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Behavior of an argonlike cluster in supersaturated vapor at constant temperature and pressure is
simulated. In contrast to the results of conventional microcanonical ensemble simulations,
instability of cluster size is observed~unlimited growth or complete evaporation!. This defines
cluster critical size, which is noticeably larger than that predicted by the classical nucleation theory.
Analysis of cluster collective vibrational spectra shows that its evaporation is intimately connected
with spontaneous emergence of the lowest modes of breathing vibrations. The cluster phonon
spectrum resembles that of a strange attractor. ©1995 American Institute of Physics.
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I. INTRODUCTION

Each theory of homogeneous nucleation, from the c
sical nucleation theory1–4 to its modern improved versions5–8

is associated with a number of axiomatic assumptions.
though computer simulation is a powerful tool forab initio
calculations, a straightforward simulation of nucleation
impossible, because computer resources impose a se
constraint on the number of particles in a system. As a res
every attempt of computer simulation implies principle si
plifications, e.g., space dimensionality reduction,9 which
yields rather qualitative results. Numerous studies of a sin
cluster in equilibrium with vapor environment were carri
out for the Gibbs microcanonical ensemble~the total energy
E, the volumeV, and the number of particlesN are fixed! by
molecular dynamics and Monte Carlo methods, cf. Refs. 1
12. Under these conditions, the equilibrium isstable, and the
cluster size is defined by thermodynamic conditio
~]s/]g!E,V,N50, ~]2s/]g2!E,V,N,0, wheres is the entropy;g,
the number of atoms in the cluster. The equilibrium
reached by interchange of atoms between the cluster
vapor. In such a system, there is neither the size instab
nor the critical radius.

In a real system under conditions of steady-st
nucleation,4 the pressureP and temperatureT are fixed
rather thanE andV. A stable equilibrium is impossible, an
cluster size atunstableequilibrium with the vapor~the criti-
cal size! is defined by the conditions3 ~]f/]g)P,T,N50,
(]2f/]g2)P,T,N,0, wheref is the Gibbs energy. These con
ditions are entirely different from that for the stable equili
rium. For this reason, the cluster thermodynamic quanti
may be also different in~E,V! and (P,T) ensembles. Since
the critical size is the most sensitive quantity, which defin
the nucleation rate, a realistic simulation procedure is
quired, in which cluster evolution is investigated atP,T
5const. Such a simulation makes it possible to record
critical size. Since the latter is much more sensitive to
size-dependent surface tension, this procedure could
serve as a test for various curvature corrections to the sur
tension, in particular, for that proposed in Ref. 8.

In this work, a special procedure was developed to re
istically simulate the vapor environment of a cluster. For t
purpose, the surface of a simulation cell was a source
atoms that were randomly generated at any point of the
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face in such a way that the cell was filled with a vapor wit
the Maxwell distribution over velocities corresponding to de
sired temperature and pressure. Atoms that crossed the
face were removed from the system. The cluster was pla
in the center of the cell. Depending on initial cluster siz
two types of evolution were observed. The larger cluste
unlimitedly grew, the smaller ones were completely evap
rated. In the region of intermediate initial sizes, which wa
attributed to the critical region, the cluster may occasiona
increase or decrease in size.

More insight into the properties of clusters can be gain
by studying their collective vibrations associated with de
sity oscillations inside the cluster~phonons!. For solidlike
clusters, they are commonly known as breathing vibratio
and are studied both theoretically13–15 and experimentally.16

Melting of a cluster results in dramatic changes in its phon
spectra, which appear to be intimately connected with a cl
ter evaporation mechanism. In this work, the spectral dens
of cluster potential energy per atom, which defines t
evaporation rate, was analyzed at different stages of clus
evolution. Spontaneous emergence of breathing vibratio
accompanied by a sharp increase of cluster evaporation
was clearly observed in each run. This demonstrates that
collective vibration mechanism controls the evaporation ra
rather than a conventional single-particle mechanism. Sin
the critical size is defined by the balance between conden
tion and evaporation, it depends on the phonon spectrum o
cluster as well. This feature can be used for the purposes
nucleation rate control and diagnostics of metal clusters.

