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Morphology and growth of metal clusters in the gas phase: A transition from spherical
to ramified structures
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Metal cluster cations are produced in a laser vaporization source, size selected in the gas phase by an
electrostatic quadrupole deflector, and deposited without coalescence on carbon coated electron microscopy
grids for further observation. For platinum clusters, a transition from spherical to strongly ramified shapes is
observed when the cluster size increases beyond a critical diameter d,. of about 2.5 nm. In ramified structures,
the branch width is almost independent of the size and of the order of d... This study shows evidence of the role
of coagulation in the kinetics of growth and of the quenching of particle coalescence above the critical size.
The results are discussed in the framework of previous models developed in aerosol and thin film growth
experiments. A comparison with indium and gold clusters confirms that the border size at the transition from
coalescence to ramification depends on the thermodynamic properties of the element.
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I. INTRODUCTION

A large interest is focusing on the individual and collec-
tive properties of supported size-selected clusters for both
fundamental and technological purposes. One route is to syn-
thesize deposits of clusters that are produced in the gas phase
and delivered in a free propagating beam. Several techniques
for an efficient size selection have been developed.'= Since
the size dependence of the cluster properties in the nanom-
eter range is a key issue, additional parameters—such as
their interaction with the substrate—must be controlled with
care because they may blur intrinsic size effects. The prop-
erties strongly depend on the geometric structure and it is
highly advisable to determine the cluster morphology prior
to further analysis. The cluster shape is unfortunately gov-
erned by the kinetics of growth, and understanding how the
cluster structure can deviate from compact arrangements is
necessary before planning to control it by external means.

Most of the cluster sources work on the principle of con-
densing a supersaturated atomic vapor or plasma in an
inert carrier gas. Beyond the characterization of size
distributions,’ mass spectroscopy experiments on cluster
beams generated in such sources have provided valuable (al-
though indirect) information about the geometrical structure
of nanoparticles in the gas phase.”® Generally speaking, clus-
ters were found to adopt rather compact structures, indicating
that they mainly grow by the addition of single atoms or
small units.>!? Nevertheless, this is not the only mode of
growth and the process of cluster-cluster coagulation may
become important for other experimental conditions, sys-
tems, or even size ranges. This will be illustrated in the
present paper and was clearly pointed out in pioneer experi-
ments on aerosol particles produced in specially designed
“inert-gas- evaporation” reactors.''~!3 Depending on the ki-
netics of rearrangement, this coagulation phase (also called
agglomeration) may lead to compact, elongated, or dendritic
shapes. Coagulation is naturally accounted for by conven-
tional kinetic equations describing the growth of aerosols
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through sticking collisions between particles'*!> but the is-
sue of shape relaxation is more difficult to deal with. The
recent molecular dynamics study of Meyer et al.'® on nickel
particles illustrates an interesting attempt to describe the in-
terplay between both processes.

The formation of highly ramified or fractal particles in
conventional cluster beam generators has not been investi-
gated in detail up to now. The in-flight characterization of
cluster morphologies is difficult even if their mass is sharply
selected. As compared to spherical particles, deformed ones
could lead to different responses in light scattering!” or ion
mobility measurements!® for instance, but rotational averag-
ing effects prevent their shape from being determined unam-
biguously. On the other hand, a few microscopic studies of
clusters synthesized in the gas phase and deposited on sur-
faces have directly and unambiguously shown the existence
of deformed and ramified structures.'>!” These are not stable
on thermodynamical grounds but their coarsening dynamics
towards a compact shape is slow compared with the obser-
vation time window (delay between cluster synthesis and
shape characterization).

In the absence of a precise mass selection, the relation
between size and shape is hindered by a residual growth on
the surface because of cluster diffusion and collision. Ob-
served and incident particles may be different. We have re-
cently developed an experimental setup for the synthesis of
supported assemblies of size-selected clusters. The sharp size
distribution of deposited particles gives the opportunity to
unambiguously correlate their size to their geometrical struc-
ture in the gas phase. After discussing this point, we present
the experimental evidence that coagulation events are of
main importance in the cluster growth from a laser plasma
quenched in an inert carrier gas atmosphere (standard laser
vaporization source). In the case of platinum, a transition
from spherical to ramified clusters is clearly observed and we
discuss the shape of large dendritic structures as resulting
from a size-dependent competition between coagulation and
coalescence processes. A comparison with indium and gold
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clusters confirms the importance of the thermodynamical
properties of the element with respect to this competition.

II. EXPERIMENT

Metal clusters are produced in a laser vaporization source
at room temperature. The charged species present in the
beam effusing from the source are deviated at right angle and
energy selected by an electrostatic quadrupole. Because the
cluster velocity is rather well defined and almost independent
of the size, the filtering of kinetic energy is an efficient
means to sharpen the size distribution in the beam. Detailed
information about the operation and the performances of the
whole setup is available in a previous publication.” The aim
of this paper is to illustrate how the morphology of metal
clusters evolves as a function of size. We will mainly focus
on the special case of platinum clusters. Here, we opt to
deposit size-selected clusters on a surface (amorphous car-
bon film) by means of the LECBD (low energy cluster beam
deposition) technique.? They are further observed and char-
acterized by transmission electron microscopy (TEM). They
may be slightly deformed because of collision and interac-
tion with the substrate but one can nevertheless retrieve valu-
able information about their morphology prior to deposition,
as will be discussed in the next section.

Before discussing TEM images, let us recall that their
examination gives only access to the projected shape of clus-
ters deposited on the substrate surface. Since the cluster cross
profile in the direction perpendicular to surface is unknown,
the measurement of the projected area S, is not sufficient to
obtain a precise estimate of the cluster volume, especially in
the case of very deformed particles. In the so-called spherical
approximation, an “effective radius” r,; is given by §,
=7Tl’5ff. The effective cluster volume Veff=%7'rr2ff is the real
one only when clusters are perfectly spherical (no surface
wetting or oblate deformation). The cluster size (i.e., vol-
ume) is a central parameter that must then be controlled by
other means. When the four quarter cylindrical electrodes of
the quadrupole are alternately polarized with a static £V bias,
the mean kinetic energy of right-angle deviated clusters is
E.=¢V (e is the elementary electric charge) and their mass is
m=2eV/ vi since the bulk of ionized clusters are singly
charged. The selection of kinetic energy provides a direct
measurement of the mass provided that the cluster velocity
v, is known. In our laser vaporization source, v, has proven
to depend mainly on the expansion conditions (gas pressure,
nozzle diameter) but not on the constituting element. As a
consequence, the particles will be always produced under
similar expansion conditions. This ensures that the propor-
tionality factor between mass and kinetic energy is fixed and
remains unchanged throughout the experiment.

