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Using the methods of molecular dynamics, we investigate the evolution of a cluster in a 
supersaturated vapor at constant temperature and pressure. We observe instability in the size of 
the cluster, and claim that the mechanism for evaporation of atoms from the cluster 
surface is a collective process related to phonon creation. In the phonon spectrum we observe 
period doubling, which is characteristic of a strange attractor. O 1996 American Institute 
of Physics. [S 1063-7761 (96)01003-01 

1. INTRODUCTION supersaturated vapor turns out to be unstable against an in- 

In the classical theory of n~cleation'.~ it is assumed that 
the mechanism for evaporation from the surface of a seed of 
the liquid phase (a cluster) located in a supersaturated vapor 
is single-particle-like, as in the case of a planar liquid sur- 
face. The atom that evaporates is one that acquires sufficient 
kinetic energy as a result of random collisions with its neigh- 
bors to overcome a potential barrier of constant height equal 
to the heat of evaporation. In point of fact, however, the heat 
of evaporation is not a fixed quantity for a cluster containing 
only a few dozen atoms. If phonons are excited in the cluster 
(by phonons we mean certain types of collective oscillations 
with specific energy and wavelengths much larger than the 
mean distance between atoms, by analogy with liquids), then 
the interatomic distance, and with it the heat of evaporation, 
will oscillate. Since the probability of evaporation of an in- 
dividual atom depends exponentially on the heat of evapora- 
tion, this probability is large during that phase of the oscil- 
lations where the interatomic distance is large, and small in 
the opposite case. The rate of evaporation, in turn, deter- 
mines the critical size of a cluster which leaves it in a state of 
unstable equilibrium with the supersaturated vapor, i.e., the 
quantity on which the rate of homogeneous nucleation de- 
pends. 

Since model representations598 are useful only for dis- 
cussing the thermodynamic properties of clusters, the only 
method that allows us to study the evaporation mechanism 
"from first principles" is the method of molecular dynamics. 
In these discussions we cannot confine ourselves to the mi- 
crocanonical Gibbs ensemble, which is traditional in molecu- 
lar dynamics (see, e.g., Refs 9-1 I), since this system is not 
realistic enough. In fact, the equilibrium in this case is stable 
and is determined by the conditions 

where s is the entropy, g is the number of atoms in the 
cluster, and E ,  V, and N are the energy, volume, and particle 
number, respectively. Equilibrium is reached via the ex- 
change of atoms between the cluster and the vapor. In con- 
trast, for real systems it is the pressure P and the temperature 
T that are fixed rather than E, V, and N, which correspontls 
to the conditions for quasistationary n~cleation.~ A cluster in 

- 

crease (or decrease) in size, and its critical parameters are 
determined by the different  condition^:^ 

where 4 is the thermodynamic Gibbs potential. Therefore we 
must simulate a ( P , T )  ensemble instead of a ( E , V )  en- 
semble. In this case, the rate of evaporation can be deter- 
mined along with an estimate of the critical size. Further- 
more, it is interesting to compare this estimate with the 
results of calculations based on thermodynamic models of 
nucleation (see, e.g., Ref. 8). 

In order to realistically simulate the vapor surrounding 
the cluster, in our studies we introduce a spherical cell with 
transparent boundaries, so that vapor atoms that reach this 
surface exit the system. At the same time, this boundary is a 
source of atoms, which are randomly generated over the en- 
tire surface of the cell in such a way that the cell is filled with 
gas with the Maxwellian velocity distribution corresponding 
to the given constant temperature and pressure. The evolu- 
tion of the size of a cluster placed at the center of the cell is 
determined by the processes of evaporation and condensation 
of atoms on its surface. 

The study of collective vibrations of clusters yields im- 
portant information about their properties, in particular about 
the mechanism of evaporation. A vibration connected with 
oscillations in the average distance between atoms in a clus- 
ter, which in the literature are called "breathing" vibrations, 
were studied for solid argonlike clusters both 
theoretically12714 and e~perimentall~. '~ A radical change in 
the cluster phonon spectrum occurs when it melts. In order to 
study the spectrum of vibrations of a liquid cluster, we ana- 
lyzed the potential energy per individual atom in the cluster. 
This quantity is proportional to the "instantaneous" heat of 
evaporation, 'and therefore directly determines the flux of at- 
oms evaporating from the cluster surface (i.e., the evapora- 
tion rate). The fundamental result of this paper is the identi- 
fication of a unique relation between the spontaneous 
appearance of "breathing" vibrations and a sharp increase in 
the rate of evaporation of a liquid cluster, which indicates 
that the mechanism for evaporation is collective, or phonon- 
mediated. Note that our use of the term "phonon mecha- 
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nism" here implies that we can describe the evaporation as a 
consequence of the interaction of cluster atoms while in ther- 
mal motion. Independent of the simulation conditions, the 
phonon spectra typically exhibit sharp maxima with fre- 
quency doubling. This shows that the liquid cluster is an 
example of a dynamic system with the properties of a strange 
attractor. 