The paper is organized as follows. In Sec. II, the syste
to be simulated and the simulation method are described
detail. The results of critical size determination are presen
in Sec. III; cluster phonon spectra are analyzed in Sec.
The results obtained are discussed in Sec. V.

II. SIMULATION PROCEDURE

The system under investigation consisted of a clus
surrounded by supersaturated vapor. A spherical cell with
cluster placed in its center was chosen for simulations.
special numerical procedure maintained equilibrium distrib
tion of vapor atoms over velocities with the constant tem
peratureT0 and average number of atomsNv in the cell. For
this purpose, the surface was made a source of rando
940121)/9401/7/$6.00 © 1995 American Institute of Physicst¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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9402 D. I. Zhukhovitskii: Cluster evolution in supersaturated vapor
generated atoms moving inward. At the same time, e
atom approaching the surface from the inside was remo
from the system. In this case, it is not necessary to incl
additional terms in the Hamiltonian of the system and i
pose kinematic constraints,17 becauseP is not strictly fixed.
Since the temperature is treated as a parameter, its inst
neous value defined by the system kinetic energy may fl
tuate as well. Thus, only theaveragenumber of vapor atoms
in the cellNv is fixed. The vapor is assumed to be ideal,
P5kBT0nv , wherekB is the Boltzmann constant;nv5Nv/V;
V is the cell volume.

Consider first the vapor generation procedure in abse
of a cluster. The time evolution of a single-particle distrib
tion function for vapor atomsf (t,r,v! is described by the
Boltzmann kinetic equation. If collisions inside the cell a
neglected, it has the form]f /]t1v•¹f50. The initial condi-
tion is f (0,r,v!50, ur u,R, whereR is the cell radius~the
origin of the coordinate system is placed in the center of
cell!. The boundary condition is written in the form
f (t,R,v!5f 0~v! at vn,0, wherevn5v•R/R is the normal
velocity;R, the radius vector of the point at the cell surfac
Solution of the Boltzmann equation is

f ~ t,r,v !5H 0, t,t r ,

f 0~v !, t>t r ,
~1!

wherevt r~r,v,R!5r1~r21R22r 2!1/2, r5v–r /v. If the Max-
well distribution is used as the boundary conditio
f 0(v)5~nv/p

3/2u3)exp~2v2/u2!, where u252kBT0/M , M
is the atom mass, it is clear from solution~1! that the desired
equilibrium distributionf 0(v) is established in the entire ce
within the vapor relaxation timetr}R/u. Therefore, it is re-
quired that the number of atoms generated on the unit
face per unit time with velocities falling within the interva
(vk ,vk1dvk), k5x,y,z, is

dJ52vnf 0~v !dvxdvydvz . ~2!

The procedure of vapor generation comprised three sta
First, the point at the surface was chosen at random w
uniform probability distribution. Second, three veloci
components with probability distribution p(vk!
5~1/p1/2u!exp~2vk

2/u2! were generated, and, third, an ato
with this velocity was added to the system with probabil
pn524pvntnvR

2/kr if vn,0, wheret is the molecular dy-
namics time step;kr , the number of procedure repetition
per step~kr52 was adopted!. Obviously,t andR must be
small enough andnv low enough to provide tha
pn;4putnvR

2/kr!1. In this case, a big number of tim
steps is required to create an atom, and generation is q
continuous. Thus, the desired number of ato
dJ5p(vx)p(vy)p(vz)pndvxdvydvzkr /4ptR2 generated at
each point of the surface is obtained@cf. Eq. ~2!#.

Consider now the procedure of cluster initialization. T
simple cubic lattice was used to construct a cluster. The
ordination number is closer to that in liquid argon for th
lattice, unlike in the case of close packed lattice~e.g., fcc
argon!. Upon initialization, cluster atomic shells were su
cessively filled until the desired number of atomsg was at-
tained. Coordinates of thej th atom placed in thel th shell
satisfied the conditionsxj

21yj
21zj

25 la2, wherexj /a, yj /a,
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andzj /a are integers;a is the lattice period;l50,1,... . Each
atom in the cluster was assigned three components of init
velocity with probability distributionp(vk). Cluster center-
of-mass coordinates and velocity were then calculated a
distracted from coordinates and velocities of each atom
Thus, the cluster with zero center-of-mass velocity wa
placed in the center of the cell.