Here, v, was measured by a time of flight technique and
found close to 570 m/s for the most abundant species (E.
=150-200 eV).? Strictly speaking, the actual cluster velocity
is not exactly constant and a slight slippage (decreasing ve-
locity with increasing size) must be considered. A direct
measurement was not performed here. A further study on
supported spherical indium clusters has shown that a lower-
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ing of 10% relative to v,, can be considered as an upper value
for the largest sizes (E,=1200 eV).> This effect is weak and
the approximation of a constant velocity does not alter the
main conclusions of this study, as will be illustrated in the
next section.

III. RESULTS

The micrographs in Fig. 1 show deposits of platinum clus-
ters of three different kinetic energies E.=140 eV, 300 eV,
and 1200 eV. Assuming a size independent velocity v,
=570 m/s, they contain respectively N=420, 900, and 3600
atoms on the average. The coverage rate was monitored dur-
ing the deposition process by measuring the cumulated
charge impinging on the grid surface [10 nC for Figs. 1(a)
and 1(b) and 1 nC for Fig. 1(c)]. A charge of 1 nC corre-
sponds to a particle density of the order of 5.10'" cm™. As
the size increases, the morphology of deposited clusters
strongly changes from spherical to elongated and finally
strongly distorted shapes.

The important point is that the individual particles that
can be identified in the TEM images, with a few exceptions,
are not the result of the merging and reorganization of sev-
eral incident ones. The coverage rates measured from the
micrographs are indeed close to the values inferred from
cumulated electric charge measurements in the case of
singly ionized particles [3 X 10" em™2, 4.5X 10'' cm™ and
0.8 X 10'"" cm™2 for Figs. 1(a)-1(c) respectively]. Additional
arguments support the absence of a significant amount of
particle diffusion and regrouping on the surface. Clusters se-
lected at E.=140 eV kinetic energy (N=420) were previ-
ously analyzed in Ref. 5. Their diameter distribution was
deduced from the histogram of projected surfaces [Fig. 1(a)]
by assuming the spherical approximation. The mean diam-
eter d=2.30 nm (§,=m(d/2)’=4.2 nm?) is exactly the one
predicted for particles with 140 eV kinetic energy, which is
in favor of the spherical shape and the absence of cluster
agglomeration on the substrate. For larger and no longer
spherical particles, the only relevant quantity to be consid-
ered is their projected surface. In the case of N=900 [Fig.
1(b)] and 3600 atom clusters [Fig. 1(c)], the relative surface
dispersion is surprisingly low (AS/S=34-38%) and of the
same order as for N=420 atom clusters. The nonmeasurable

cluster height is certainly not less precisely defined for N
=900 and N=3600 than for N=420 atom clusters. In this

case, the relative volume dispersion [AV/?E%(AS@)

=55 %] is almost independent on the size and remains close
to the selectivity of the quadrupole deviator,” smaller than
the island size dispersion that would be expected for a bal-
listic and random deposition process followed by cluster dif-
fusion and regrouping.

If particle diffusion and sintering on the surface do not
significantly contribute to the morphology of cluster depos-
its, the one-to-one correspondence between incident and sup-
ported particles can still be hindered by fragmentation
events. Since the clusters are not decelerated before imping-
ing on the surface, a part of their kinetic energy is available
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for further warming and reorganization. As a general rule, short axes are about 4.5 nm and 2.5 nm respectively. The
the kinetic energy per atom is a constant that only depends short axis is hardly larger than the diameter of the spherical
on the initial cluster velocity. It is of the order of 0.33 eV in N=420 atom clusters. When their size is increasing, the clus-
the case of platinum. This is much less than the cohesive ters become more and more deformed. Particles with N
energy per atom [5.84 eV (Ref. 21)] which makes the atomic =900 atoms are not elongated in a single direction but
evaporation process unlikely. On the other hand, if the par- present an outset of branching which is magnified for larger
ticles are ramified and built by the attachment of a few particles containing N=2400, 3000, and 3600 atoms. In the
smaller entities, an excess energy can more likely induce the last case, it was possible to identify a very few spherical
breaking of interparticle links if it is localized in the corre- particles, such as the one displayed in Fig. 2. The main fea-
sponding vibrational dissociation modes. This is obvious in ture is the constancy of the branch width of ramified particles
the case of the largest clusters [Fig. 1(c)] for which a shoul- ~ (=2.5 nm). It is similar to the short axis length of the prolate
der is detected on the left side of the surface distribution. particles selected at 300 eV (N=900) and appears as a char-
To disclose more clearly the shape evolution of platinum acteristic length for the lateral extension of particle arms in
clusters with size, Fig. 2 shows enlarged views of selected the plane of the substrate.
particles deposited with various kinetic energies E,. As mentioned in the previous section, the volume of de-
=100 eV, 140 eV, 300 eV, 800 eV, 1000 eV, and 1200 eV. formed clusters cannot be directly measured from TEM im-
The corresponding average sizes are respectively N=300, ages. In Fig. 3, the apparent area S, of three cluster sizes (see
420, 900, 2400, 3000, and 3600 atoms (v,=570 m/s). For  Fig. 1) is plotted as a function of the cluster kinetic energy
N=300 and 420 atoms, the clusters appear spherically (E,.=140 eV, 300 eV, and 1200 eV). The selected clusters
shaped even if crystalline facets can be guessed under larger ~ are expected to contain, on the average, N=420, 900, and
magnification. For N=900, the most abundant shape is now 3600 atoms which correspond, for platinum, to the respective
close to a prolate ellipsoid with a visibly well-defined eccen- volumes V=6.35 nm?, 13.61 nm’, and 54.43 nm® [atomic
tricity e=0.83+0.06. The average lengths of the long and  mass 195.1 amu and bulk density 21.4 g/cm™ (Ref. 21)]. If
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FIG. 2. Enlarged micrographs of selected clusters deposited
with various kinetic energies: E,=100 eV (N=300), E.=140 eV
(N=420), E.=300eV (N=900), E.=800eV (N=2400), E.
=1000 eV (N=3000), and E,=1200 eV (N=3600). The bottom
rightmost picture displays a spherically shaped particle with N
=3600 atoms.

