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1. INTRODUCTION

According to current views, a transition layer exists
between coexisting gas and liquid. The basis for
describing this layer was laid by Gibbs [1] and van der
Waals [2]. Gibbs obtained thermodynamic relations
between various macroscopic values characterizing the
transition layer as a whole but did not consider its
microscopic structure. The van der Waals theory
assumed that the properties of one phase smoothly
transformed into the properties of the other within a
transition layer whose thickness noticeably exceeded
the intermolecular distance; in this theory, the surface
thermodynamic parameters were expressed in terms of
the parameters that characterized this transition.

Modern approaches to describing the surface are
based on the statistical mechanics apparatus [3]. The
density functional method [4–6] is used most exten-
sively. It is assumed in this method that the density is a
continuous function of the coordinate normal to the
interphase boundary. The characteristic transition layer
thickness is usually of the order of four–five intermo-
lecular distances. The modified van der Waals theory
[7] and the mean field approximation within the frame-
work of this theory [8] are also used.

Considerable advances in the description of the
equilibrium properties of surfaces have been made by
applying the density functional method and other
approximations based on the assumption of a smooth
transformation of one phase into the other. These
approaches are, however, inapplicable to surface kinet-
ics, for instance, to the description of undamped density
correlations [9] and high self-diffusion coefficient val-
ues [10] observed in numerical experiments. These
phenomena can be qualitatively explained following
Frenkel [11], that is, by treating the transition layer as a
set of elementary thermal excitations of the capillary
wave type. Smooth coordinate dependences of values

within the layer are then obtained by time averaging
instantaneous values at a given point. This approach
was further developed in [12–14]. It, however, uses
macroscopic values (such as surface tension and den-
sity) to describe waves of microscopic lengths. The cor-
responding results are therefore purely qualitative in
character and cannot be used in model verification.

To summarize, the problem of the microscopic
structure of the transition layer remains unsolved. A
wealth of data have been obtained by numerically sim-
ulating the interphase surface by the molecular dynam-
ics [9, 15–17] and Monte Carlo [18, 19] methods. How-
ever, numerical experiments are as a rule performed to
study time-averaged values. Studies of instantaneous
configurations of systems comprising large numbers of
particles are impeded by their complexity. The conclu-
sion can only be drawn that the surface of a liquid is
exceedingly uneven and strong surface fluctuations are
noticeable.

In this work, we suggest a method for studying the
microstructure of the interphase surface in numerical
experiments. The method is based on determining num-
ber-of-bonds (number of nearest neighbors) distribu-
tion functions of particles constituting the system. The
number of nearest neighbors is one of the fundamental
values characterizing the state and structure of con-
densed substances. This number is sensitive to state and
structural changes and, at the same time, is easy to
determine in numerical experiments. The object of our
molecular dynamics study was variously sized argon-
like clusters present in supersaturated vapor at temper-
atures above the triple point of the corresponding sub-
stance. As distinguished from the plane condensed
phase layer traditionally used in molecular dynamics
calculations [9, 15–17], clusters are characterized by
easily variable ratios between the numbers of particles
on the surface and in the bulk, which makes them con-
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venient objects of study. In addition, with clusters, we
have no bottom wall, which, in traditional experiments,
determines the interphase boundary profile and can
influence the results of measurements.

Number-of-bonds distributions of particles in large
clusters comprising no less than several hundred parti-
cles have a well-defined bimodal character and can be
represented by the sum of two Gaussian exponential
functions. The ratio between the modes is a cluster size
function. The bimodal character of the distribution is
evidence of the presence of two groups of particles or
“phases” with sharply different properties. The parti-
cles that lie above the others and form a monolayer
(surface particles) form fewer bonds than the other
(internal) particles, which form the same number of
bonds as particles in the continuous liquid. The num-
ber-of-bonds distributions of the surface and internal
particles were found to exactly reproduce the modes
observed for the cluster as a whole. This means that, at
every time moment, there exists a very sharp boundary
separating homogeneous gas from homogeneous liq-
uid. The position of this boundary changes as time
passes.

