely hold the initial structure
only in the initial heating stage (up to about 200–
250 K). However, a weak rearrangement of the inter-
nal structure of clusters Ag79 begins already at room
temperature and is enhanced at temperatures of about
400–450 K. All these properties are clearly confirmed
by a stepwise drop of the potential energy of the cluster
as a function of the temperature (Fig. 1). Although the
depth of the appearing local energy minimum is very
small, no more than 0.2–0.3% of the potential energy
of the entire cluster at a given temperature, it is suffi-
cient to form a pronounced nucleus of a five-particle
structure, which holds up to the transition to the liquid
state. It is clear that the region of such transition could
be determined only conditionally, primarily from
“instantaneous images” because the initial arrange-
ment of atoms in the cluster corresponds to the amor-
phous phase and the structure is weakly rearranged in
the process of heating. Nevertheless, an almost com-
plete conservation of the initial amorphous structure
in the process of heating can be considered as the basic
variant of the thermal evolution of these Ag79
nanoparticles.

= .1 59D
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The simulation result can be explained as follows.
The amorphous structure is not a close-packed struc-
ture and is characterized by a low average coordina-
tion; as a result, atoms in this structure can move sig-
nificantly to form their most energetically favorable
configuration. In the case of such small clusters, this
configuration is characterized primarily by the mini-
mum surface energy. Meanwhile, the fcc cluster does
not have such surface energy value because of the fea-
tures of its structure (presence of planar faces). There-
fore, an amorphous structure can become more ener-
getically favorable than the fcc structure.

We comparatively analyze the potential energies of
Ag79 clusters with different initial structures because
the potential energy can give a large amount of infor-
mation on the features of the interatomic interaction.
The cluster with the fcc structure at the temperature
T = 50 K is expectedly more stable, having the energy
Ep = –15.17 Ry, whereas the same cluster but with the
initial amorphous structure had the energy Ep =
‒15.06 Ry (ΔEp ≈ 0.11 Ry ≈ 0.019 eV/atom). This sit-
uation held until the structural rearrangement in the
amorphous cluster. In particular, the cluster with the
initial fcc structure at T = 200 K still ensured a similar
energy gain (Ep = –15.06 Ry versus Ep = –14.95 Ry for
amorphous Ag79), but the energy difference at room
temperature decreased sharply by almost a factor of 2
(ΔEp ≈ 0.06 Ry or ≈ 0.01 eV/atom). In our opinion, the
reason is obvious: atoms in the cluster with the fcc
structure and the size corresponding to the geometric
magic number are quite rigidly fixed in the existing
crystal lattice and hardly can undergo diffusion
motion within the cluster to change its internal struc-
ture. At the same time, such restrictions are absent in
the cluster with the initial amorphous structure, and as
soon as the thermal energy kT becomes sufficient, the



642 RYZHKOVA et al.
optimization of configuration of atoms begins in order
to transfer the Ag79 cluster to a more energetically
favorable state with the formation of an icosahedral
nucleus. This transition occurs in two stages: the
preliminary stage in the temperature range of T =
250−350 K and the final stage in the temperature
range of T = 350−450 K; as a result, the cluster with
the initial amorphous structure at T = 500 K becomes
even energetically slightly more stable (Ep =
−14.78 Ry) than the “classical” fcc cluster (Ep =
−14.8 Ry). This conclusion can certainly be valid only
under several important conditions of the initial amor-
phous structure and a small size of the cluster, which
was confirmed in our previous works [14, 15].

The transition from the amorphous structure to the
fairly well formed decahedral structure was observed
in the other 30% of experiments. However, the rear-
rangement of the cluster structure occurred differ-
ently. The analysis of the energies of amorphous Ag79
clusters of the first and second types indicates that the
transition to the five-particle structure nucleus in the
second variant of thermal evolution occurred already
at the stage of initial relaxation of the cluster. In par-
ticular, this cluster at T = 50 K has the energy Ep =
‒15.21 Ry; the same clusters but with the initial amor-
phous and fcc structures have the energies Ep =
‒15.06 and –15.17 Ry, respectively. Further, the deca-
hedral structure is completely formed at temperatures
of about 450–500 K and holds up to the melting tem-
perature of the cluster. In particular, the analysis of the
thermal stability of the initial amorphous structure of
Ag79 clusters indicates that the magic number of the
fcc structure cannot affect this process. The initial
ideal fcc structure of the Ag79 cluster is thermally stable
up to the melting temperature [14, 15], whereas the
initial amorphous structure is stable in most of the
performed model experiments.