the clusters were spherical, the points should scale as E?B
since S={(3/4m)V]*? (V is proportional to E_) and should
fall onto the dotted line in Fig. 3, at the corresponding ab-
scissas S,=4.15 nm?, 6.89 nm?, and 17.34 nm?. This is veri-
fied both for the N=420 atom clusters and the compact N
=3600 atom cluster visible in the bottom right-hand corner
of Fig. 2. On the contrary, the projected areas for N=900,
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FIG. 3. Plot of the average projected area S, as a function of the
cluster kinetic energy E,, for the three size histograms reported in
Fig. 1 (A). The circles (o) correspond to the special values of the
particles in Fig. 1(a) (E.=140 eV, N=420) and the spherical iso-
lated particle in Fig. 2 (E.=1200 eV,N=3600). The dotted curve
gives the evolution of S, if the particles were all spherically shaped.
The full line illustrates the case of a linear dependence of S, with £,
and is arbitrary scaled with the point measured at £.=300 eV (N
=900).
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and N=3600 are much larger than expected and rather scale
as E.. This is an indication that ramified clusters have almost
a constant height. If S, is the projected area of a spherical
particle with volume V and diameter D:%(V/ S,), V can be
also expressed as V=€S, where e= %D can be seen as an
effective thickness (height of a cylinder of section S, and
with the same volume). This also holds for an ellipsoid of
revolution. Let us assume that the ramified particles remain
planar over the substrate and that their real height can also be
written H=%(V/Sp)=%e. We find H=23nm and H
=2.15 nm for N=900 and N=3600 atom clusters. This con-
firms indeed that the particle extension perpendicular to the
substrate is almost constant and close to the characteristic
branch width in the plane of the substrate (H=d,.). Platinum
clusters are likely to adopt a dendritic shape with branches
that have similar and size-independent extensions both par-
allel and perpendicular to the substrate. Therefore, their vol-
ume is almost proportional to the cumulated length of these
branches, as can be guessed from TEM images. It must be
noted that if a weak velocity slip were no longer neglected
(see Sec. M), the dotted curve in Fig. 3 would be slightly
distorted and, in the vicinity of E,=1200 eV, shifted about
13% towards higher S, values. This corresponds to an in-
crease of about 7% of the H value inferred for N=3600. This
correction is weak and H remains consistent with expecta-
tions. The hypothesis of a constant velocity is therefore ac-
ceptable.

IV. DISCUSSION
A. Cluster growth through coagulation

Whatever the method for creating the initial atomic vapor
(thermal evaporation, laser ablation, ion sputtering, etc.), the
synthesis of nanoparticles in the gas phase starts with a
nucleation stage where the vapor, usually supersaturated in
an ambient inert gas atmosphere, rapidly condenses into
small primary particles. Once most of the atomic species are
depleted, the prevailing mechanism becomes the attachment
of colliding clusters starting from those primary particles
(coagulation stage). Under the hypothesis of irreversible ag-
gregation, the temporal evolution of the cluster size distribu-
tion is described by the standard coupled kinetic equation
system??

Bl 1S kX 0X,0-X,05 X0, (1a)
t 2 iijmn i=1

where X,,(7) is the number of clusters per unit volume with n
atoms at time 7 and the «;; kernels give the collision rate of
clusters containing i and j atoms. Coagulation has proven to
be of main importance in most of the cluster sources. The
size distributions usually disclose a practically log-normal
profile, as is expected if this mechanism prevails (see Appen-
dix A).® Moreover, coagulation is also a prerequisite for the
growth of noncompact shapes. Generally speaking, clusters
result from a sequence of binary sticking collisions to which
their final size and morphology will be extremely sensitive
(see notations in Appendix B).
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In the following, it will be useful to make a comparison
with a well-known but somewhat different mechanism. It
concerns the growth of nanostructured agglomerates on sur-
faces by depositing size selected clusters (n=n,), preformed
in the gas phase and delivered in the form of a molecular
beam.?*> Soft-landed clusters undergo Brownian diffusion
on the slippery substrate until they impinge onto motionless
islands or trapping defects. Here, the kinetics of two-
dimensional growth can be simplified and described by the
equation

Bl Ko 05,0~k 0%, (). (1)
The size dependence of the collision frequencies can be ne-
glected (k; ,,=k=1/At,,) in a first approximation. 1/At,,, is
roughly proportional to the intensity of the primary cluster
beam that is assumed to be constant [constant X,,U(t)]. The
total amount of matter is only limited by the duration of the
deposit.

B. Limited sintering and ramification

Considering either gas phase or surface growth condi-
tions, the sequential sticking of building particles at different
places (coagulation) produces a progressive spread and
branching of a growing cluster island, whereas sintering and
coalescence drive its coarsening towards a larger compact-
ness. The final morphology results from a subtle balance
between these two conflicting mechanisms. Relaxation
through coalescence is usually pictured in the simplest case
of spherical clusters (radii  and R). The most stable structure
is obtained when both particles merge to form a single,
spherically shaped entity. Several processes of matter trans-
port are involved during sintering and coalescence but sur-
face diffusion is known to be of main importance on the
nanometric scale.?® The neck between particles is a region of
locally low curvature towards which the surface atoms are
likely to migrate so as to reinforce atomic bounds. Whatever
the nature of the dominant contribution to coalescence, its
dynamics is ruled by a characteristic time #,(r,R,T) which is
a rapidly increasing function of the particle radii at fixed
temperature 7.2