The system under study and the numerical methods for 
simulation are described in Sec. 2, the results of the simula- 
tion of the instability in the cluster size in Sec. 3. In Sec. 4 
we analyze the phonon spectrum of clusters, and the results 
discussed in Sec. 5. 

2. SIMULATION METHOD 

The system under study consists of a cluster located at 
the center of a cell and the surrounding supersaturated vapor. 
In order to model a vapor at constant pressure and tempera- 
ture, it is not necessary to rigorously fix these quantities by 
introducing additional terms into the Hamiltonian of the sys- 
tem and impose kinematic coupling conditions, as is nor- 
mally done in molecular dynamic methods.16 It is sufficient 
to fix only the average number of vapor atoms in the cell N, , 
and assume that the temperature To is a constant parameter. 
Then the corresponding (Maxwellian) velocity distribution 
of vapor atoms within the cell is ensured by choosing suit- 
able boundary conditions. 

Let us assume that such a condition is the generation of 
a flux at the boundary equal to the one-sided atomic flux 
through an arbitrary surface in the equilibrium gas. In this 
case, for simplicity we will assume that the vapor density is 
sufficiently small that we can treat the vapor as ideal and 
neglect atomic collisions. Then P =  kBTon, , where kB is 
Boltzmann's constant, n,=N,IV is the concentration, V is 
the cell volume, and the single-particle distribution function 
f(t,r,v) is described by the Boltzmann equation dfldt+vVf 
=O with the initial condition f(~,r,v)=O,lrl<~, where R is 
the cell radius (the coordinate origin is located at its center). 
We write the boundary condition in the form f (t,R,v) = fo(v) 
for v,<O, where v,=vR/R is the normal component of the 
velocity, R is the radius vector of a point at the surface of the 
cell. From the solution of the kinetic equation 

where vrr(r,v, R) = p + Jw, p=vrIv, it is clear 
that a Maxwell distribution is established in the cell if we 
choose fo(u) = ( n , l ~ ~ ' ~ u ~ ) e x ~ (  - v2/u2), where u2 = 2k,~,/ 
M and M is the mass of an atom, and remove those atoms 
with vn>O that intersect the surface from the system. In this 
case, the time it takes to fill the cell with vapor is r,mRIu. 
Consequently, we require that the flux of atoms generated at 
the surface with velocities lying in the interval 
(vk,vk+dvk), k=x,y,z be 

In the generation process, we first r'andomly choose a point 
on the surface, and then generate three conlponents of veloc- 
ity with the probability distribution p(uk) 

= ( l l ~ " ~ u ) e x ~ ( - v ~ l u ~ ) .  If in this case it turns out that 
un<O, an atom is added to the system with probability 
p n =  - 4r rv , rn ,~~ /k , .  After one time step r this procedure 
is repeated k ,  times (we took kr=2). Obviously this genera- 
tion process can be considered quasicontinuous if 
p , - 4 r r u r n , ~ 2 / k r ~ l .  It is not difficult to see that the flux 
of atoms 

coincides with (2) in this case. 
Let us consider the procedure for assembling the initial 

cluster. Since the internal structure of the cluster is close to 
that of a liquid under these conditions, it is reasonable to 
construct the initial cluster out of a simple cubic lattice for 
which the coordination number is closer to the number es- 
tablished by numerical modeling than for a close-packed lat- 
tice. The cluster is built out of shells, such that the coordi- 
nates of the j-th atom located in the 1-th shell satisfy the 
condition  la^, where xila, yila, and zj/a are 
integers, a is the lattice period, 1 =0,1, ... The shells are filled 
sequentially until the desired number of atoms in the cluster 
is reached. For each atom we generate three-velocity compo- 
nents with the distribution p(vk). We then subtract the ve- 
locity components of the center of mass, which is located at 
the center of the cell, from these velocity components. 