According to [20], small clusters containing less
than ten particles predominantly occur in the state with
the number of bonds equal to two; that is, the particles
form virtual chains. Similar structures are also
observed near the surface of large clusters; they play an
important role in vaporization of clusters. It has been
found that the most probable mechanism of vaporiza-
tion from the surface of a liquid is the separation of par-
ticles from surface virtual chains.

The dependence of the number of bonds in a cluster
on its size is interpreted using the two-phase cluster
model comprising a nucleus of internal and a layer of
surface particles. The limiting cases of small and large
clusters can be related by a linear interpolation, which
satisfactorily describes the size dependence observed in
numerical experiments.

In Section 2, we describe the procedure for numeri-
cal simulation and the obtained number-of-bonds dis-
tribution functions. The two-phase cluster model is for-
mulated in Section 3, and Section 4 contains a discus-
sion of the results.

2. NUMBER-OF-BONDS DISTRIBUTION 
FUNCTIONS (NUMERICAL EXPERIMENT)

As mentioned in Introduction, variously sized clus-
ters can conveniently be considered to study number-
of-bonds distribution functions. We then reveal the
dependence of the values of interest on the size of clus-
ters, and the vapor–liquid interphase boundary is the
limit of an infinitely large cluster. We used the method
of molecular dynamics in a (P, T) ensemble. The
numerical experiment procedure was described in
detail in [21, 22]; it was as follows. The system to be
simulated, which is a cluster placed into a vapor with

fixed mean concentration and kinetic energy values, is
contained in a spherical cell. The system is open, and
particles that reach the cell boundary from the inside
are removed, whereas vapor particles directed inside
the cell and having a Maxwell velocity distribution are
generated. A cluster is initialized in the center of the
cell, and the values under study are recorded during its
evolution. As distinguished from traditionally used
microcanonical ensembles (e.g., see [23]), the (P, T)
ensemble can conveniently be used to trace the whole
spectrum of cluster sizes during a simulation experi-
ment, from large clusters to very small ones. In addi-
tion, such a simulation corresponds with real experi-
ment conditions.

It is assumed that the interaction of particles in the
system is determined by the pair additive short-range
potential function

(1)

where the cutoff radius rc = 2.5a and 

 

� and a are the
depth of the potential and the length scale, respectively.
Potential function (1) with the cutoff radius specified
above is often used to study argon-like systems. To
decrease the effect of cluster temperature fluctuations,
we used the modified Berendsen thermostat method
described in [21, 22]. The temperature of the system
was assumed to equal 0.75

 

�/kB, where kB is the Boltz-
mann constant, the radius of the cell was set equal to
R = 16a, and vapor concentration nv was varied in the
range (0.008–0.016)a–3. The critical cluster size was
larger than or of the order of 103. The initial cluster size
equaled 2500; during the evolution, the cluster com-
pletely vaporized.

The determination of the number-of-bonds distribu-
tion function required the bond concept to be defined.
A particle will be assumed to have b bonds if b particles
in the same cluster are situated at a distance not exceed-
ing rb from it. Clearly, selecting rb should give a correct
definition of the cluster size. According to the most fre-
quently used Stillinger definition [23], a cluster is a set
of particles each bonded with at least one particle from
the same cluster. For a cluster to be observable, its size
should not depend on rb at least in a narrow range of rb

variations. The value suggested by Stillinger (it equals
the distance to the point at which the potential function
vanishes) does not satisfy this condition. As has been
shown in [24], there exists such an rb value at which the
first and second derivatives of the dependence of the
number of particles in a cluster (of particle size g) with
respect to rb equal zero; that is, in the vicinity of this rb

value, g is independent of rb. Precisely this value will be
used to determine the size of clusters and the number of
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bonds per particle. For the numerical experiment
parameters specified above, rb = 1.65a. Note that the
surface tension of a curved surface is similarly deter-
mined in classical thermodynamics; that is, in the vicin-
ity of the surface of tension, the surface tension value
does not depend on the position of this surface. It has
also been shown in [24] that, if rb is selected as
described above, the g value determines the equimolar

cluster radius Re; namely, g = , where nl is the con-
centration of particles in the continuous liquid.