When coalescence is much faster than the delay At be-
tween successive arrivals of colliding clusters (Af,,;>t,), the
particle has time to evolve into a fully compact (spherical)
shape at any step of the growth. On the contrary, if coales-
cence is so slow that it can be neglected on the time scale of
growth (At,,,<<t,), individual clusters attach without sinter-
ing. In the final particle, the primary clusters remain identi-
fiable within the “pearl-like” branches of the “fractal-like”
skeleton and the memory of their structure is preserved. In
ordinary growth conditions, an intermediate situation takes
place (At,,;=t,). A colliding cluster ¢ partly merges into a
growing island C until a further sticking event will freeze
this process or slow it down beyond the observation time
window. This is the key point of particle shaping. Except for
a sudden cooling of the condensing vapor, it consists in the
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FIG. 4. Qualitative evolution of a growing cluster shape after
the collision with one or two primary clusters. Az, is a character-
istic collision time interval. The arrows indicate the net displace-
ment of diffusing surface atoms: (a) if only one collision occurs,
cluster ¢ will progressively merge into C to give a single, nearly
spherical particle at time ¢, (b) a second cluster ¢’ collides onto C.
The dissolution of ¢ into C is slowed down and not complete at time
t. The star indicates the region of the surface where the atoms can
now diffuse towards two neck regions, (c) the second cluster ¢’
collides onto c¢. The dissolution of ¢ into C is frozen since its sur-
face atoms have additional high curvature regions to fill up.

attachment of a third cluster ¢’ to the coalescing pair ¢-C and
the formation of a second neck, as illustrated in Fig. 4. When
their sizes are clearly different and under the hypothesis of a
surface diffusion mechanism for coalescence, the merging of
¢ into C will be all the more slowed down if ¢’ impinges on
the ¢-C system in the vicinity of ¢. The maximum effect is
obtained when ¢ is sandwiched between C and ¢’ since its
surface atoms are drawn in opposite directions towards the
c-C and c-c' necks. Such an event actually proves to rule the
degree of particle coarsening.

It must be noticed that if At is the mean delay between
successive collisions at any point of the outer surface of the
growing island C, the delay A"z, between the arrival of a
primary cluster ¢ on the main particle C and the collision of
a next one ¢’ onto ¢ will be larger. It can be roughly written
At =a.At,,, with a=S/[w(r'+r')*] or a=L/[2(r +r")]
for gas phase or surface growth respectively (S is the surface
of the island envelope, L is the island periphery in the sub-
strate plane, r’ is the radius of the ¢’ cluster and r*is the
apparent radius of the coalescing cluster ¢ at the moment of
the collision). Az, can be calculated from suitable collision
kernels even if colliding clusters have distorted shapes'? but
it is difficult to estimate precisely Az, that is the delay of
interest. In any case, A't.,,=At,,, in the earliest stages of
growth whereas A*t,,,> At,,; when growing islands are very
large as compared to primary particles. The slowing down of
coalescence of ¢ by the influence of a third cluster ¢’ does
not exclusively proceed in the situation depicted in Fig. 4(c)
but a sufficient proximity of ¢ and ¢’ [as in Fig. 4(b)] gives
almost similar results. The role of ¢’ is ineffective when ¢
and ¢’ are located at distant places of the periphery of a large
island. Since the sizes of ¢ and C clusters are not very dif-
ferent in Brownian coagulation,'* we will make here the as-
sumption that A*z,,, always remains close to At which
will be considered as the effective collision time interval, at
least for gas phase growth.
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FIG. 5. (a) Schematic growth of a ramified particle with a 2r,
branch width, from the successive attachment of identical clusters
(dark gray spheres with radius r,). The characteristic time #,(r,,r.)
for the coalescence of spheres with radii r, and r.. is of the order of
the mean collision time interval Af.,;. (b) Graphical method to ap-
proximate the overall shape of a dissymmetrical pair of initially
spherical clusters. The colliding cluster (the smallest one) is sup-
posed to change its shape from a complete sphere with radius r, to
a truncated sphere of radius r. such as #,(r,,r.) = At

The simplest case of primary particles having the same
radius r, and colliding regularly in the same region of the
growing seed is illustrated in Fig. 5(a). Between successive
collisions, the growing particle retains a spherical shape until
its size reaches a critical radius r, for which

ts(rmrc’ T) = Al‘col' (2)
From that time, the particle is too large to allow a complete
assimilation of the primary clusters and does not remain
spherical any longer, since beyond the characteristic radius r,
one has t,(r,,r>r.,T) > At.,;. The concept of a local radius
(or local curvature) at the contact point will be more relevant
to estimate the characteristic time for coalescence 7, and to
infer the shape relaxation between further attachments. Even
macroscopic theories are not able to fully describe the in-
complete merging of the cluster pair after this transition time.
It can be nevertheless predicted that, between successive col-
lisions at any point of the particle surface, the sintering and
neck growth will be quenched in surface regions having a
local curvature lower than the limiting value 1/r.. This dy-
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namics is schematized in Fig. 5(a) and results in the forma-
tion of ramified particles with calibrated branches having a
mean width close to the critical diameter d.=2r.. If one is
more interested in the overall cluster shape than the exact
neck geometry, Fig. 5(b) shows a crude but practical method
for defining the outer envelope of a coalescing pair of
spheres as a function of time. This easy graphical represen-
tation is consistent with the description of Fig. 5(a) and will
be used in the following.

C. Dendritic clusters in the gas phase: An analogy with
surface growth mechanisms

The previous description was developed by Yoon et al. in
their study of supported islands grown from antimony clus-
ters soft-landed onto graphite.? The size and the beam inten-
sity of primary clusters are sharply defined. The mean colli-
sion time is not strictly proportional to the inverse beam
intensity but corrected to account for the increase in the is-
land periphery as the growth is proceeding (see Sec. IV B).
The increase with time is slow as compared to coalescence
dynamics and the qualitative conclusions remain valid if the
collision time is set strictly constant. This explains the
growth of fractal-like structures with a uniform branch width
d.=2r, in agreement with the representation of Fig. 5(a). At
first sight, the resemblance to our observations on platinum
clusters is surprising owing to the differences between
growth processes. Gas phase growth has been widely studied
in the framework of Kinetic equations as (1a), especially un-
der the hypothesis of an isothermal and Brownian coagula-
tion in the free molecular regime.®!'%!>28-30 The cluster size
distribution is approximated by a stable “self-preserving dis-
tribution” (SPD) as summarized in Appendix A. Contrary to
the average size of colliding clusters, the particle density and
so the collision frequency decrease with time because the
available amount of matter is constant and fixed by the num-
ber of initially vaporized atoms. This is different from depo-
sition experiments.”® Obtaining ramified particles with uni-
formly sized branches would mean that an increase in the
collision time Az, is almost offset at each collision step by
a corresponding increase in the coalescence time in such a
way that relation (2) remains fulfilled for a constant r, value.