The atoms were assumed to interact via the 12-
Lennard-Jones potentialu(r i j )54e[(s/r i j )

122(s/r i j )
6],

wherer i j5ur i2r j u; r i , j , the radius vectors of atoms. To simu-
late the interaction of the cluster with a thermostat~e.g., with
a carrier gas!, an additional term that stabilized cluster tem
perature was added to the expression for the force acting
an atom. The urgency of such a term follows from the fac
that temperature fluctuations can essentially influence clus
evolution. In the absence of a thermostat, atom condensati
on the cluster surface is associated with a considerable
crease of cluster temperatureDT;2q/3gkB , whereq is the
vaporization heat; evaporation decreases the temperature
the same amount. Sinceq/kBT0@1, it may be
qDT/kBT0

252q2/3gkB
2T0

2.1 even atDT/T0!1. Thus, tem-
perature fluctuations result in strong fluctuations of evapor
tion rate, which is proportional to exp~qDT/kBT0

2)@1. In
such a way, condensation and evaporation appear to
strongly correlated. Indeed, as the temperature is increas
after the condensation event, the evaporation probability i
creases; after evaporation it decreases. In addition, at t
moments when the temperature is increased, the evaporat
of dimers, trimers, etc., becomes possible, which indicate
that the vapor is nonideal. Under these conditions, the tem
peratureT0 is no longer a good thermodynamic parameter o
the system.

The term describing the interaction between the cluste
and thermostat is written in the form of friction force, so the
equation of motion for thej th atom is

r̈ j5
1

t0
2 (
iÞ j

F2S s

r i j
D 142S s

r i j
D 8G~r j2r i !1

1

t f
F S T0T D 1/221G ṙ j ,

~3!

where t05s~M /24e)1/2 is the molecular dynamics time
scale; t f , the temperature relaxation time;
T5(M /3gkB)( j51

g vj
2, the cluster temperature defined with

the help of the equipartition theorem17 ~^T&5T0 at equilib-
rium, the angular brackets designate time averaging!. The
second term on the right-hand side of Eq.~3! ~the friction
term! enhancesT if T,T0 and vice versa. To ensure that the
results of the simulation are independent oft f , its value
must be sufficiently high, so that the second term on th
right-hand side of Eq.~3! is much smaller than the first one.
Otherwise, atom motion would be aperiodic. On the othe
hand,t f must be sufficiently small for temperature fluctua-
tions to be small,qDT/kBT0

2,1. Since the vapor atoms gen-
erated at the surface are produced by the thermostat itse
and their state must be independent of that of the cluster,
was sett f5` for vapor atoms.

A criterion is required to distinguish between vapor and
cluster atoms. If the mean interatomic distance in the clust
is much less than that in the vapor, the following criterion
proved to be useful, even if the cluster is shapeless. By de
No. 21, 1 December 1995t¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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9403D. I. Zhukhovitskii: Cluster evolution in supersaturated vapor
nition, the atom belongs to the cluster if it has a neighb
within the distancer b . It was demonstrated in Refs. 18 an
19 that average number of atoms in the cluster weakly
pends onr b if r b}s. To ascertain the value ofr b , minimum
fluctuation of cluster size was required. It can be shown t
this value corresponds to the turning point for the vapor at
in the potential of the cluster near its surface. Under t
conditions specified in Sec. III,r b51.434s.

Due to collisions with vapor atoms, the cluster is in
volved in the Brownian motion that causes its slow dr
toward the cell surface. To compensate this, the cell alo
with the coordinate system was periodically shifted to t
cluster center-of-massr c.m.. Coordinates of all atoms were
transformed at the moment, whenr c.m.

2 >R2/12. Newcoor-
dinates and velocities were thusr j85r j2r c.m., vj85vj . Atoms
falling outside a new cell~ur j8u.R! were reflected symmetri-
cally relative to the point12r c.m., which preserved the tota
number of atoms. For these atoms,r j852r j , vj852vj .

The urgency of shifting the cell is related to the proc
dure of introduction of potential cutoff. Although no explic
cutoff is used in this work, finiteness of the cell radiusR
means that interaction with atoms beyond the cell is n
glected. As was shown in Ref. 20, saturation vapor press
obtained in molecular dynamics simulations of a flat inte
face between liquid and vapor is sensitive tor c even at
r c53s. The conditions of vapor generationpn!1 and the
absence of collisions between vapor atoms~R!nv

21s22! re-
strict R from above. All conditions are satisfied at th
adopted valueR58s.