As mentioned above, bulk silver has a cubic lattice,
but the competition between the bulk and surface
energies in the nanometer range can result in the for-
mation of several different isomers because the ener-
gies of different structures are very close to each other.
In particular, the molecular dynamics simulation with
the Gupta potential performed in [25] for 38-atom
gold clusters close to silver clusters in structure forma-
tion gives the energies of –3.4405, –3.44, and
3.431 eV/atom for the clusters in the amorphous, fcc,
and icosahedral ground states, respectively. These
small differences between the energies of all three iso-
mers hold up to room temperature. The thermal
energy at T > 250 K is already sufficient to overcome
the potential barrier between different structures; as a
result, all three structures are randomly observed. The
main reason for this behavior can be that almost all
atoms in such nanoparticles are located on the surface
and an infinitesimal change in their positions caused
by thermal diffusion can be sufficient to sponta-
neously form another structural modification.
In [26], the authors of [25] performed a similar
molecular dynamics simulation with the Gupta poten-
tial for larger gold clusters. In particular, the difference
in binding energy between the amorphous and Ih
structures with N = 55 is 9.4 meV/atom, and the five-
particle Dh structure with  is more stable than
the amorphous structure by only 5.7 meV/atom. To
test the result, the authors of [26] carried out an addi-
tional ab initio study of the relative stability of gold
clusters with the crystal and amorphous structures. It
was found that the difference in binding energy per
atom between the most stable amorphous structure
and crystal structures with the above sizes is less than
0.01 eV/atom.

Further, we analyze features of the behavior of the
Ag135 cluster. As mentioned above, in this case, the
transition of the initial fcc structure to the icosahedral
structure under smooth heating necessarily occurs at a
temperature of about 400 K. We consider the thermal
evolution of the structure of such nanoparticle with
the initial amorphous arrangement of atoms. Unlike
the classical fcc case, the rearrangement of this cluster
structure can occur through three scenarios. At the
first stage, we analyze the most probable scenario
implemented in about 70% of the model cases (Fig. 2).
First, we note that the Ag135 cluster with the fcc struc-
ture at T = 50 K had the typical potential energy Ep =
–26.32 Ry, whereas the same cluster with the initial
amorphous structure expectedly had the higher
average energy Ep = –26.21 Ry (ΔEp ≈ 0.11 Ry or
≈0.011 eV/atom). However, these energies at room
temperature became almost equal to each other owing
to the small rearrangement of the amorphous phase at
T = 250 K. The second structural transition occurred
also at the temperature T = 400 K and led to the for-
mation of the almost ideal icosahedron. The more
energetically stable structure with the energy Ep =
‒25.88 Ry was formed at T = 500 K, whereas the
energy in the classical fcc case was –25.8 Ry. Corre-
spondingly, the melting temperature of the Ag135 clus-
ter with the initial amorphous state is higher. Conse-
quently, the evolution of the internal structure of the
Ag135 cluster beginning with a temperature of about
400 K is almost the same for any initial structure of the
cluster. Possible reasons for the fcc → Ih transition in
the silver cluster with this size were considered in
detail in our previous works [14, 15].

However, we revealed two other possible scenarios
of the rearrangement of the internal structure of the
Ag135 cluster. A situation similar to the above case of
the Ag79 cluster was observed in 20% of model experi-
ments. Thus, an icosahedral (decahedral) structure
nucleus was formed owing to stochastic diffusion pro-
cesses already at the initial stage of thermal relaxation,
which led to the reduction of the potential energy to
the value Ep = –26.25 Ry (T = 50 K), meaning an
energy gain of about 0.004 eV/atom. The energies of
the Ag135 clusters evolving through the first and second

= 75N
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Fig. 2. (Color online) Temperature dependence of the
potential energy of the Ag cluster (N = 135 atoms). The
most probable variant of thermal evolution is shown.

p

Fig. 3. (Color online) Temperature dependence of the
potential energy of the Ag cluster (N = 201 atoms). The
most probable variant of thermal evolution is shown.

p

scenarios become equal to each other at room tem-
perature owing to the formation of approximately
identical icosahedral structures. However, at higher
temperatures about T = 500 K, the second scenario
results in the formation of a lower quality icosahedron
with the energy Ep = –25.8 Ry (cf. Ep = –25.88 Ry in
the first scenario of thermal evolution), which almost
coincides with the energy of the classical fcc Ag135
cluster at the same temperature; correspondingly, the
melting temperatures are also close to each other.

The rarest scenario (≈10%) of thermal evolution of
the Ag135 cluster involved two successive structural
transitions: amorphous → Dh → Ih. We analyze the
energy characteristic of the internal rearrangement in
these clusters. The potential energy at T = 50 K was on
average higher, Ep = –26.2 Ry, than that in the above
scenarios. Further, the energies of clusters evolving
through the first and second scenarios usually became
equal to each other at T = 300 K, but this was not the
case in the third scenario, where an energy difference
of 0.1 Ry still remained. The real structural transition
was observed only at T = 400 K, but it led only to a
weak local minimum owing to the formation of a low-
quality decahedral structure with the energy Ep =
‒25.82 Ry. The Dh → Ih transition begins at T =
550 K, which leads to a further decrease in the energy
to the value Ep = –25.84 Ry comparable with that in
the most probable first scenario. However, the most
significant difference from the other 90% of model
experiments is a smooth temperature dependence of
the potential energy in the range up to 700–750 K,
which is comparable with the typical behavior of the
Ag79 cluster (Fig. 1).

