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INTRODUCTION

Self�organization is a fundamental mechanism, by
means of which microstructures are transformed into
the elements of nanomaterials. Atoms, molecules,
macromolecules, as well as colloidal particles are
involved in the process of building elements or blocks
of nanomaterials. It is known that the same chemical
compound may have absolutely different physical
properties depending on how its “building” blocks
were formed. For example, the organization of carbon
atoms in a diamond structure creates the hardest min�
eral on Earth, while a graphite structure is easily sepa�
rated layer by layer (a graphite pencil leaves a trace
without significant effort). The difference of the prop�
erties of these materials is in the manner of the carbon
atom stacking. Structures on the nanometer scale, as a
rule, are created not for obtaining materials with high
hardness, but rather for the optical properties inherent
to them. When obtaining new nanomaterials, it is
important to know how self�organization of their
structure occurs. Usually, self�organization occurs in a
narrow interval of the particle sizes. There are a lim�
ited number of materials, for which monodisperse col�
loidal particles are easily synthesized. Silicon dioxide
belongs to such materials [1]. Materials obtained by
the deposition of gold or silver on silica particles are
rather promising.

Much effort was put into obtaining a new class of
materials by modification of the surface structure of
nanoparticles. In addition to the highly developed sur�
face, such particles have physical and chemical prop�
erties, which differ from those of three�dimensional
phases and individual molecules. They demonstrate
potential applicability in optics, optoelectronics, color
diagnostics, photothermal therapy, catalysis etc. A
strong interaction of light with precious�metal nano�
structures appears at frequencies close to the reso�
nance frequency of the plasmon present in these par�

ticles. The metal nanoparticles give the effect of
enhanced fluorescence. The silver�coated nanoparti�
cles, as well as the silver island films produce higher
(up to 100 times) luminescence in dying materials in
comparison with the situation, when these com�
pounds are on a simple glass substrate.

In a liquid state the SiО2 is vitrescent. Liquids of
such a type are conventionally classified according to
the low�temperature behavior of viscosity η [2, 3]. The
frailty of glass is characterized by the index m, which
reflects the degree of the deviation of the liquid’s vis�
cosity from the Arrhenius behavior in the vitrification
region and can be determined as follows [4]:

(1)

where τ is the relaxation time of the shift stress, Тg is
the temperature of the vitrification transition.

The stronger the dependence of  on Тg/T
deviates from the linear, the higher index m is and the
frailer(short�lived) the glass is. The strong liquids are
characterized by a linear behavior of this function, i.e.,
small values of index m. In this case the Arrhenius
behavior of viscosity is observed, i.e., lnη ~ 1/T. Liq�
uid silicon dioxide is a “strong” liquid. The transition
of this liquid into a “frail” state occurs at a high tem�
perature (~4000 K) and high density [5].

Recently, composite materials built by way of the
introduction of metal nanoclusters into a quartz
matrix have attracted a great deal of attention. These
materials are planned to be used in optical and opto�
electronic devices [6]. Their use in integrated optics
and waveguides is based on their high sensitivity to the
excitation of the surface plasmon of nanosize metal
particles [7]. It has been shown that small silver clus�
ters consisting of only several atoms have intriguing
properties, and their fluorescence is an ideal instru�
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ment for fundamental studies, allowing one to deter�
mine their atomic and electronic structure [8, 9].
Small�size silver clusters in a matrix of annealed
quartz were obtained in [10]. Such clusters were
acidized for several weeks leading to the disappearance
of the plasmon resonance. Such resonance was
observed in optical absorbers, thin SiО2 films with a
high concentration of silver clusters grown from silver
nitrate absorbed by the film [11]. Silver particles
coated by the SiО2 film demonstrate an optical restric�
tion when under the action of a nanosecond pulse with
a wavelength of 532 nm [12]. The SiО2 protects the
particle from laser destruction. Thus, the material
obtained from these particles can create an optical
restriction at high�energy irradiation.

The surface tension γ is considered as an important
factor in the stabilization of the small particles and clus�
ters. However, it is not easy to determine the γ for sys�
tems, which have a curved surface, in atomic scale cal�
culations. Up to now there is no strictly established way
of calculating γ for clusters, particularly, when they are
found in the solid state and have large internal stresses
[13]. Surface tension is one of the factors, controlling
the change of the morphology, determined by the cata�
lytic annealing of nanoparticles [14]. The experimental
surface tension of the solid state is determined by the
contact angle, formed at the boundary with the liquid,
the surface tension of which is known [15]. In this case
the γ for the liquid serves as a reference. For many met�
als in the region of d > 1 nm the dependence γ(d) disap�
pears [16]. The d > 1 nm Ag nanoparticles are charac�
terized by a surface tension, estimated by the values
from the range 1.415 ≤ γ ≤ 6.56 n/m [17–22]. Such scat�
ter in the γ is explained by the effect of the surroundings
(most often the substrate). The effect of the surround�
ings on the γ value can be completely eliminated in the
computer experiment.