III. DETERMINATION OF CLUSTER CRITICAL SIZE

The set of Eq.~3! was integrated using the Verle
algorithm17 with time stept50.05, where time is measure
in the molecular dynamics time scalet0. The temperature
was chosen to be equal to the melting temperature of r
argon. At higher temperatures, the vapor becomes nonid
at lower ones, numerical results cannot be compared w
that of nucleation theories.

A desired supersaturation ratioS5nv/ns(T0), where
ns(T0) is the atom number density in the vapor at saturatio
was fixed in each run. Since the value ofns for real argon
seems to be approached atr c→` in molecular dynamics
simulations~cf. Refs. 20 and 21!, the experimental value22

was adopted. In units of the values for an argonlike system17

e5119.4 K, s53.431028 cm, T050.7017e, and ns(T0)
52.431023 s23.

In order to test the procedure of vapor generation,
temperature of the vaporTv 5 (M /3NvkB)^( j51

Nv vj
2& and its

number densitŷNv&/V were calculated atS54 during the
generation for the cell without a cluster. These quantit
were averaged over the time 104 and compared with desired
values~T0 andnv , respectively!. If the interaction between
vapor atoms was ignored, calculated values converged to
desired ones. Otherwise, the temperature appeared to ex
T0 by 4%, the number density was found to be 5% low
thannv . These differences are indicative of vapor nonide
ity. The compressibility factor PV/^Nv&kBTv51
2^ ( i, j r i j (du/dri j )&/3^Nv&kBTv was found to be equal to
J. Chem. Phys., Vol. 103,Downloaded¬21¬Nov¬2008¬to¬83.149.196.71.¬Redistribution¬subject
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0.95, which is somewhat higher than that for real argon du
to the fact that the surface generator does not produce bou
states of atoms. However, the equilibrium concentration o
bound states is rather small in real argon. For example, th
fraction of dimers is about 0.1 under these conditions, ac
cording to data.22 Hence, the proposed generation procedur
can provide reasonable accuracy in the simulation of a vapo

Further calculations were performed for the cell contain
ing a cluster. The cluster was initialized, and vapor genera
tion began att50. The run was terminated as soon as eithe
the cluster was completely evaporated or its initial size wa
doubled. Numerical experiments were performed in two ver
sions corresponding tot f50.125 andt f5`. Their results are
much different. Thus, the average temperature fluctuationdT
did not exceed 2–3 K for the first version~since
dTt0/2T0t f!1, the ‘‘friction’’ force was still much weaker
than interatomic interaction!, and was as high as 20–30 K for
the second one, so that the system could hardly be charact
ized by a certain temperature. As was pointed out in Sec. I
the higher the temperature fluctuations, the stronger the co
relation between condensation and evaporation events. As
result, the time of complete cluster evaporation was;103 in
the first version and;104 in the second one. The cell was
filled with the vapor in a timet r>65. In order to decrease
the loss of atoms by initialized cluster during this time,t f
was set to infinity att,t r even in the second version, so that
the loss did not exceed three–four atoms.

Series of runs were performed in the first version for
constant supersaturationS54.4 and different initial sizes
g(0). Figure 1 illustrates the phenomenon of size instability
for typical size records. According to the initial size, the
clusters can be divided in two groups. The ones with
g(0),g* evaporate and eventually disappear; the ones wit
g(0).g* grow without limit. Hereg*>60 is the critical
size. Clusters with initial sizes aboutg* occasionally join
one of these groups, the width of the critical region being o
the order 10. It is noteworthy that the amplitude of cluste
size fluctuations is high even at nearly constant temperatur

FIG. 1. Cluster size vs time for different initial sizes indicated at the right
end of each curve.
No. 21, 1 December 1995¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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9404 D. I. Zhukhovitskii: Cluster evolution in supersaturated vapor
Such fluctuations, which may considerably change the sh
of cluster distribution over sizes, are not taken into acco
in the classical nucleation theory.