We define the number-of-bonds distribution func-
tion of a system of particles, F(b), as the mean number
of particles with b bonds. Then,

(2)

are the number of particles in the cluster and the total
number of bonds, respectively. The F(b) value was
determined during numerical simulations. Each vapor-
ization process realization was repeated many times,
and the F(b) value was recorded in time intervals of

 

τ0/2, where 

 

τ0 = a  is the characteristic molec-
ular dynamics time and M is the mass of a particle.
Instantaneous F(b) values were averaged for each clus-
ter size g and then over the g

 

± 0.04g interval.
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The F(b) values found for a cluster comprising
2152 particles are shown in Fig. 1. The F(b) function
can be represented by the sum of two Gaussian expo-
nential functions,

(3)

whose parameters were adjusted to obtain the best fit to
the numerical experiment results; this gave a1 = 113,
a2 = 326, b1 = 8.78, b2 = 12.93, c1 = 5.00, and c2 = 2.03.
Figure 1 shows that this approximation is fairly accu-
rate.

To determine the reason why the obtained distribu-
tion is bimodal, let us divide the particles in the cluster
into two types, namely, internal and surface. Particle 1
with radius vector r1 (the origin is at the center of mass
of the cluster) will be called internal if there exists at
least one particle  2  that  forms more than four bonds
with radius vector r2 such that the conditions

(4)

(5)

are satisfied. Condition (4) means that the projection of
the radius vector of particle 2 onto the direction of the
radius vector of particle 1 exceeds the length of the lat-
ter. Condition (5) limits the length of the projection of
vector r2 onto the plane normal to r1. This condition
corresponds to the model concept according to which a
surface particle is situated in a vertex of a regular tetra-

hedron with edge length  equal to the mean dis-
tance between particles in the liquid, whereas the other
particles that occupy the remaining tetrahedron vertices
are internal.

The particles that are not internal will be called sur-
face particles. It is shown below that surface particles
with less than five bonds form virtual chains anchored
to the surface of the cluster.

As the surface of clusters is essentially nonspheri-
cal, the simple condition of the largest distance between
a surface particle and the center of mass of the cluster
is insufficient. More exact conditions (4) and (5) iden-
tify particles 2 that can be situated outside a small
neighborhood of particle 1 but lie within a solid angle
with a vertex at the center of mass of the cluster and an
axis passing through point r1 at a distance from the cen-
ter of mass larger than r1. If a microcavity is spontane-
ously formed within the cluster, the particles adjacent
to this cavity are considered internal in accordance with
(4) and (5). At the same time, when a deep hollow or a
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Fig. 1. Number-of-bonds distribution functions for a cluster
comprising 2152 particles. Given by symbols are numerical
simulation results for all particles constituting the cluster
(solid squares), surface particles (open triangles), and inter-
nal particles (open squares). Solid curves 1 and 2 are the
decomposition of numerical simulation results into two
Gaussian components, and curve 3 is the sum of curves 1
and 2 [Eq. (3)]. The dashed curve is the number-of-bonds
distribution function for the particle closest to the center of
mass normalized with respect to the number of internal par-
ticles.
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sharp protuberance are formed on the surface of the
cluster, surface particles correctly outline their con-
tours.

Definition (4), (5) is heuristic in character. However,
the related separation of particles into internal and sur-
face usually corresponds with what is apparent. A typi-
cal shape of the cross section of a cluster is given in Fig. 2.
The thickness of the cross section is of the order of the
mean interparticle distance. The figure shows that the
surface particles form a monolayer strongly curved by
thermal fluctuations. Insignificant deviations from the
monolayer structure arise because the particles shown
in the figure do not lie in one plane. The number of
bonds formed by internal particles is not less than ten,
and particles with four or less bonds form virtual
chains.

The obtained number-of-bonds distribution func-
tions for surface F1(b) and internal F2(b) particles
shown in Fig. 1 are satisfactorily described by the
Gaussian exponential functions on the right-hand side
of formula (3) (except for asymptotic behavior at large b,
which cannot be Gaussian because of strong interparti-
cle repulsion at r < a). We also calculated the F0(b)
number-of-bonds distribution function for the particle
closest to the center of mass (the central particle deter-
mined during simulations at every time step). This
function is independent of the cluster size at g > 300
and can also be represented in the form of the Gaussian
exponential function (dashed curve in Fig. 1)

where

is the factor that normalizes the F0(b) distribution with
respect to the number of internal particles, b0 = 13.19,
and c0 = 2.06. The obtained parameters show that the
distributions for the central and internal particles are
almost indistinguishable; that is, the whole region
occupied by internal particles is homogeneous. It also
follows from the calculation results that, in accordance
with the definition of bonds that we use, the number of
bonds per particle in the continuous liquid equals 13.2.