Understanding the onset of ramification requires a reliable
formulation of both the kinetics of growth and the coales-
cence dynamics. If the first one can be modeled without too
much difficulty (Brownian coagulation in the gas phase'* or
diffusion limited aggregation models for surfaces®?), an ac-
curate treatment of the second issue is very difficult and must
account for various factors and for the specific element stud-
ied. Qualitative but acceptable information can nevertheless
be obtained provided that the characteristic time for coales-
cence can be handled through an analytical scaling law. We
choose the approximate but general form

t(r,R,T) = A(T)r*R?, (3)

where A(T) is an adjustable parameter depending on the tem-
perature. In the following, we will set a=B=2 which has
advantage fitting with the analytical formula of macroscopic
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theories for both usual cases: =R and r=r,<R.>>?3!
Experiments deal with large cluster assemblies for which
only average quantities (sizes and collision times) are rel-
evant. Flagan and Lunden have therefore proposed a general
scheme to explain the formation of ramified particles in the
gas phase.'> At each time of the growth stage, they have
considered the average size 71(r) [average volume 0(7)] of the
actual cluster distribution (self-preserving distribution) as the
characteristic size of colliding particles. An instantaneous
characteristic time for collision is taken as the average value
ASPP(7) that can be defined in the framework of the SPD
approximation (A2). The characteristic time for coalescence
t,(t) is associated to the merging of two identical clusters
Cy( and is given by t(1)=A(T)7(¢) according to relation (3)
[F(z) is the average cluster radius]. If the condition #,(r)
=At§f}3 (¢) is fulfilled at a time ¢=t,, it can be roughly argued
that the coalescence of colliding clusters is complete before
t. and frozen after. As a consequence, clusters smaller than
v(t,) are spherical when larger ones are ramified and made
by the attachment of intact units with volume o(z.). This
description is illustrated in Fig. 6(a) for a choice of SPD
parameters accounting for the cluster size distribution ob-
served in the experiment (Appendix A). The parameter A(T)

is adjusted to bring the critical size r.=7(t,) close to the half
branch width of platinum clusters in Fig. 2 [A(T)/1,,,
=3.3102 nm™ and t,, is the total time allocated for
growth]. In this scheme, a strong divergence between (1)
and A£YP(r) on both sides of ¢, is also invoked so as to
inhibit a further neck growth.

This appealing description qualitatively accounts for the
average morphology of particles grown from inert gas con-
densation reactors.'"!> It matches the present experimental
observations although it is first intended to provide average
information on size dispersed cluster assemblies. In this
framework, it is not possible to explain the weak dispersion
of branch widths as a function of cluster size (see Fig. 2).
Instead of discussing the cluster ramification in terms of the
mean size properties, we go a little further by considering a
particular size N observed at time #,,, and by choosing to
construct an “average history” of its growth in the form of a
stepwise sequence (Appendix B). We have first applied this
method to surface growth in deposition experiments (inci-
dent clusters with n, atoms). The results for two selected
sizes are illustrated in Fig. 7. For surface growth and thanks
to the crude approximations made, an analytical calculation
is possible which makes the description of the results simpler
[see Eq. (1b)]. Whatever the final size N, the average colli-
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FIG. 7. (Color online) Average sequences for
the formation of clusters containing N=n(t,,,)
=4300 (circles) and N=0.51(z,,)=2150 atoms
(triangles), in the case of surface growth and with
the same ingredients as in Fig. 6(b). The different
points give the average values of the characteris-
tic times for collision and coalescence (full sym-
bols) and the average equivalent radius of the
growing island (empty symbols) as a function of
the successive reduced times of collision #/t,,,.
t,: 1s the total time of growth and the character-
istic times are all normalized by the particular
value Af.,(t=0) obtained for N=n(z,,,)=4300.
Full and dotted lines are drawn for guiding the

growing cluster radius (nm)

1 eyes. The intersections between Ar., and ?;
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time of collision (t'/t_)

sion time is time independent and can be expressed as
At(._olztm,%. The critical radius r. that fulfills t,(r,,r.,T)
=At,, can be written rc=r;1\,Atw,/A(T)oc 1/N and is in-
deed a decreasing function of N (see Fig. 7). This is con-
firmed in Fig. 8, which displays a graphical representation of
simulated growth sequences and final branch widths for dif-
ferent cluster sizes. These drawings do not represent real
particles but rather the evolution of their outer envelope that
develops in the course of growth by assuming that the flux of
colliding clusters propagate along a single direction. The
simplified representation of a “linear growth” is valid only
because the effective collision rate on a given particle has
been supposed to be independent on the exact location of the
collision at its surface (Sec. IV B).

The dispersion of branch widths about the average value
that can be guessed from Fig. 7 is also noticeable in Fig. 8.
The case of gas phase synthesis deserves to be discussed

To
N=2100 @ S ISR TTRRGE TLRAE
colliding clusters
N=3200
N=4300
N=5400
N=6500 o)
0 time

FIG. 8. Simulated time evolution of the branch width for several
selected particles, on the basis of calculated surface growth se-
quences (see Fig. 7, for instance) and using the graphical method
explained in Fig. 5(b). The particle outer envelope develops along a
single direction, from left to right, by assuming that successive
collisions occur on the right side of the growing islands. As long as
the coalescence time is shorter than the collision time, the particles
coalesce and grow spherical until the situation is reversed and the
branch width stabilized to a constant value. The incident cluster
radius r, is indicated as a reference.