It can be seen in Fig. 1 that a decrease in size is prece
by growth for subcritical clusters@cf. g(0)539 and 64#, i.e.,
g(t) passes through maximum at somet5tmax ~tmax is varied
from 80 to 350 in different runs!, despite the fact that the
vapor number density is lower than the stationary one
t,t r . Supercritical clusters grow most quickly during th
time. The change in cluster size is proportional to the diffe
ence between the fluxes of condensing and evaporating
oms. The first one is constant at fixedS. Therefore, the ex-
istence of such maximum means time lag in evaporation r
which must be several times lower att,tmax than att.tmax.
It is shown further that this is a manifestation of the eme
gence of cluster phonons. Thus,geq5g(tmax! is always larger
thang(0). Cluster sizes att51000 are shown in Fig. 2. Two
well-separated branches clearly indicate the size instabi
The critical region is shifted toward larger sizes. The es
mateg*>68 must be closer to the value of a real critic
size.

Dependence of the critical size on supersaturation
shown in Fig. 3. Pairs of squares and triangles designate
upper and lower limits of the critical region. Each pair wa
obtained by several tens of runs at fixedS. The results of
calculations using the classical nucleation theory and
theory8 are also shown in Fig. 3. Required density, surfa
tension, and saturation pressure for argon were from Ref.
the dimer equilibrium constant was estimated using expe
mentalPVT data:Kp>2kBT/MB>26 bar, whereB is the
second virial coefficient; the number of nearest neighbors
liquid argon is 10.5.

It can be seen that the classical nucleation theory yie
the critical size, which is twice as low as that obtained
molecular dynamics simulations. It follows from estimat
based on the theory8 that the size correction to the surfac
tension is negative for argon, i.e., the critical size is larg
than that in the classical nucleation theory. This qualitative

FIG. 2. Final cluster sizegfn5g~1000! vs equilibrium sizegeq5g(tmax!.
S54.4; tf50.125. 1, supercritical clusters; 2, subcritical clusters.
J. Chem. Phys., Vol. 103,Downloaded¬21¬Nov¬2008¬to¬83.149.196.71.¬Redistribution¬subject
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agrees with simulation results. It must be pointed out tha
there is no contradiction here with the results of othe
studies.21 The Tolman length found in Ref. 21 is small and
positive, but the size correction lengthd in Ref. 8 is a differ-
ent quantity. In any case, application of the Tolman correc
tion factor @112~g* !21/3#21 yields the unphysical result
g*51.

It can be seen in Fig. 3 that the critical size found in
molecular dynamics simulations decreases more quickly
S.5. At S,3.8, it deviates from the theory8 toward larger
sizes. Possible reasons for these effects may be as follow
The temperature is defined by the kinetic energy average
over all bound atoms. By definition~Sec. II!, the atom is
assigned to the bound state if it has a neighbor within certa
distance. Hence, colliding atoms are also assigned to th
bound state. Since the kinetic energy of a pair of colliding
vapor atoms exceeds the thermal one~B,0!, the second term
on the right-hand side of Eq.~3! decreases somewhat the
temperature of a cluster. This effect must be more pro
nounced at smallg ~high S!. In addition, the frequency of
pair collisions in the cell increases asS2. A decrease in clus-
ter temperature results in a decrease of cluster evaporati
rate, and, consequently, the critical size is decreased. A
S,3.8, the critical size may be so large that the distanc
between its surface and the boundary of the cell is insuffi
ciently large. In this case, the effect of the potential cutof
must increase the flux of evaporating atoms and, therefor
the critical size increases.

Simulations performed for the second version~t f5`!
showed that clusters with different sizes finally evaporated a
supersaturations below the argon spinodal line, i.e., atS,10.
At S.10, clusters grew regardless of their initial size. It is
noteworthy that the average temperature of evaporating clu
ter appears to be several degreeslower thanTv . During posi-
tive temperature fluctuations, the evaporation probability i
sharply enhanced, and evaporation of dimers and trimers

FIG. 3. Critical size vs supersaturation. The solid curve was calculated b
formula~8! from Ref. 8; the dashed curve, by the classical nucleation theor
~Ref. 4!. Dots present molecular dynamics simulations: 1, supercritical clus
ters; 2, subcritical clusters.
No. 21, 1 December 1995¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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9405D. I. Zhukhovitskii: Cluster evolution in supersaturated vapor
observed. Such type of evolution agrees with well-know
experimental fact: in the absence of a carrier gas, the nu
ation is not favored.