The number-of-bonds distribution functions of sur-
face and internal particles obtained for smaller clusters
are plotted in Fig. 3. A comparison of Figs. 1 and 3
shows that the distributions have a well-defined bimo-
dal character independent of size, but the ratio between
the modes changes. The number of surface particles
increases as g decreases, and the distribution maxima
noticeably shift to the lower b values because of a
decrease in the density of particles in small clusters.
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Fig. 2. Typical form of cluster cross sections at various clus-
ter sizes g and layer thicknesses h: (1) g = 1592, h = 1.39a
and (2) g = 2230, h = 1.57a. Solid circles are internal parti-
cles, hatched circles are surface particles, and open circles
are virtual chains; gas particles are not shown. Given at the
right are fragments of cross sections with numbers of bonds
formed by each particle.
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Fig. 3. Distribution functions for surface (left curves) and
internal (right curves) cluster particles. The solid, dashed,
and dot-and-dash curves correspond to g = 316, 198, and 72,
respectively.
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Changing the size of clusters also changes the average
number of bonds of surface particles,

(Fig. 4). In small clusters, the 〈bs〉 value is insignifi-
cantly different from two; that is, surface particles pre-
dominantly form virtual chains. The 〈bs〉 value
increases in parallel with g, first slowly and then (at g >
15) at a higher rate. At g > 27, 〈bs〉 linearly depends on
g–1/3. This circumstance allows the obtained depen-
dence to be extrapolated to a plane gas–liquid inter-
phase boundary (g = ∞), which gives 〈bs〉 ≈ 9.58. Note
that the 〈bs〉/b0 ratio is close to the corresponding ratio
for the face of an ideal hexagonal crystal, which equals
9/12.

It follows from the aforesaid that particles constitut-
ing a cluster separate into two phases with sharply dif-
ferent properties, namely, the surface and internal
phases. Consider a simplified model that allows these
results to be interpreted.

3. THE TWO-PHASE CLUSTER MODEL

The numerical simulation results allow a cluster
comprising two parts (phases), a nucleus and a surface
layer, to be considered. For simplicity, we will use a
spherically symmetrical model. As follows from
numerical simulations, spherical cluster symmetry is
strongly perturbed by thermal fluctuations, and the
number of surface particles in a real cluster therefore

bs〈 〉

bF1 b( )
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∑

F1 b( )
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∑
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exceeds the number of surface particles in a spherically
symmetrical monolayer introduced in the model under
consideration. For convenience of characterizing the
cluster as a whole, model surface particles are assigned
numbers of bonds different from the true numbers and
the concept of the mean number of surface particles is
introduced. This effective number can be related to the
total number of particles g as follows. Consider a clus-
ter with nucleus radius R1 and outside surface layer
radius R2. Suppose that the concentration of particles in
the nucleus coincides with concentration nl in the con-
tinuous liquid and that the concentration of particles in
the surface layer is ηnl, where η is a model parameter.
By the definition of the equimolar radius Re for a cluster
in a homogeneous vapor with the concentration nv, we
have

(6)

Using the notation

and assuming that η � nv/nl, we can rewrite (6) in the
form [25]

(7)

where g0 and g1 = (4π/3) nl are the effective numbers
of particles in the surface layer and cluster nucleus,
respectively. The λ and δ parameters can be related to
some thermodynamic value characterizing the cluster.
For instance, if the chemical potential of the cluster is
used, then δ is the Tolman length for a plane interphase
boundary [24] and

where σ is the surface tension coefficient of a plane sur-
face of the liquid, T is the temperature, K2 is the equi-
librium dimerization constant, and n1 is the concentra-
tion of monomers in saturated vapor. In addition, λ and
δ determine the number of cluster particles,

(8)

at which the nucleus contains a single particle (we set
g0 = g at g < z). Usually, λrl is of the order of the inter-
particle distance in the liquid, and z approximately
equals the number of nearest neighbors [25].