The aim of this work is to study the structure for�
mation of silver�coated silica clusters, and to deter�
mine the physical properties of such clusters, includ�

ing the surface tension, depending on the number of
adsorbed silver atoms.

MOLECULAR�DYNAMIC MODEL

To describe the pair part of the interactions in the
SiО2 system, the Coulomb potential and the Morse
potential are used [23]:

(2)

where the interaction between an atom of the i type
and an atom of the j type is determined by the param�

eters qi, qj, Bij, χij,  (table) and distance between them
rij. This potential was cut at a distance of 0.9 nm. The
effects of dipolar polarization were included in addi�
tion to the pair potential. The polarizability α(p) =
3.219 Å, corresponding to the experimental value of
the polarizability of SiО2 molecules, was referred to
the Si nucleus of this structural unit. The Si–O dis�
tance in the structural unit corresponded to the small�
est distance rSi–O = 0.162 nm in the quartz crystal, and
the angle O–Si–O was taken to equal the tetrahedral
angle 109.5°.

The description of the interaction between silver
atoms in the model is based on the use of the Morse
potential [24]. The parameters of this potential are
given in the table. The atom–atom Si–Ag and O–Ag
interactions were given by the Lennard–Jones poten�
tial with the parameters σLJ and εLJ, taken from [25].
The values of these parameters are also given in the
table.

Flexible models of the “molecules” were consid�
ered. The flexibility of “molecules” was provided on
account of the procedure, elaborated within the
Hamilton dynamics of [26, 27]. Let us consider a two�
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atomic molecule. Let а and b atoms in the molecule be
separated by the distance

u = ||ra – rb||, (3)

where ra and rb are vectors, determining the positions
of the atoms. Let us denote the corresponding to
velocities as va and vb, and the reduced mass we write as

(4)

The size of the molecule, presented by the atoms а and
b, is determined by equilibration of the complete

potential force f(u) = ∇Φ(r) by the centrifugal

force – μuω2 so that

–μuω2 – ∇Φ(r)  = 0, (5)

where ω = ||va – vb||/u is the angular velocity. By using
the minimization contribution to the potential energy
U from each of the generalized coordinates, we obtain:

(6)

This method is generalized to the molecules of any
composition [28].

The initial packing of the SiO4 tetrahedra, present�
ing the nanoparticle of (SiО2)50 quartz, was obtained
by means of the GRINSP computer program [29].
The structural SiО2 units were separated in this pack�
ing. The initial velocities of the SiО2 particles were set
in a random manner; they were adjusted to a tempera�
ture of 293 K by dividing the input or output thermal
energy proportionally to the velocity. Then the prelim�
inary molecular�dynamic (MD) calculation for 50
structural SiО2 units united in a cluster was performed.
The duration of this calculation was one million time
steps, with the value of a step being Δt = 10–16 s. During
this period the studied system reached an equilibrium
state as indicated by the establishment of the Maxwell
distribution of velocities of the SiО2 objects. Mean�
while, the structure of the nanoparticles relaxed to the
energy�advantageous packing (U ≈ –0.9 eV/freq).
Then, at the time moment, taken as zero (t = 0), silver
atoms were introduced into the environment of the
(SiО2)50 nanoparticle. Determination of the location
of the Ag atoms was performed by means of the virtual
face�centered cubic (FCC) lattice, penetrating the
(SiО2)50 cluster. The lattice constant was 0.6 nm. The
lattice sites nearest to the silica nanoparticle which were
located at a distance no less than 0.6 nm from each Si or
O atom were determined. These sites were filled with
silver atoms. Three calculations were performed with
different numbers NAg of silver atoms surrounding the
(SiО2)50 nanoparticle: NAg = 10, 30 and 50. In each case
the main calculation was preceded by a preliminary cal�
culation with a duration of 0.5 × 106 Δt, during which
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the necessary structural relaxation of the system took
place. The main calculation for the determination of
the spectral features of the systems, consisting of the
(SiО2)50 cluster in the surrounding of Ag atoms, was
2.5 × 106 Δt.

The fourth�order Gear method [30] was used to
integrate the equations of motion of the mass centers
of the SiО2 structural units and Ag nuclei. The analyt�
ical solution of the equations of motion for the rota�
tion of the structural units was implemented with the
use of the Rodrigues–Hamilton parameters [31], and
the integration scheme of equations of motion in the
presence of rotations corresponded to the approach
proposed by Sonnenschein [32].