Division of the cluster~or evaporation of dimers, trim-
ers, etc., from its surface! was observed in the first version a
g,40 as well. This can be understood with the help of t
mass action law and the detailed balance equation.
higher the supersaturation, the smaller the critical size a
the higher the equilibrium concentration of lightest cluste
in the vapor. The rate of cluster division is proportional
this concentration, i.e., it increases asg decreases. Two se
quential phases of cluster division are shown in Figs. 4~a!
and 4~b!.

It is noteworthy that clusters are such soft formatio
that atom elastic scattering on clusters are rather rare eve
i.e., the accommodation coefficient is close to unity. In fa
vaporization energy released upon atom condensation
quickly dissipated by collisions with neighboring surface a
oms. Typically, an incident atom is involved in vibration
with quickly decreasing amplitude in the neighborhood
the surface.

Three types of vibrations were observed in both versio
of the simulation: the single-particle vibrations similar to th
in bulk liquid with the shortest period of several time unit
the breathing vibrations@Figs. 4~c! and 4~d!#; the surface
vibrations similar to the capillary waves on the liquid surfa
@Fig. 4~e!#. The last two types are collective vibrations. No
that the surface vibrations, i.e., deformations of the clus
shape at constant interatomic distances, is a new vibra

FIG. 4. Phases of cluster evolution:~a! and ~b!, evaporation of a 10-atom
cluster; ~c! and ~d!, the breathing vibrations, phases of ‘‘expiration’’ an
‘‘breath’’ are separated by 24 time units;~e!, the lowest mode of the surface
vibrations,t519.5; ~f!, highly excited state with a chainlike structure. Fi
styles designate coordinates of atoms with respect to the axis normal to
figure’s plane. Corresponding intervals are indicated below the style typ
J. Chem. Phys., Vol. 103,Downloaded¬21¬Nov¬2008¬to¬83.149.196.71.¬Redistribution¬subject
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type that emerges as the cluster melts. A highly excited sta
of the ‘‘breath’’ phase is shown in Fig. 4~f!. It can be seen
that the cluster consists of several chains of atoms. T
chainlike structure is also typical for the lightest clusters~g
,10!.

Different vibration types take different times for their
development. Thus, single-particle vibrations emerge rig
after cluster initialization, development of the surface vibra
tions takes time about 20, the breathing vibrations are nev
observed att,tmax, i.e., at the time of the evaporation lag
This regularity allows us to assume that there is an intima
connection between breathing vibrations and evaporati
rate. To investigate this phenomenon, cluster phonon sp
trum was calculated.

IV. CLUSTER PHONON SPECTRUM

It is reasonable to refer the term phonon to collectiv
vibrations even in the case of a liquidlike cluster, although n
solidlike lattice exists in this case, and the phonons seem
be strongly coupled. Indeed, collective vibrations emerg
spontaneously and have much in common with the sound
bulk liquid; their presence defines cluster properties. Thu
phonon means a certain type of vibration with a given e
ergy. Since the interatomic distances in a cluster oscillate
collective vibrations, the spectrum of the sensitive quanti
U(t)5(gkBT0)

21( i, ju(r i j ) was analyzed. In addition,U is
proportional to cluster binding energy and is not much di
ferent fromq/kBT0 , the latter defining cluster evaporation
rate.

About 40 runs for clusters initially containing 42 atoms
were analyzed both in the first and second versions of t
simulation. More or less pronounced, all the regularities di
cussed below were observed in each run. The time dep
dencesU(t) andg(t) for the selected run are shown in Fig
5. The run begins at the pointA. The change in oscillation
character can be noticed at the pointB. In fact, oscillations of
U(t) have small amplitude att,tB , andg(t) increases. At
t.tB , high-amplitude oscillations ofU(t) emerge, andg(t)
eventually decreases, that is,tB5tmax5153 is the evapora-
tion time lag@the reason for the nonmonotonical behavior o

the
es.