Note that the model under consideration can also be
applied to bubbles in liquids. It is assumed that vapor in

Re
3 R1

3–( ) η 1–( ) R2
3 Re

3–( ) η
nv
nl

-----– 
 + 0.=

λ
R2 R1–

rl

-----------------, rl
3

4πnl

----------- 
  1/3

, δ ηλ λ
2
---–= = =

g δ λ
2
---+ 

  β g1, g0+ δ λ
2
---+ 

  β,= =

β 3g1
2/3 3λg1

1/3 λ2,+ +=

R1
3

nλ σ λ
2
---+

4π
3

------
σrl

2

kBT K2/n1( )ln
----------------------------------,= =

z δ λ
2
---+ 

  λ2 3λ 3+ +( ) 1,+=

10

8

6

4

2

0 0.2 0.4 0.6
g–1/3

〈b
s〉

Fig. 4. Mean number of surface particle bonds in clusters of
various sizes. Squares are numerical simulation data, and
the straight line is the extrapolation to the plane surface.
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a bubble and the liquid are separated by a layer λrl thick
with the ηnl concentration of particles. The first equa-
tion in (7) then becomes

where g = (4π/3) nl is the equimolar size of the bub-
ble. The second equation in (7) remains unchanged.
The bubble and cluster problems can therefore be com-
bined as follows:

(9)

where κ = 1 for the cluster and κ = –1 for the bubble, in
accordance with the sign of the radius of curvature of
the corresponding surfaces.

Consider the size dependence of the total number of
bonds in a cluster (B). This dependence can be
described using the linear interpolation procedure for
the thermodynamic potentials of clusters [25]. Accord-
ing to Fig. 4, 〈bs〉 ≈ 2 in small clusters. It in turn follows
from Fig. 5 that virtually all particles in such clusters
are surface particles. The total number of bonds then
linearly depends on the size of clusters, namely, B =
2(g – 1) = 2(g0 – 1). In a large cluster, the fraction of
surface particles is negligibly small, and the gbl number
of bonds, where bl ≈ b0 is the number of bonds of a par-
ticle in the continuous liquid, is proportional to the
clusters size. The limiting cases of small and large clus-
ters can be combined by the formula

(10)

Equations (10) and (7) can be used to calculate the size
dependence of B for the two-phase cluster model. In
particular, for g ∞, we obtain

where α = (3/4π )(bl – 2)(δ + λ/2) is the “deficiency”
in the number of bonds per unit surface area. It follows
that surface particles in the two-phase cluster model
can be assigned an arbitrary effective number of bonds
beff satisfying the condition 2 < beff < bl. The δ + λ/2 fac-
tor should then be replaced by (δ + λ/2)(bl – 2)/(bl –
beff). The g0/g fraction of surface particles also
increases (bl – 2)/(bl – beff) times. The applicability of
the model is, however, limited at small g values at
which the cluster does not contain internal particles.

It follows from (10) that the total number of bonds
(B) can be used to determine the effective number of
surface particles with two bonds,

(11)
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along with the true number of surface particles

The numerical experiment data represented in the form
of the size dependence of the g0 effective number are
shown in Fig. 5. The g0 value was calculated using λ
and δ obtained in [24] for an argon-like system with
potential (1) parameters at the temperature that coin-
cided with the temperature of our numerical experi-
ments. The λ = 2.124 and δ = –0.175 values describe
the internal energy of the cluster, and λ = 2.386 and δ =
–0.420 describe its chemical potential. Figure 5 shows
that these sets of parameters give close g0 values, which
are in satisfactory agreement with the numerical simu-
lation data. The largest discrepancy is observed in the
transition region, in which clusters contain several
dozen particles. Naturally, the accuracy of describing
simulation results can be noticeably improved by prop-
erly selecting λ and δ. The specific effective number of
surface particles g0g–2/3 is seen to tend to a constant
value as g ∞, and the true number of surface parti-
cles is noticeably larger than their effective number.
Note that the z = 13.3 value corresponding to both pairs
of λ and δ values [see (8)] is close to b0. It follows that
the two-phase cluster model can be used to describe the
size dependence of the number of bonds in clusters,
which is evidence for the applicability of this model
also to describing the equilibrium properties of clusters.
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Fig. 5. Number of particles on the surface of a cluster as a
function of its size: γ = gs (circles, the true number of sur-
face particles), g0 (squares, the effective number of parti-
cles), and gvc (triangles, the number of particles in virtual
chains). Curves were calculated by (11) for (1) internal energy
and (2) chemical potential parameters [24]; γ = g0 (solid
curves) and g (dashed curve, depicted for comparison).
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4. DISCUSSION