The interaction potential of the atoms is chosen to be of 
Lemard-Jones 12- 6 form: u(rij) = 4 ~ [ ( u / r ~ ~ ) ' ~ -  ( ~ l r ~ ~ ) ~ ] ,  
where rij=lri-rjl, and rij are the radius vectors of atoms. 
Furthermore, we add an additional force to the force acting 
on an atom, which simulates the interaction of the cluster 
with a heat bath. The role of the latter may be played by, 
e.g., a buffer gas. The need to introduce this force, which 
stabilizes the cluster temperature, is.dictated by the fact that 
large temperature fluctuations can qualitatively change the 
character of the cluster evolution. In the absence of a heat 
bath, each evaporation (condensation) event at the cluster 
surface causes a change in its temperature ST-2q/3gkB, 
where q is the heat of evaporation. Since q/kBToS 1, we may 
have 

even for 6T/ To< 1. This means that the rate of evaporation, 
which is proportional to exp(q s ~ l k , ~ ; )  % 1, undergoes 
large-amplitude fluctuations, i.e., we cannot define an aver- 
age temperature (T) for the cluster (the angle brackets de- 
note averaging over time). In this case, a strong correlation 
exists between the processes of evaporation and condensa- 
tion. Thus, in the absence of a heat bath the evolution of the 
cluster is determined not only by the quantity (T) but also by 
the fluctuation amplitude 6T; furthermore, (T) differs from 
the vapor temperature (see Sec. 3). Therefore the temperature 
To is not a good thermodynamic parameter for this system, 
and in order to simulate the (P,T) ensemble we must reduce 
the level of temperature fluctuations; this is why we have 
introduced the interaction with a heat bath. 

The interaction term is written in the form of a frictional 
force, and the equation of motion for the jth atom in the 
cluster has the form 
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where r0 = a d ~ 7 2 4 ~  is the time scale for the molecular dy- 
namics, rf is the temperature relaxation time, and 

is the "instantaneous" cluster temperature, defined by using 
the equipartition theorem16 (in equilibrium this would be 
(T )=  To). The second term on the right side of (3) corre- 
sponds to acceleration of atoms for T<To and braking of 
these atoms in the opposite case. Obviously this term must 
be small enough compared to the first term that atomic vi- 
brations do not degenerate into aperiodic motion. On the 
other hand, it must be large enough that the temperature 
fluctuations are small, q 62'1 k , ~ ; <  1. Thus, the quantity rf 
must be chosen to ensure a compromise between these cases. 
Since the atoms of vapor are generated by the heat bath 
itself, whose state does not depend on the state of the cluster, 
we set .~j.=m for these atoms. 

In order to identify which atoms belong to the cluster 
and which belong to the vapor, we adopt the following 
widely used criterion: an atom is assumed to belong to the 
cluster if it has even a single neighbor at a distance smaller 
than rb .  In Refs. 17 and 18 it was shown that this criterion 
works well for amorphous clusters; the number of atoms in 
the cluster depends weakly on rb if rb-u. In this paper, we 
choose rb from the condition of minimum fluctuations of g; 
under the conditions described in Sec. 3, rb= 1.434~. 

In order to compensate for the drift of the cluster from 
the center of the cell due to Brownian motion, we shift the 
cell to the cluster center of mass r,, as soon as we find that 
r : , 2 ~ ~ / 1 2 .  This corresponds to a transformation of coordi- 
nates and velocities rj = rj - r,, , vj = vj , i.e., a shift of the 
coordinate origin that does not affect the motion of the atoms 
that make up the cluster. The vapor atoms that happen to be 
outside the new cluster (Ir; 1 > R )  are reflected in a cen- 
trosymmetric fashion with respect to the point rc,/2:ri 
= - rj , vj = - vj . In this case, we conserve the number of 
vapor atoms moving within the cell and toward its surface, 
and also the total number of particles in the system. 

The introduction of a cell actually implies a cutoff in the 
potential. The results of Refs. 19 and 20, where the simula- 
tion was carried out by the method of molecular dynamics 
for a planar boundary between vapor and liquid in an argon- 
like system, indicate that the saturated vapor pressure differs 
considerably from the real pressure, even for a cutoff radius 
equal to 3u. Therefore the radius R must be quite large; in 
this paper we took R = 8 a .  In this case, the condition for 
quasicontinuity of the generation p,Gl is still satisfied. 