1 curves indicate the critical radii or half of the
branch widths.

from this angle and Fig. 9 shows the calculated average se-
quences for the growth of two sizes (N=900 and N=4300)
through Brownian coagulation in the gas phase. We first ex-
plore the case of an isothermal growth with the previous
value A(7T)/t,,=3.3102 nm™. The curves for collision
(empty squares) and coalescence times (full triangles) do not
display a clear divergence and do not even cross for N
=900. For N=n(t,,,)=4300, the critical radius (at the cross-
ing of the curves subtended by the empty squares and full
triangles) is much smaller than the value inferred from Fig.
6(a). The consequences of such a graphical analysis are also
apparent in the left part of Fig. 10, which displays the evo-
Iution of branch widths for different cluster sizes. The ab-
sence of crossing point for N=900 (see Fig. 9) prevents any
ramification and favors the spherical shape. This situation
also occurs for smaller sizes (N=300,420). In the case of
larger sizes (N=2400,3000,3600), it could be shown that
the coalescence and collision time curves actually cross dur-
ing the growth but without clear divergence, just like for N
=n(t,,)=4300 in Fig. 9. The crossing points are detected for
sizes that are close to one other but smaller than r., the
experimental half branch width. This accounts well for the
evolution of their branch widths in the left part of Fig. 10.
The clusters begin to grow as spheres up to a maximum
radius which is therefore smaller than r.. Beyond that point,
the coalescence times are not significantly larger than the
collision time intervals. The neck growth can continue,
which explains that the branch widths are not uniform and
even increase. Obviously, the morphology of platinum clus-
ters of various sizes cannot be correctly reproduced in the
case of gas phase growth if the parameter A(7T) is set con-
stant. This contradicts the rough statistical description de-
picted in Fig. 6(a). A sharper divergence between coales-
cence and collision interval times before the termination of
growth is required for a better agreement between experi-
ment and theoretical predictions.

In growth sequences as defined in Appendix B, there are
few collision events on the average. The time interval Af’
calculated between successive collisions on a gr(zwing par-

i

ticle certainly underestimates the time interval Az, , between
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FIG. 10. Calculated evolution of the branch width of platinum clusters with an increasing number of atoms and for three different
expressions of the A(7T) parameter in relation (3): growth at constant temperature (left), growth with a cooling rate (middle), and growth at
constant temperature with a frozen coalescence above a critical radius (r,=1 nm here) (right). The experimental branch width from Fig. 2 is

illustrated

by the r.=1.15 nm radius sphere.
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collisions in a more localized region of its surface and that
should be considered for a comparison with coalescence dy-
namics (Sec. IV B). This difference is increasing in the
course of growth due to the concomitant island size enlarge-
ment but is probably not significant enough to question the
requirement of a marked difference between the curve slopes
for both characteristic times. Moreover, considering ramified
instead of spherical cluster shapes for calculating the colli-
sion kernels would have led to shorter collision time values
so as to minimize this effect.!?

A first solution for inducing a magnified divergence be-
tween collision and coalescence times could be an increase
in cluster collision rates by suitably modifying the SPD pa-
rameters (Appendix A). However, this cannot be achieved
without also modifying the final size distribution, in dis-
agreement with the experiment. A more efficient explanation
is to invoke a slowing down of coalescence rates during the
growth. This may essentially originate from two mechanisms
that can affect the coefficient A(7) in relation (3). For a coa-
lescence driven by surface diffusion,

T
AN ={—————, 4)
NT)D(T)
where ¢ is independent of T, y(T) is the surface tension and
D(T) is the surface diffusion coefficient.!3! Surface diffu-
sion is a thermally activated process and its exponential tem-
perature dependence is described by an Arrhenius law?3-32-34

D(T) =D exp(— E/kT), (5)

where E, is an activation energy.

If the condensing vapor is cooled during its expansion
(from the target up to the source nozzle), a lengthening of the
characteristic coalescence times can be roughly mimicked by
writing the parameter A(7) in the form A(7T)=A exp(t/ T,,01)
if the cooling rate is linear (7,,,; is a characteristic cooling
time). The values A/t,,=107 nm™* and 7,,,,=0.025¢,,, were
adjusted to obtain crossing points about r.=1.15-1.2 nm
whatever the size considered (curves subtended by empty
and black squares in Fig. 9). Since the growth kinetics is less
temperature dependent than the coalescence dynamics,'? the
island growth will be assumed to occur under isothermal
conditions. The corresponding results are pictured in the cen-
tral part of Fig. 10 where the calculated cluster envelopes for
increasing sizes show a rather constant branch width of the
order of the diameter (2r,=2.3 nm) of the largest spherical
clusters (N=420). These shapes are consistent with the ex-
perimental observations of Fig. 2. Other choices for A and
T..0 Values can also bring the critical size close to r, but the
uniformityof branch widths is not reproduced so correctly.
Keeping A/t,,,=107> nm™, we have checked that the branch
width of ramified clusters increases with 7.,,, but remains
almost independent of their size.

The second hypothesis for a marked slowing down of
coalescence is to invoke a change in cluster morphology as a
liquid-to-solid phase transition for instance. Combe et al.
have clearly shown that the development of crystalline facets
increases the characteristic time of cluster shape relaxation.?
The atomic surface diffusion is not frozen but the particle
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coarsening requires that nucleation proceeds further on fac-
ets. This process is slow because of a low probability for
attaching nucleation germs on these regular and flat regions.
Here, the temperature is also a central parameter that rules
cluster ramification. The temperature of fusion (7,) is known
to decrease as the cluster size decreases and to be almost
inversely proportional to the radius.’¢3” The size of colliding
clusters or the curvature radius of the growing island may
reach a limiting value r; such as the relation T(r,)=T(z,) is
fulfilled at a time 7. before the end of the growth sequence.
The consequences of such a hypothesis have been investi-
gated by assuming that A(7) becomes infinite as soon as the
radius of any of both colliding particles is larger than a par-
ticular ry value. In the other cases, it remains constant with
the previous value A(T)/t,,,=3.31072 nm™. This limits or
even inhibits a further shape relaxation as illustrated in the
right part of Fig. 10 where the resulting cluster shapes are
drawn for r;=1 nm. As compared to the first scenario (cen-
tral part of Fig. 10), the overall cluster shape is less regular
but the cluster morphology is only dependent on a single
adjustable parameter (radius ry).