The numerical simulation results are evidence that a
monolayer of particles separating two homogeneous
phases is formed at the liquid–gas interphase boundary.
The shape of this layer is substantially different from
spherical (or plane for separation of macroscopic
phases) and fluctuates as time passes. This allows us to
claim the existence of a new surface phase. In the Gibbs
theory, this phase is sometimes called “surface azeo-
trope” [3]. In the classical theory, the thermodynamic
properties of curved surfaces are usually considered on
the assumption that the Tolman length does not depend
on surface curvature. In the two-phase cluster model,
the thickness of the surface phase rather than the Tol-
man length is constant.

As mentioned in Section 2, part of the surface parti-
cles form virtual chains anchored to the cluster surface.
In large clusters, the fraction of such particles relative
to the total number of surface particles under the
numerical experiment conditions is not large and
amounts to 0.14 at g = 2200. But the bond energy
between particles in virtual chains is minimum. It
should therefore be expected that vaporizing particles
separate precisely from virtual chains. The role played
by virtual chains was studied by recording each vapor-
ization event (using time steps of τ0/2) and determining
the number-of-bonds distribution function for the parti-
cles that were bonded with the vaporized particle at the
preceding step. We found that the form of the distribu-
tion function was virtually independent of g at g > 500.
The results of averaging this function over the interval
1500 < g < 2500 (Fig. 6) showed that the function con-
tained three singularities corresponding to three vapor-

ization mechanisms. The first one (a sharp maximum)
was situated at the b = 2 number of bonds characteristic
of virtual chains; this was evidence that such chains
played the determining role in vaporization. The distri-
bution function in Fig. 6 is normalized in such a way
that its first maximum has the height equal to that of the
number-of-bonds distribution function for the cluster
comprising four particles. Figure 6 shows that the func-
tion under consideration is situated between the distri-
bution functions for the clusters with four and five par-
ticles, g = 4 and 5. This circumstance leads us to con-
clude that the characteristic number of particles in a
surface virtual chain is of the order of four. The number
of bonds for virtual chain particles was therefore lim-
ited to four, as suggested in Section 2. The presence of
particles with more than two bonds takes into account
both the existence of branching points and admixtures
of compact virtual chain states with the number of
bonds larger than its minimum value [26].

The second singularity of the F(b) function is situ-
ated at b ≈ 〈bs〉; it is likely to correspond to splitting off
of vaporizing particles from surface particles (a small
shift of this singularity to the left of 〈bs〉 may be related
to splitting off of particles predominantly from convex
regions). The third singularity is a poorly defined max-
imum at b ≈ b0. It corresponds to direct splitting off of
surface particles that do not form virtual chains from
internal particles. Clearly, the third vaporization mech-
anism has a low probability.

The suggestion was made in [27] that vaporizing
particles were split off from spontaneously formed con-
vex liquid surface regions. The results of this work sub-
stantiate and refine this suggestion; indeed, surface vir-
tual chains can be treated as the limiting case of protu-
berances.