The method of calculation of the complex dielec�
tric permeability ε(ω) = ε'(ω) –iε''(ω) is given in [33,
34]. The total number of electrons Nel in the volume
unit of the cluster, interacting with the external elec�
tromagnetic field, is given as [35]:

(7)

where е, m are the charge and mass of the electron,
respectively.

The calculations were performed on a PENTIUM�IV
four�nucleus computer with a processor tact fre�
quency of 2.83 GHz.

CLUSTER SURFACE TENSION

The pressure tensor for a droplet (cluster) in the
spherical coordinates can be presented as

p(r) = pN(r)[erer] + pT(r)[eθeθ + eφeφ], (8)

where er, eθ and eφ are the orthogonal unit vectors, and
pN(r) and pT(r), representing the normal and transverse
components of the pressure tensor, are functions of the
distance r from the center of the cluster masses.

The Irving–Kirkwood pressure tensor was calcu�
lated in the approximation of a spherically symmetri�
cal system by the method described in [36]. At the cal�
culation of the surface tension γ the contributions of n
stressed concentric layers, in which the cluster is split,
are summed. Let us write the normal component pN(r)
as the sum of the kinetic and configuration contribu�
tions:

pN(r) = pK(r) + pU(r), (9)

where pK(r) = kТρ(r), ρ(r) is the density profile. The
configuration term is determined as

pU(r) = S–1 (10)

where 4πr2 is the area of the spherical surface of the
radius r, and the sum over k is the sum of the normal
components fk of all pair forces, acting through the
surface. The values of the force fk are scalar; they are
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positive for repulsion forces and negative for attraction
forces. The scheme of the calculation of their contri�
bution for a unit surface S1 and one pair of atoms is
shown in Fig. 1. The vector of the force of the quantity
f(rij) acts along the radius rij = rj – ri and crosses S1 at
two points А and В. These points are localized on the
ends of vectors rA and rB. Depending on the location of
atoms i and j, there can be one intersection as well. Two
possible calculated normal components are the same
due to symmetry. Let us study one of these points and
denote the vector characterizing it as r. The force vec�
tor is given as

(11)

where  is the unit vector, directed along rij, and cor�
responding to the term fk is determined as

(12)

So that

(13)

Since the end of the vector r rests upon S1 and is
between i and j, it is possible to write

(14)

where ξ is a not yet determined constant from the
interval

–1 ≤ ξ ≤ +1. (15)
For the given (i, j) pairs there can be intersections with
several surfaces depending on the selected distance
between them. Thus, it is necessary to determine the
maximum and minimum distances of the vector rij from
the center of the cluster mass in order to determine, what
surfaces have fk – contributions from the given pair of
atoms. The maximum distance is obviously set as

rmax = max(ri, rj), (16)
where it is possible to find values ξ, ξmin, which charac�
terize the minimum distance rmin by minimizing the
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square of expression Eq. (14) with respect to ξ. The
results of this are:

(17)

and

(18)

For each of the two possible crossings of the different
surfaces, being between the level rmin and rmax, different
ξ values correspond to the given pair(i, j). It is possible to
find two values ξ for the given surface, i.e., ξ+ and ξ–, by
squaring expression Eq. (14) and solving the obtained
quadratic form. The result is:

(19)

and, since for both intersections the scalar product,
appearing in Eq.(13), has the same value (as required
by symmetry),

(20)

If either |ξ+| > 1, or |ξ–| > 1, then there is only one inter�
section. If |ξ+| ≤ 1 and |ξ–| ≤ 1, then there are two inter�
sections.

The time spent on calculations is not independent
of the chosen separating surfaces, since here there is a
cycle over the surfaces (from rmin to rmax) within the
cycle over pairs of particles. Therefore too high a reso�
lution leads to an increase in the calculation time, and
an increase in the distance between surfaces does not
improve the statistics. There is a reasonable compro�
mise related to the use of Δr ~ 0.1σLJ.