3. INSTABILITY AND CRITICAL SIZE 

The system of equations (3) was nu~nerically integrated 
with step size ~ 0 . 0 5  (the time was varied in units of T ~ ) .  

The optimum value of To was found to be the melting tem- 
perature of real argon:2' at higher temperatures, the vapor 
was nonideal, while at lower temperatures it was impossible 
to compare the numerical results with calculations based on 
other nucleation theories. If we use the widely adopted value 
E= 119.4 K (see Ref. 16), then T,=0.7017~. The average 
value of the number of vapor atoms in the cell, which was 
kept constant in the course of each process, was chosen ac- 
cording to the degree of supersaturation S=n,ln,(To), 
where n,(To) =2.4 is the concentration of saturated 
vapor. 

In order to test our procedure for generating vapor atoms 
at the walls of the cell, we calculated the temperature 

the concentration (N , ) IV ,  and the compressibility factor for 
the vapor 

when S=4 in the absence of a cluster. The generation con- 
tinued up to a time lo4. The derived value of T, exceeded To 
by 4%, and the concentration turned out to be 5% lower than 
nu (when we "turned off" the interaction of the vapor at- 
oms, this difference went to 0.1%). The value of the com- 
pressibility factor we found was 0.95, i.e., somewhat larger 
than that of real argon. This is due to the presence of dimers 
in the latter; under our conditions, the dimer fraction is of 
order 0.1 .21 Thus, the algorithm described in Ref. 2 for gen- 
eration of vapor atoms allows us to simulate the vapor with 
satisfactory accuracy at a prespecified pressure and tempera- 
ture. 

Further calculations were performed for cells containing 
a cluster. At t=O the original cluster is created, and the gen- 
eration of vapor begins. The process ends as soon as either a 
shrinking cluster completely disappears, or the number of 
atoms in it doubles. Two types of numerical experiments 
were carried out, corresponding to rf=0.125 and rf=m. 
Their results were quite different. Thus, for the first type the 
average value of the temperature pulsations ST did not ex- 
ceed 2 to 3 K (the condition for weakness of the interaction 
with the heat bath 6TrO/2Torf< 1 was satisfied in this case). 
For the second type 63-20-30 K, so that it was difficult to 
assign a definite temperature to the system. One consequence 
of the strong correlation between evaporation and condensa- 
tion events mentioned in Sec. 2 is an order-of-magnitude 
increase in the time it takes for a cluster to completely dis- 
appear when rf=w. This feature was used as a way to mini- 
mize the loss of clusters to evaporation at the beginning of 
the process, when the cell is filled with vapor: for t< ~ ~ ~ 6 5  
we set rf=m in the first variant as well. 

We performed a series of experiments with S=4.4 and 
various initial values of the number of atoms in the cluster 
g(0). Typical time dependences for the first type of simula- 
tion illustrate the phenomenon of size instability well (Fig. 
1). Depending on the initial size of the cluster, we can dis- 
tinguish two groups of clusters: those for which g(O)<g*, 
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FIG. 1 .  Time dependence of cluster size for various initial sizes (shown at 
the right of each curve). 

which decrease in size and disappear completely after a cer- 
tain time, and those for which g(O)>g*, which grow with- 
out bound. Here g*= 60. Clusters with initial sizes g*?7 
are randomly assigned to one of these two groups. 

Let us estimate the magnitude of the cluster size fluctua- 
tions. According to the classical theory of nucleation: a clus- 
ter executes a random walk in the "size" space. If we as- 
sume that this random walk is due only to fluctuations in n, , 
we find that it corresponds to a diffusion coefficient of the 
same order as the frequency of condensation events v at the 
cluster surface. Therefore, the size difference between two 
initially identical clusters is Sg - fi. For t  = lo3 we find 
that 6g-10. In order to explain the discrepancy in the ob- 
sewed growth and disappearance times for the clusters (Fig. 
I), the quantity Sg must be several times larger. Conse- 
quently, the fluctuations in cluster size are determined by 
fluctuations in the rate of evaporation, which have a large 
value even for small ST. 