It would be interesting to consider the size depen-
dences of the number of surface particles gs and the
number of particles constituting virtual chains,

per unit cluster surface (Fig. 5). At large g, the gvcg–2/3

value almost linearly depends on g–1/3,

where C1 and C2 are constants. According to classical
nucleation theory [11], the rate of vaporization of parti-
cles from unit cluster surface is proportional to

exp(8πσ /3kBTg1/3), where σ is taken to be indepen-
dent of g in large clusters (g > 300). At large g, the
exponent is smaller than one and

gvc F1 b( ),
b 1=

4

∑=

gvcg
2/3– C1 C2g 1/3– ,+≈

rl
2

8πσrl
2

3kBTg1/3
---------------------

 
 
 

exp 1
8πσrl

2

3kBTg1/3
---------------------.+≈

1.6
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Fig. 6. Number-of-bonds distribution function for particles
bonded with a vaporizing particle; the curve reproduces
smoothed numerical simulation results; symbols are num-
ber-of-bonds distributions for small clusters, g = 4 (circles)
and 5 (squares).
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If vaporizing particles are only split off from virtual
chains, the rate of vaporization should be proportional
to gvcg–2/3, which gives

For the potential function cutoff radius and temperature
used in our numerical experiments, we have σ =
0.52�/a2 and rl = 0.68a [16]. This gives C2/C1 = 2.48, in
agreement with the C2/C1 ≈ 3 value obtained in numer-
ical simulations (Fig. 5).

The size dependence of the gs number of surface
particles may be evidence of changes in the fractal
dimension of the surface phase. It is likely that the same
effect explains the size dependence of the 〈bs〉 mean
number of bonds of surface particles at large g (Fig. 4).
Note that the gs/g fraction of surface particles fairly
slowly decreases as g increases. For instance, the clus-
ter with g = 37 contains 90% surface particles (Fig. 5),
and gs/g = 0.5 at g = 1000. The extrapolation of these
data to very large g values gives gs/g = 0.1 at g ~ 105.
The latter size can, we believe, be considered threshold;
a cluster with this size acquires the properties of a mac-
roscopic drop.

The analysis of the gs(g) and gvc(g) dependences
given above is only qualitative in character. Topical
problems are a detailed study of surface structures of
the type of virtual chains (in particular, the refinement
of their definition) and the determination of the fractal
dimension of the surface phase.

When the size of a cluster decreases, approxima-
tions of F1(b) and F2(b) by Gaussian exponential func-
tions (3) become less accurate, and distribution maxima
shift to the left. This can be related to gradual disap-
pearance of the nucleus of internal particles as g
decreases. A nucleus can be assumed to form at g > 200,
because increasing the size above this value has virtu-
ally no effect on the density of particles in the cluster
center. It follows that the size range z < g < 200 is a tran-
sition region in which the nucleus of clusters is formed.
According to its physical meaning, the two-phase clus-
ter model (Section 3) should be applicable at g > 200.
At g < 200, the results obtained using this model should
be treated as extrapolation results. It is therefore not
surprising that the largest discrepancies between these
results and the numerical experiment data are observed
at 7 < g < 20.

It is natural to identify the number of bonds for an
internal particle with the number of nearest neighbors
in the liquid. As follows from the b0 parameter value, it
equals 13.19 under the conditions of our experiments.
This number exceeds the number of nearest neighbors
in hexagonal crystals (twelve), which is not surprising,
because, in crystals, the concept of atomic shells rather
than the rb length parameter is used. With the rb value
used in this work, which approximately equals the dis-

C2

C1
------ 8πσrl

2/3kBT .=

tance to the first radial distribution function maximum
in the liquid, the number of “nearest neighbors” in crys-
tals increases to nineteen.

Strong cluster surface shape fluctuations in combi-
nation with the existence of a sharp boundary that sep-
arates homogeneous gas and liquid can be interpreted
as capillary waves at the interphase boundary. From
this point of view, the results obtained in this work sub-
stantiate the capillary-wave model of the boundary
[12–14]. It follows from the simulation results that the
internal transition layer thickness usually introduced in
theory equals the thickness of the layer of surface par-
ticles, which is close to the mean interparticle distance.
The total thickness is determined by averaging the posi-
tion of the interphase boundary.

One of the difficulties of the theory of thermocapil-
lary waves is the divergence of the spectrum of these
waves [14]. This divergence may arise because ther-
mocapillary waves are treated as macroscopic waves
and the surface tension σ value for a plane surface is
used. However, if the wavelength is of the order of the
interparticle distance, a size correction to σ should be
taken into account. Equation (9) may prove useful in
solving this problem. The development of the capillary
wave theory of the interphase boundary is a topical
problem whose solution would allow not only the equi-
librium but also the transport properties of the surface
to be described.
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