Consequently, the analysis of the thermal stability
of the initial amorphous structure Ag135 clusters indi-
cates that the magic number of the fcc structure also
JETP LETTERS  Vol. 113  No. 10  2021
does not affect this process. The transition of the ini-
tial ideal fcc structure of the Ag135 cluster to the Ih
structure [14, 15] was observed at temperatures of
about 400 K; in the considered initial amorphous
structure, this transition was observed in all performed
model experiments but with some variations.

The last of the considered magic fcc silver clusters
contained 201 atoms. As determined above, the initial
ideal fcc structure held up to the melting temperature,
gradually decaying beginning with the surface, which
indicated its thermal stability. In turn, the behavior of
Ag201 nanoclusters with the initial amorphous arrange-
ment of atoms changed significantly compared to this
case. The transition to the icosahedral structure
becomes favorable (in approximately 80% of the
experiments) at temperatures T ≈ 350–400 K (Fig. 3).
Such amorphous → Ih transition gives an energy gain
of about 0.3 Ry (0.02 eV/atom), which makes the ico-
sahedral structure of Ag201 nanoclusters very stable.

We now analyze the thermal stability of the struc-
ture of Ag201 clusters with different initial arrange-
ments of atoms in terms of the potential (binding)
energy. The energy of the fcc structure at the lowest
considered temperature T = 50 K is Ep = –39.98 Ry,
which is noticeably lower than the energy of the cluster
with the amorphous structure Ep = –39.45 Ry; i.e.,
the energy gain is very large, 0.037 eV/atom. This ten-
dency holds at room temperature, at which the differ-
ence between the corresponding binding energies is
0.034 eV/atom. It is clear that the Ag201 cluster with the
initial amorphous structure is much less energetically
favorable than the Ag201 cluster with the initial fcc
structure. Consequently, the former silver cluster can-
not be thermodynamically stable and the amorphous
structure is transformed at T ≈ 350–400 K to the ico-
sahedral structure, though it is incompletely ideal.
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Now, the energy difference between two types of
nanoparticles almost vanishes and the potential
energy of the initially amorphous cluster at T = 400 K
is Ep = –39.2 Ry, which is comparable with the energy
Ep = –39.3 Ry of the cluster with the fcc structure.
With the further increase in the temperature, this dif-
ference in potential energy approximately holds until
the beginning of melting.

However, another branch of the thermal evolution
of Ag201 clusters with the initial amorphous structure
was observed in 20% of our computer experiments.
Thermal evolution began at a temperature T = 50 K
with the same potential energy Ep = –39.45 Ry. Then,
up to temperatures T ≈ 300–350 K, no significant dif-
ferences in energy and structure were detected. How-
ever, the structural transition in this case began at
T ≈ 300–350 K rather than at T ≈ 350–400 K, as in
the basic scenario for the Ag201 cluster. This transition
gave only half the energy gain, about 0.15 Ry
(0.01 eV/atom). The structural rearrangement resulted
in a decahedron, but the energies of the Ag201 clusters
with the icosahedral and decahedral structures at
T = 500 K became the same, about –38.9 Ry. Thus,
structural magic numbers of the fcc structure also
could not promote the formation of this configuration
in this case.

4. CONCLUSIONS
Silver nanoclusters are widely used in various engi-

neering, medical, and plasmonic applications. Inves-
tigations reveal that their physicochemical properties
are determined mostly by their sizes, shape, and inter-
nal structure. Crystal structures corresponding to the
so-called structural magic numbers should be the
most stable. Meanwhile, the mechanisms of the for-
mation and stability of these structures are still
unknown.

The continuous density of states in the conduction
band of a bulk metal particle changes qualitatively to a
set of discrete levels when the size of the particle
decreases to several hundred or several tens of atoms;
the intervals between these levels can be larger than the
thermal energy kBT, which results in the formation of
a band gap. Clusters with different sizes and different
internal structures have different electronic structures
and, correspondingly, different distances between lev-
els; this property can be used to design nanomaterials
and to fabricate various technical devices. In particu-
lar, light-induced transitions between energy levels
determine the color of a material, which is widely used
in plasmonic applications. The capability of a cluster
to react with other materials also depends on the size
and structure of the cluster.

In this work, the thermal stability of small silver
nanoclusters with diameters smaller than 2.0 nm and
the number of atoms corresponding to some magic
numbers of the fcc structure have been studied by
molecular dynamics simulation in the case of the ini-
tial amorphous structure. The results have been com-
pared to previous data for a similar set of particles with
the initial fcc structure. It has been shown that the
character of thermally induced structural transitions
in the studied nanoclusters is drastically different from
that in the previously observed transitions: fcc and hcp
structures are absent against the prevailing Ih struc-
tures. Consequently, the use of different initial struc-
tures of small silver nanoclusters (  atoms)
allows one to form clusters with a required internal
structure through thermal evolution, which can be
unachievable through usual chemical or physical syn-
thesis. This circumstance can be used in plasmonic
applications, for which it is necessary to study in detail
the thermal stability of the cluster structure with
allowance for effect of various magic numbers.
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