FIG. 5. Potential energy per atom and size of evaporating cluster as
functions of time.S54.4; t f50.125.
No. 21, 1 December 1995¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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9406 D. I. Zhukhovitskii: Cluster evolution in supersaturated vapor
g(t) at 320,t,427 is discussed in Sec. V#. At t.tC , the
cluster size is less than one-half of the initial size. The sa
regularity was observed fort f5`, but the corresponding
time scale is larger: for the second selected r
tB2tA5440, tC2tB5630.

First of all, the autocorrelation function was calculat
for U(t). This quantity was represented as the sum of
trend and the quickly oscillating component:U5Ū1Ũ. A
considerable trend can distort the spectrum, therefore,Ũ(t)
should be analyzed rather thanU(t). The trendŪ(t) is size
dependent like all other cluster properties; this can be not
in Fig. 5. Assuming that the cluster state is defined by
presence of phonons, one can approximateŪ by a linear time
dependence. Thus, the intervalsAB andBC are divided into
several subintervals at pointst i(t i2t i21@2p/v0 , v0 is the
characteristic oscillation frequency!, so thatŪ(t)5ai1bit at
each subinterval. The pointst i and coefficientsai , bi were
obtained by the least-squares fitting with the boundary c
ditionsai111bi11t i5ai1bit i .

The time-dependent autocorrelation function is writt
in the form

j~ t,Dt !5~u2Dt !21E
t

u1t2Dt

@Ũ~ t8!2^Ũ&#@Ũ~ t81Dt !

2^Ũ&#dt8, ~4!

where ^Ũ&[u21* t
t1uŨ(t8)dt8; u is the time scale of loca

time averaging, which is here a substitution for ensem
averaging. Autocorrelation functions for the first and the s
ond versions of simulation are shown in Fig. 6. The simil
ity of Figs. 6~a! and 6~b! shows that the observed vibration
are connected with cluster intrinsic properties and wea
depend on temperature fluctuation scale. It can be also
that ~i! the characteristic oscillation period is 15–60;~ii ! no
exact periodicity inDt is observed; and~iii ! the correlation
time is greater than the cluster lifetime.

Standard methods of spectral analysis, in particular,
extensively used velocity autocorrelation function techniq
are irrelevant here, because the treated process is nonsta

FIG. 6. Autocorrelation functions ofŨ(t) for the first ~a! and second~b!
versions of the simulation.u5~tC2tB!/2.
J. Chem. Phys., Vol. 103,Downloaded¬21¬Nov¬2008¬to¬83.149.196.71.¬Redistribution¬subjec
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ary. Therefore, the conventional formula for spectral densit
G~v! with ensemble averaging

G~v!5 lim
u→`

K Uu21E
0

u

Ũ~ t !exp ivtdtU2L
5 lim

u→`
F ~2/u!E

0

u

j~0,t !cosvtdtG
should be replaced byG~v!5^uŨv(t)u

2& with time averag-
ing, where

Ũv5t1
21E

t

t1t1
Ũ~ t8!exp ivt8dt8; v52pk/t1 ;

k51,2,... ~5!

G~v! is defined similar to autocorrelation function~4!, the
spectral density being assumed to be locally homogeneous
time. The functionsŨv are the coefficients of the discrete
Fourier transform on the interval~t,t1t1!; k is restricted
from above by the conditionk<vmaxt1/2p, wherevmax is the
given maximum frequency. To makeŨv a quasicontinuous
function ofv, the interval lengtht1 is varied within the limits
u/2,t1<u with step tv50.5 adjusted so that the spectra
resolution ~the average distance between two neighborin
points on the frequency axis! dv5~16p/3!~tv/u

2!!vmin ,
wherevmin52p/u is the halfwidth of natural broadening of
the spectral lines caused by the finiteness of cluster lifetim
vmin coincides with the minimum frequency attainable in the
calculations. In other terms, each Fourier coefficient was ca
culated for a givent1 and numberk ~i.e., for given fre-
quency! at series of timest8 on the interval~t,t1u) and then
the squared module of the coefficient was time averaged
this interval.