It is clear from Fig. 1 that subcritical clusters, rather than 
beginning to shrink, grow until a certain time t,, is reached, 
despite the fact that for t<  r, the vapor concentration is less 
than its steady-state value (see the curves for g(0)=39 and 
64). The quantity t,, varies from 80 to 350 for various 
realizations. For a constant value of S the flux of condensing 
atoms is constant as well. Consequently, when K t , ,  the 
rate of evaporation is significantly higher. As we show in the 
next section, at the maximum of the function g(t) an abrupt 
restructuring of the cluster phonon spectrum occurs. 

We investigated the dependence of the critical size on 
the degree of supersaturation for values of S from 3.8 to 5.0. 
It turned out that the classical theory of nucleation1-4 gave 
values of g* that were 2 to 3 times smaller than the numeri- 
cal models. The formal use of the Tolman size correction, 
which reduces the surface tension of the cluster by a factor of 
1+2(g*)-"3 compared to the planar surface of a liquid, 
gives the unphysical result g*= 1. The theory of nucleation 
with size corrections8 leads to the opposite conclusion that 
the effective surface tension for an argonlike cluster is larger 
than for a planar surface; therefore, the critical size turns out 
to be larger than for the classical theory of nucleation. Cal- 

culations based on the model of Ref. 8 give values of g* that 
are 25 to 30% lower than those obtained from numerical 
simulation. 

In the second type of simulation (7-=m), a shrinking of 
the clusters is observed for all sizes below the spinodal, i.e., 
for S<10. For S>lO, independent of the initial sizes, the 
clusters grow. It is noteworthy that their average temperature 
(T) was found to be 4 to 5% lower than T,. During the 
period when the temperature fluctuations were positive, the 
probability of evaporation increased considerably; evapora- 
tion of dimers and trimers was observed. Thus feature of the 
evolution is in agreement with the known experimental fact 
that nucleation is hindered in the absence of a buffer gas. 

For g<40, the frequency of escape from the cluster sur- 
face increases considerably for clusters containing up to 10 
to 12 atoms; we saw this happen in both types of simula- 
tions. In fact, the smallest size coincided with the critical size 
in the denser vapor, where the equilibrium concentration of 
small clusters was no longer negligible. From the principle 
of detailed balance it follows that the fraction of light clus- 
ters must also increase during evaporation. Two consecutive 
escape phases of a ten-atom cluster are shown in Figs. 2a and 
2b. 

In all realizations we observed three types of vibration: 
single-particle vibrations of atoms in their cells; bulk 
("breathing") vibrations connected with oscillations of the 
interatomic spacing (Figs. 2c and 2d); and surface vibrations 
analogous to capillary waves on the surface of the liquid 
(Fig. 2e). Note that the latter type of vibration, for which 
deformation of the cluster is characteristic at a constant av- 
erage interatomic spacing, appears only as the cluster melts. 
Figure 2f shows a highly excited state in its "inhaling " 
phase; note the threadlike structures. 

Various types of vibrations appear at different times af- 
ter the process begins. Thus, single-particle vibrations appear 
immediately, surface vibrations after a time of order 20. It is 
very significant that for t<t,, not a single realization ex- 
hibits bulk oscillations. This leads us to believe that there is 
a connection between these types of vibrations and the rate 
of evaporation. In order to study it we analyzed the phonon 
spectra. 

4. PHONON SPECTRA OF CLUSTERS 

The quantity that is most suitable for analyzing collec- 
tive vibrations is the potential energy per cluster atom refer- 
enced to the temperature: 

On the one hand, this quantity is very sensitive to oscillations 
of the interatomic spacing, while on the other hand it differs 
very little from the quantity qlkBTo that determines the rate 
of evaporation. The spectra of U ( t )  were analyzed for 45 
realizations in which the initial number of atoms in a cluster 
was 42 for each of the simulation types. All of the features 
we will discuss below are more or less evident in each real- 
ization and are illustratecl with one example. The functions 
U ( t )  and g ( t )  are shown in Fig. 3. Point A is the start of the 
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FIG. 2. Phases in the evolution of ' 
clusters: a,b--evaporation of a ten- 
atom cluster; c,d-"exhaling" and 
"inhaling" phases of collective oscil- 
lations separated by a time equal to 24; 
e-lower mode of surface oscillations, 
t=  19.5; f-highly excited state with 
threadlike structures. The degree of 
shading corresponds to the range of 

C atomic coordinates (shown on the left) 
along the axis perpendicular to the 
plane of the figure. 

f 

process, point C the time at which the cluster size has de- 
creased by two. At point B there is a significant change in the 
character of the oscillations-a sharp increase in amplitude 
and a longer period. From Fig. 3 it is clear that tB= t,,= 153 
coincides with the delay time for the beginning of rapid 
evaporation (the reason for nonmonotonicity of g ( r )  when 
320<t<427 is discussed in Sec. 5). The same regularities 
are also observed when rf=w, but on a different time scale: 
for the realization chosen here, tB  = t ,  =440; we took 
tc- tB=630 .  