Molecular dynamics simulations have highlighted the de-
ficiencies of macroscopic sintering theories for describing
nanocluster melting or coalescence.®* An initial phase of
very rapid approach is followed by a slow transformation
into a single spherical entity driven by surface atomic diffu-
sion mechanisms, much slower than predicted from macro-
scopic theories. Elastic and plastic deformations are prevail-
ing during the first stage that comes to an end when the
cluster pair becomes crystallized and more rigid. This dis-
continuity in the coalescence process is expected to be gov-
erned by the solid or liquid nature of the joined system and
of both clusters before attachment. This description strength-
ens the hypothesis that the coalescence dynamics is sensitive
to a change in the growing cluster’s internal structure rather
than a mere change in the temperature of the heat bath.

In every case, the final cluster morphology is sensitive to
the thermodynamic properties of the constituting element.
Figure 11 shows the qualitative shape evolution with size for
indium, gold, and platinum particles grown under similar
conditions. Depending on the element, large particles are
spherical, elongated, and highly ramified respectively. This is
consistent with the properties of these metals. The bulk melt-
ing temperature and the surface tension increase*” when go-
ing from indium to platinum. The activation energy E, for
surface atomic diffusion in Eq. (5) is expected to follow the
same trend. The dependence of parameter A(T) [Eq. (4)] with
the element will be mainly ruled by D(T) [Eq. (5)] because
of its exponential dependence with E,. For a given cluster
size, the characteristic times for coalescence will become
longer when going from indium to platinum. Indium clusters
are not large enough to display the onset of a deformation,
but the shape of ellipsoidal gold particles in Fig. 11 is con-
sistent with a branch width 2r.. of about 4 nm which is larger
than for platinum. An explanation in terms of a phase tran-
sition effect would have been strengthened if the melting
temperatures of platinum and gold clusters with respective
diameters d.=2.5 nm and d.=4 nm were actually close one
to each other. Unfortunately, quantitative estimations of the

125444-10



MORPHOLOGY AND GROWTH OF METAL CLUSTERS IN...

size
ﬁ
- : Ql‘
mdlum l5a" N " S
g ’-u ""\
.
X & F
god .+ ° .
i o Wl
L -
v -
platinum =«
R PP
. L3

FIG. 11. Qualitative changes in the cluster morphology from
small to large sizes in the case of indium, gold, and platinum. Large
clusters have a 1200 eV kinetic energy and small ones are selected
at 140 eV except for indium (300 eV). Their velocity is about
570 m/s~! in every case.

cluster melting temperatures in the small diameter range
(<10 nm) are not reliable enough to conclude in this sense.?’

V. CONCLUSION

Thanks to size selectivity, this study has shown that large
clusters produced in a laser vaporization source result from a
coagulation process and are not necessarily compact (spheri-
cal). As illustrated in the case of platinum clusters, coagula-
tion actually favors the development of ramified structures
whose skeleton partly retains the memory of the way the
constituting subunits were juxtaposed. Considering the gen-
eral issue of the morphology of clusters grown in the gas
phase, the present work confirms the major role played by
the competition between the enlargement of a particle
through collisions and its shape relaxation.

Coincidence between the characteristic times for coales-
cence and for cluster attachment proves to be an essential
condition for observing ramified particles. Most of the pre-
vious models used to describe the ramification process only
provide qualitative information about the morphology of par-
ticles (size averaged branch widths for instance). We have
developed a more informative method for describing the av-
erage growth sequences of size-selected clusters. It shows
that the apparent constancy of the branch widths observed in
the present study can be explained by a strong slowing down
of the surface atomic diffusion. Since this is a thermally
activated process, it can be inhibited by a sudden cooling of
the cluster matter. On the other hand, the development of
facets when large colliding clusters turn to crystallize may
give similar results. Several theoretical studies have clearly
shown the importance of the onset of crystallization in rela-
tion to the dynamics of particle coarsening and rather support
the second hypothesis.'®3> In the framework of our experi-
ment, deciding between both mechanisms requires checking
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the influence of external parameters on the kinetics of
growth. For instance, the cooling mechanism should be very
sensitive to the source operating parameters (laser power, gas
pressure, nozzle diameter, etc.). Unfortunately, it was not
possible to modify the experimental settings, and therefore
the growth conditions, over a significantly large range for
this purpose.

In a laser vaporization source, the growth involves differ-
ent states of charge for the particles and experimental obser-
vations concern charged clusters, though they are much less
abundant than neutral ones. The thermodynamics of the
plasma plume, the specificity of charged particles as com-
pared to neutral species should be considered for a better
description.*! It must also be recognized that the basic as-
sumptions underlying the kinetics of growth in the frame-
work of the Brownian coagulation model do not account for
the large complexity of phenomena that actually drive the
formation of clusters in a laser vaporization source. In spite
of these limitations, the conclusions of this study remain
quite general.

The observation of size-selected particles trapped on a
surface can be a tool to investigate more systematically the
mechanisms of growth in the cluster source as a function of
key parameters such as the size, the bulk properties (melting
temperature, surface diffusion), and the source temperature.
For instance, a controlled thermal annealing of cluster in the
gas phase prior to deposition is a mean to compact them into
spherical particles'® and then to infer their threshold melting
temperature if it is larger than the substrate one.

APPENDIX A: THE SELF-PRESERVING SIZE
DISTRIBUTION

When the number of atoms is large, it is profitable to
change the discrete for a continuous variable and write the
number of n atom clusters per unit volume X,(z) as X(v,)dv,
the cluster concentration in the size range from v to v
+dv (v=nv,, is the volume of a cluster containing n atoms
with volume v, ). Equation (A1) is written as

dX(v 1 1

v
P Efo KX, 0)X(v — u,t)du

—X(v,t)foc Ky o X (u,t)du. (A1)
0

According to the notations of Ref. 14, the approximate
resolution of these equations gives X(v,1)=@W(7)/v(t)?
where W(7) is the so-called self-preserving solution
[[oW(nmdn=1] and ¢ is the volume of cluster matter per
unit volume [¢=[jvX(v,t)dv]. 0(t)=v,(1+t/7,)%" is the
first moment (mean volume) of the cluster size distribution
(v, is the volume of the basic constituents at the initial time).
N.(t)=¢/0(t)=[;X(v,f)dv is the total number of particles
per unit volume at time .