The general condition of the mechanical equilib�
rium leads to the expression

(21)

On the basis of the conditions of the mechanical equi�
librium for the force and rotational moment on a
hypothetical narrow cut surface of the droplet, Becker
[37] and Buff [38] obtained the equation

(22)

RESULTS OF THE CALCULATION

Configurations of the Ag50(SiО2)50 cluster, referring
to the time moments of 0 and 250 ps, are shown in
Fig. 2. The SiО2 aggregate had the structure of
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Fig. 1. Geometric representation of the method of calcula�
tion of the contribution to the pressure tensor of a pair of
molecules i and j, between which surface Si is twice cut by
the distance rij.
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α�quartz in the initial state and the adsorbed Ag atoms
were situated in the sites of the imaginary FCC lattice
so that the rO–Ag and rSi–Ag distances did not exceed the
values specified above. It is seen that the interaction
with the Ag atoms did not hamper the formation of the
SiО2“crust”. The “crust” is of the form of connected
islands. In turn, the presence of the SiО2 “crust” did
not affect the formation of a fragment with a spherical
form made from silver atoms. The Ag atoms are in
close contact with the Si and O atoms, filling the gaps
between the SiО2 structural units. The internal part of
the silver cluster, in contact with the “crust”, is disor�
dered. However, the crystalline ordering inherited
from the initial FCC packing of the Ag atoms is traced
to the periphery. The observed structural relaxation
was mainly related to the displacement of more light
and mobile SiО2 structural units.

The radial distributions of the normal pN and tan�
gential pT components of the pressure tensor for
(SiО2)50 and Ag50(SiO2)50 clusters are shown in Fig. 3.

It is seen that up to distances of ~0.88 nm the pN(r) and
pT(r) functions, corresponding to clusters of any type,
have close values. However at larger distances the values
of these functions differ considerably. At r > 0.88 nm the
pN(r) function for the Ag50(SiО2)50 cluster takes only
positive values, and the values of the pT(r) function for
this cluster can be both positive and negative. Such
behavior of the pN(r) and pT(r) functions indicates that
stresses in the internal part of the cluster, initially
formed by the SiО2 structural unit, change little after
the adsorption of silver by the cluster, and the consid�
erable enhancement of the stresses affected only the
cluster surface, i.e., the region where the Ag atoms are
mainly concentrated. The pN(r) and pT(r) profiles for
the clusters with 10 and 30 silver atoms are close to the
corresponding profiles of the Ag50(SiО2)50 cluster.

The method used for the calculation of the surface
tension assumes the presentation of the cluster in the
form of a sphere, separated into concentric layers. The
radius of the sphere (cluster) corresponded to the dis�
tance from the center of the cluster masses to the cen�
ter of the most remote structural unit or nucleus of the
atom. The partition was performed for 24 concentric

layers of the same thickness r ≈  The values
of radius Rs of the tension surface determined by the
condition dγ/dr = 0, are shown in Fig. 4. It is seen that
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radius Rs decreases after the adsorption of the Ag
atoms by the (SiО2)50 cluster. The Rs value became
smaller by 10% in all three cases, i.e., after the adsorp�
tion of 10, 30 and 50 Ag atoms. The Rs value takes the
constant value already at n = 5 in the dependence
Rs(n), where n is the number of concentric layers with
the beginning of the numbering from the center of the
cluster masses. The radius of the tension surface is 4–
5% less than the cluster radius.

The dependences γ(n) for the (SiО2)50 clusters differ
considerably with and without the Ag atoms (Fig. 5).
In the absence of silver atoms, the γ is negative and in
the presence of Ag atoms, the γ values are positive. The
negative γ values indicate the instability of the form of
the aggregate that was completely confirmed in the

calculation process. By the time moment 250 ps the
sphere�like (SiО2)50 cluster took the form of a curved
film, while the clusters with Ag atoms remained
sphere�like. The small difference between the γ values
γ for clusters, containing 10, 30 and 50 Ag atoms,
agrees with the conclusion of [16] that the plateau of
the dimensioned dependence of the γ value for silver
clusters is reached fast. The horizontal lines 5 and 6 in
the figure show the experimental γ values for silver
nanoparticles [19] and Ag�nanowires [39], respec�
tively. On average, the deviation of the calculated γ val�
ues from the experimental value of the surface tension
of silver nanoparticles [19] is no more than 13.4%,
indicating the adequacy of the model we used.

The behavior of the γ value depending on the num�
ber of Ag atoms in the cluster (curve 1) is shown in
Fig. 6. It was enough to have ten adsorbed Ag atoms
for the γ value to become positive (1.55 n/m). At i > 10
the dependence γ(i) is close to linear. An increase in
the number of silver atoms in the cluster from 10 to
30 leads to an increase in the value of the surface ten�
sion by 4.9%. The transition from i = 30 to i = 50 is
accompanied by an increase in the γ value of 4.7%.
The line 2 in the figure shows the experimental γ value
for silver nanoparticles with an average size of 3.9 nm,
placed in the silicate glass, consisting of SiО2 at 71.9%
[40]. The γ values we obtained for Agi(SiО2)50 clusters
(i ≥ 10) agree with the experimental data within 8% of
the average [40]. However, here the difference in the
surrounding of the model and experimental nanopar�
ticles should be taken into consideration. The calcu�
lated γ value for (SiО2)576 nanoparticles at a tempera�
ture of 1500 K is shown by line 3 [41]. The γ value for
silica nanoparticles is 47% below the average γ value
for Agi(SiО2)50 clusters, i ≥ 10.