There is a significant systematic trend in the function 
U ( t ) ,  which must be removed before beginning the spectral 
analysis. To do this, we write the quantity being analyzed in 
the form of a trend and a rapidly oscillating component: 
U =  fi+ f. The trend is specified by a broken line consisting 
of linear functions over time intervals much smaller than 

t ,-  t ,  but much larger than the characteristic oscillation pe- 
riod. On each interval coefficients for these functions are 
determined using the method of least squares with additional 
continuity conditions at the interval boundaries. 

A distinctive feature of this process is its nonstationary 
behavior; therefore, in postulating ergodicity we must char- 
acterize its time time-dependent spectral functions. To do so 
we need the additional assumption that these functions vary 
sufficiently slowly on the time scale 6 we used to calculate 
and average them, i.e., we use the approximation of a local 
spectral density. In this approximation the spectral density of 
the quantity is defined by the average 
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FIG. 3. Potential energy per atom and cluster size versus time; S=4.4, 
rf=O.125. 

where 

is the coefficient of the finite Fourier transform on the inter- 
val ( t , t+t l ) ;  the values of k are bounded from above by 
k<wm,tl/2.rr, where w,, is a prespecified maximum fre- 
quency. In order to decrease the step in o when we calculate 
G(w), the length of the interval t ,  on which the Fourier co- 
efficients are found was varied over the limits 8/2<tl<8 
with a step ro=0.5 chosen such that the resolution of this 
method 8w=(16d3)(ro/82) was much smaller than 
wmi,=2d8, i.e., the minimum frequency that coincides with 
the half-width of the spectral lines. The line broadening is 
natural and is caused by the finiteness of the cluster lifetime 
(formally, the finiteness of the length of the computation 
interval for G(w)). In other words, each Fourier coefficient is 
computed for a given t l  and k at different times t '  on the 
interval (t,t+8), and then the square of its modulus is aver- 
aged on this interval. Note that the decay time of the auto- 
correlation function 5(t) for the quantity 6 is found to be 
large-at least it is no smaller than the lifetime of the cluster. 
Therefore, the commonly used expression 

G(w)= lim [: I,,' ((t)cos(wt)dt 
e+ m I 

is inapplicable here. 
In analyzing the results of our numerical experiments we 

assumed that the spectral density changes abruptly at the 
point B and is constant over the intervals AB and BC; the 
corresponding values of 8 are (tB-tA)/2 and (tc- te)/2. 
Figures 4 and 5 show the vibration spectra G,(w) and G,(w) 
for the first and second intervals respectively, with additional 
smoothing of the spectra: 

FIG. 4. Spectral density of the quantity f ( t )  on intervals AB (a) and BC 
(b), with rf=0.125.  

The different characteristics of the oscillations over these 
two intervals are clearly evident in the spectra (see parts a 
and b in Figs. 4 and 5). Figures 4b and 5b show the behavicr 
of the sharp maxima (peaks) at frequencies much smaller 
than the single-particle frequencies. The fact that the spectra 
and evaporation rate change abruptly at t =  tB suggests that 
these phenomena are related. 

5. DISCUSSION 

In the low-frequency range we can distinguish three 
peaks in Figs. 4b and 5b at frequencies wr0=0.14, 0.24,0.48, 
and 0.11, 0.24,0,45 respectively. The fact that the spectra of 
these two realizations, which correspond to different condi- 
tions and have different "ages," are in such close agreement 
(the two largest peaks in Fig. 4b are poorly resolved due to 
the large natural broadening) indicates that they have the 
same origin. Since the quantity U(t) is most sensitive to 
oscillations in the interatomic spacing, we can interpret these 
peaks as the onset of "breather" vibrations, or phonons. We 
also cannot rule out the contribution of surface oscillations, 
because they are strongly coupled to the bulk oscillations. 
Actually, in all the realizations a stretched-out shape of the 
cluster (Figs. 2c, 2d) corresponds to a "breathing-out" 
phase, whereas a flattened shape (Fig. 2e) corresponds to a 
"breathing-in" phase. This correspondence contradicts what 
happens in solid clusters.12 Note that the dependence of the 
peak positions on the cluster size is quite weak-the corre- 