Vibrational spectral densities G1,2~v!
5~2dv!21*v2dv

v1dvG~v8!dv8 averaged over spectral resolution
are shown in Figs. 7 and 8. Subscripts 1 and 2 designa
intervalsAB andBC, respectively; corresponding values of
u are (tB2tA)/2 and (tC2tB)/2. A drastic difference be-
tween parts~a! and~b! can be seen in Figs. 7 and 8. In parts
~a!, only wide naturally broadened bands are observed. Sha
peaks with frequencies much lower than that of single
particle vibrations in parts~b! point to the fact that

FIG. 7. Spectral densities ofŨ for the intervalsAB ~a! and BC ~b!,
tf50.125.
No. 21, 1 December 1995t¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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9407D. I. Zhukhovitskii: Cluster evolution in supersaturated vapor
high-amplitude collective vibrations emerge att5tB . This is
the evidence of the intimate connection between evaporat
and breathing vibrations.

V. DISCUSSION

It can be seen in Figs. 7~b! and 8~b! that the three highest
peaks in the low-frequency region have close frequenci
vt050.14, 0.24, 0.48 and 0.11, 0.24, 0.45, respectively. A
parently, they must be of the same origin@the two highest
peaks in Fig. 7~b! are badly resolved due to big natural lin
broadening#. Since the treated quantityŨ(t) is most sensi-
tive to average interatomic distance, one can attribute th
peaks to breathing vibrations. Surface vibrations may a
contribute to the spectrum, because they seem to be stron
coupled with breathing vibrations. In fact, the cluster prola
shape is associated with the ‘‘expiration’’ phase@Figs. 4~c!
and 4~e!#, and a slightly oblate shape with the ‘‘breath
phase@Figs. 4~d! and 4~f!#, in contrast to the case of solidlike
clusters.13 The relatively weak dependence of vibrational fre
quencies on cluster size, which may be caused by vibrat
nonlinearity, is worth mentioning; corresponding line broad
ening does not exceed the natural one.

The following regularity in the peak arrangement can b
seen in Figs. 7~b! and 8~b!: the frequencies of the three high
est peaks are in the ratio 1:2:4. They could not be associa
with higher modes of breathing vibrations, because the c
responding ratio of frequencies would be that of odd num
bers. The spectrum closely resembles that of a stran
attractor,23 in which energy transfer from high to low fre-
quencies takes place.

Although vibrational spectra are very complicated, on
conclusion is unambiguous: the onset of evaporation is co
nected with the emergence of vibrations with frequencies
about~0.1–0.5! t0

21, i.e., evaporation is acollectiveprocess.
It is conventionally assumed that a single particle must ha
a kinetic energy greater than constant binding energy
evaporate. This is not true in the presence of phonons.
deed, an increase of interatomic distances means a decr
of binding energy and vice versa. It can be seen in Fig. 5 th
the oscillation amplitude may be as high as 2kBT0 . As a

FIG. 8. The same quantities as in Fig. 7 for the second version of
simulation~tf5`!.
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result, breath configurations@Fig. 4~d!# are favorable for the
evaporation of single particles. The evaporation rate may b
several times greater during this phase than during expiratio
@Fig. 4~c!#. Due to the strongly nonlinear exponential depen
dence of the evaporation rate on atom binding energy, a d
crease in the latter may not be compensated for by its in
crease, and the net effect is evaporation enhancement. T
demonstrates the dominant role of collective vibrations in
evaporation.

Temporary cluster growth att.tB ~Fig. 5! does not seem
to contradict this conclusion. In fact, the higher the cluste
excitation, the higher the deformation at expiration. At
t5282, the cluster becomes a shapeless prolate formatio
the ratio of longitudinal to transverse dimension attains 4
Under these conditions, the cluster contains no atoms but th
surface ones. With no inner atoms, the phonon must deca
and it takes time to restore it. This is a possible reason for
temporary decrease in the evaporation rate, which results
cluster growth.

Thus, the main regularities observed in this simulation
are as follows. The rate of cluster evaporation and, therefor
its critical size are defined by the presence of phonons; th
also defines cluster size fluctuations. The vibrational spec
trum of liquidlike cluster resembles that of a strange attrac
tor. Since no information specific for argon was involved in
the simulations, it might be expected that the main regular
ties are of a universal nature. In the case of metal cluster
the interaction of phonons with the resonant electromagnet
field must enhance vibration amplitude and, therefore, th
evaporation rate. Consequently, the critical size increase
and the nucleation rate must drop abruptly. This effect o
radiation-induced inhibition of nucleation can be used for the
purposes of nucleation rate control and diagnostics.
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