The silica cluster with 30 Ag atoms turns out to be
the most stable in accordance with the mechanical cri�
terion of stability (1/VβT > 0), where V is the volume,
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and βT is the isothermal cluster compressibility. The
method of the calculation of the βT value is described
in [42]. The isodynamic stability coefficient 1/VβT for
the studied clusters has a maximum value at i = 30
(curve 1, Fig. 7). The values of the 1/VβT coefficient
for the clusters is lower than that for α�quartz (line 2)
[43] and for crystalline silver (line 3) [44]. The depen�
dence of the number of electrons Nel participating in
the interaction with infrared radiation, on the number
i of the Ag atoms in the cluster has a maximum occur�
ring at i = 30 (curve 4, Fig. 7). The value Nel for the
cluster with 30 Ag atoms is 1.6 times higher than that
of the (SiО2)50 cluster.

The self�diffusion coefficient D was determined in
terms of the average square of the displacement of
atoms (structural units) in the limit of the long times

D =  

The calculated values of the D coefficient for the
SiО2 structural units and Ag atoms are given in Fig. 8.
It is seen that the D value for the SiО2 units is notice�
ably higher than the values of the self�diffusion coeffi�
cient of silver atoms. The values of the D coefficient
decrease with an increase in the number of Ag atoms
in the cluster both for SiО2 and Ag. The larger the clus�
ter, the slower its realignment occurs. The D value for
the (SiО2)576 cluster at Т = 2000 K simulated by the
Born–Huggins–Mayer potential [41] is shown by
line 3 in the figure. The D value can be calculated in
the approximation of the activated diffusion D =
D0(ΔE/kT), where ΔЕ is the activation energy for dif�
fusion. Taking into account the temperature change of
the configuration entropy for supercooled SiО2 at
293 K, such a determination gives a much higher value
D (= 8 × 10–10 m2/s) [5] than that observed in this work.
A similar estimate for the supercooled Ag (Т = 293 K)
leads to an even higher D value (= 7 × 10–8 m2/s) [45].

1
6
�� Δr2 t( )〈 〉/t[ ].

t θ→

lim

At the same time, the low D values (within the range
3 × 10–22 to 2 × 10–17 m2/s) for crystalline Ag in the
temperature interval 540 ≤ Т ≤ 770 K were obtained
in the experiment [46]. The D value for silicate glass
in this temperature range is on the order of 10–21–
10–22 m2/s [47].

CONCLUSIONS

The effect of the adsorption of silver atoms on the
physical properties of the silica cluster, including the
surface tension, was studied in this work. The consid�
ered time domain turned out to be quite sufficient for
the observation of the structural realignment and cal�
culation of the thermodynamic and kinetic properties.
Due to the small size of the system, it is difficult to
trace if the AG surface was reconstructed. The
adsorbed silver atoms tend to make the cluster sphere�
like, whereas theSiО2 structural units are elongated in
the inhomogeneous curved film independent of
whether there are Ag atoms in their surroundings. As a
result of the addition of silver atoms to the silica clus�
ter, the normal and tangential components of the pres�
sure tensor considerably change their own values only
in the region of the aggregate surface. Independent of
the presence of Ag atoms, the tension surface is
inserted into the sphere, approximating the cluster,
and it is situated in its direct proximity. The surface
tension of the initial unstable silica cluster is negative
and takes the positive value already after the adsorp�
tion of 10 Ag atoms. The mechanical stability coeffi�
cient 1/VβT of the cluster has the lowest value in the
absence of Ag atoms. The dependence of the 1/VβT
coefficient on the number of Ag atoms in the cluster
correlates with the corresponding dependence of the
number of electrons capable of interaction with the
external electromagnetic field. The SiО2 structural
units are characterized by the higher values of the self�
diffusion coefficient than the Ag atoms adsorbed by
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the cluster in aggregates of the same size. The values of
the D coefficient decrease with the adsorption of new
AG atoms by the cluster.

Thus, the adsorption of silver atoms by the silica
cluster reduces the mobility of its structural elements.
As a rule, it increases the mechanical stability of the
cluster and the number of electrons sensitive to the
external electromagnetic field. The last circumstance
allows the silica cluster with silver coating to effectively
transfer the thermal radiation energy to the surround�
ing medium.
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