'TI 

FIG. 5. The same function as in Fig. 4, for rf=m.  
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sponding broadening does not exceed the natural broadening. 
The change in the spectra observed for clusters that are 
shrinking with g<g"  takes place for growing clusters as 
well, where g>g*. Since the evaporation rate is related not 
only to the presence of phonons but also to the cluster size, 
decreasing with increasing g ,  the connection between 
phonons and changes in the cluster dimension is not unam- 
biguous in general and can be clearly discerned only for 
rather small clusters. 

The following pattern is worth noting: the frequencies 
corresponding to the peaks discussed above are found to be 
in the approximate ratios 1 : 2 : 4. These are characteristic 
not of a succession of harmonics (in this case we would 
expect 1:3:5) but rather of a strange a t t r a ~ t o r . ~ ~  Let us list the 
facts that argue in favor of this system having a strange at- 
tractor: 1) period doubling, 2) a sharp "catastrophic" change 
in the spectrum at t =  t ,  , 3) a decay mechanism for the onset 
of chaos, connected with pumping of energy from higher to 
lower frequencies in the spectrum. The latter feature is char- 
acteristic, e.g., of turbulent flow. The spectrum of pulsations 
in velocity in a shear layeZ3, for example, is very similar to 
what we have found in this work. 

Let us discuss the mechanism for energy pumping in our 
system when rf=m. Obviously, the mechanism is sustained 
oscillation, with the role of an energy source played by the 
generation of atoms at the surface of the cell. Pumping of 
energy takes place when atoms condense on the cluster sur- 
face. As our observations show, the clusters are such 
"loose" formations that an atom arriving at the surface will, 
as a rule, stick to it. In this case it executes several oscilla- 
tions with decreasing amplitude, giving up energy to neigh- 
boring atoms. This is a single-particle process, and the cor- 
responding frequencies are the same order of magnitude as 
the high frequencies of single-particle vibrations. The dissi- 
pation mechanism is connected with evaporation of the 
atoms-at each evaporation event an energy of order q is 
lost. However, evaporation is a collective process, for which 
low frequencies are characteristic. Thus, pumping of energy 
takes place between the single-particle and phonon frequen- 
cies, giving rise to a characteristic spectrum with frequency 
doubling. At finite but rather long rf the interaction with the 
heat bath does not distort this picture. 

Our results lead us to one unconditional conclusion: 
namely, that the increase in the rate of evaporation of atoms 
from a cluster surface is connected with the appearance of 
vibrations with frequencies of order (0.1-0.5)~0~. The am- 
plitude of the oscillations U ( t )  for these vibrations reaches 
2k,T (Fig. 3); therefore, the probability of evaporation of an 
individual atom in the "breathe-in" phase (Fig. 2d) is sev- 
eral times that in the "breathe-out" phase (Fig. 2c). This 

indicates a collective mechanism for evaporation. The fact 
that clusters grow with time for t> t, (Fig. 3) does not con- 
tradict this conclusion. In fact, the deformation of the cluster 
in the "breathe-out" phase is larger the larger the vibration 
amplitude. For t=282 the cluster is so distended that the 
ratio of longitudinal size to transverse reaches 4. In this case 
the phonon decays, since all the atoms of the cluster are 
converted to surface atoms. For repeated apparition of the 
phonon and establishment of an evaporation rate connected 
with it we require times of order lo2, during which the clus- 
ter grows. 

The basic patterns we observed in these numerical ex- 
periments can be described as follows. The rate of evapora- 
tion of a cluster, fluctuations in its size, and its critical size 
are all connected with the presence of phonons. The spec- 
trum of vibrations of a thermally excited cluster exhibits pe- 
riod doubling, which is characteristic of a strange attractor. 
We claim that these results are not specific to argon. If we 
are right, then liquid-metal clusters should also exhibit an 
increased rate of evaporation and an abrupt decrease in the 
rate of nucleation when the phonons interact with a resonant 
electromagnetic field. 
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