The asymptotic form of W(#) (large enough ¢ and v) is
close to a log-normal distribution. For a particular choice of
the collision kernels, it only depends on a single dimension-
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less parameter n=v/[v(f)]=n/[n(z)] but not on the starting
conditions. Numerical values of W(7) are tabulated in the
literature.'* Under the hypothesis of Brownian collisions in
the free molecular and isothermal regime, the kernels for
spherical particles are r,,=r,(u'”+ o2 D) with «,
=3 /477)1/6\ 6kT/p (p is the material densny) It turns that
lr, =Nk [a=[ [TV ()W (7)) (7P + 7

+ )l/zd ndn' =6.67 (Ref. 14)]. For a given temperature, the
final size distribution is fully characterized by two indepen-
dent parameters: ¢ and the total time for growth ¢,,,. For ¢
>, it does not depend on the primary cluster volume v,
since 0(r) =v,(t/7,) = (S agk,1)*. v, will be arbitrarily
taken as the volume of an atom in the bulk phase (v,,) and
the mean cluster size at a time twill be n(r)=0(z)/v,, =(1
+1/7,)%. In the study of platinum clusters, #,,, and ¢ (or 7,)
are adjusted to obtain a calculated size distribution as close
as possible to the experimental one, with a maximum ob-
served for n,,, =430 atom clusters. The ratio #,,,/ 7, should
therefore verify #(t,,,)=(1+1,,/7,)%°=10n,,, owing the
properties of W(7).!* It is the only adjustable parameter if
the reduced time of growth ¢/¢,,, is considered instead of .

Following Al, %(v,t):fgkuva(u,t)du is the characteris-
tic frequency for collisions on a cluster of volume v, at time
t. The instantaneous average collision frequency within the
self-preserving distribution is

focX(v,t)l(v,t)dv
0 T

1

;(f) = =

f X(v,t)dv
0

and reduces to

=)=

T 57'

1121 (u(r)>‘5"’

The instantaneous average time interval between successive
collisions is defined as

- \-l
oo [T ) s (@)5/6
ArR(r) = ( T(t) = 127 )

APPENDIX B: CALCULATION OF AVERAGE GROWTH
SEQUENCES

(A2)

We consider here the cluster volumes (instead of the num-
ber of atoms) and treat them as continuous variables for con-
venience, according to the notations of Appendix A. At the
end of growth (time z,,,), a cluster with volume V resulting
from at least N, collisions at times ¢; (i=1 to N, with ;
<t;,; and IN +1 =t,,) can be expressed in the form

Cltyp) = Cvl(ll) @ Cvl(tl) @ Cuz(fz) S D CUNV_l(tNC—])

oy (1) (B1)

with V=V1+Ejvzflv j» where Cy, (#)) is the primary particle ex-
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isting at the starting time of the sequence and around which
successive ¢, will agglomerate to build Cy(t,).

It must be noted that #; is not the time of the very first
collision involved in the growth of Cy(t,,) but rather the
time of the last but (N.—1) or in other terms the first of the
last N, constituting collisions that we are interested in. After
a collision at #;, the growing cluster that will undergo a next
collision at 7,,; can be expressed in the recursive form

CVi+1(ti+l) = Cvi(ti) S CVi(ti)’ (B2)

with V;,1=v;+V, V,-=V1+E"]:;llvj, and Vy ,1=V.

Cut back to its N, final steps, the growth sequence of
Cy(t,,,) is fully characterized by a {t;,v;} (or {t;,V;}) data set
fori=1to N, [V= V1+EJ (Vi1 =V))]. A characteristic colli-
sion time interval about the time 7; can be defined as Az,
=t;.1—t;. All these notations apply to gas phase growth as
well as surface growth in deposition experiments with a pre-
formed cluster beam. We differentiate the smallest and larg-
est partners in a collision process by labelling them the col-
liding (or primary) cluster ¢, and the growing island Cy,
respectively. This is a natural choice in the case of cluster
film formation on surfaces where the growing particles are
motionless. In the gas phase, this amounts to consider that
the center of mass of the growing particle of interest is arbi-
trarily located on the largest colliding particle.

A Cy cluster can result from any of growth sequences as
illustrated by (B1) and an average growth sequence is ob-
tained by weighting each of them with their respective prob-
ability so as to write

CY (1) = Cy (1) @ ¢ (1) ® ¢ (1) & -+ Dy, (Iy 1)

® ¢z, (Ine)

where 0; and 7; are respectively the average volume of the
colliding cluster and the average time of occurrence for the
ith of the last N, collision steps under consideration (V;=V
~3Ne ;). The probability for a cluster Cy. (1)) to result
from the process (B2) that occurs in the f; to f;+dt; time
range and involves a growing island with a volume in the
range from V; to V;+dV, is

PVist i Vigy ti)dtdV;
X(Vip1 = Vit) - X(V,1)
= - K _
X(Vigr5tin) Vi VeV

tit1
- €Xp —f
I

The exponential term represents the probability for a cluster
with volume V,, | born at time ¢, to survive till time #,,. Since
V; is defined as the volume of the largest of both colliding
clusters (v; and V;), double counting is avoided by setting
V;=V,,;;—V,;. It can then be checked that

f Ku,Vi+|X(u7t)du]dt ‘ dtldvt
0
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i+1 i+1
f JVHI PVt Vi tin)dtidV; =1
O —
2

as soon as X(V;,;,0) =0 which is true if V,,, is larger than v,
(Appendix A). The density of probability for the whole se-
quence (B1) is

PHYSICAL REVIEW B 73, 125444 (2006)

NC
HP(tha;VaH’taH) (B3)

a=1

PN”({Vi,ti}) =

and verifies

IN+1Zlor (VN 417V iz (Visl (Vs h (V2 e
f f Vyar  dindVy fo fh dtidV;--- L f y, ddVs fo f& (v })dnav, =1.
2 2 2

Average volumes and times can be expressed as follows:

tN +1=0t VN +1—V
t ¢= N ol dtNL,dVNC toe

tN 1=t VN +1—V
diy dVy -
C c

IN 41701 VN+|—V
Voo vy iy dVy

with 5= P,

The index N, omitted before, is necessary to identify the
collision sequence through its minimum number of steps.
From the properties of p"“({V;1;}) [Eq. (B3)], it is straight-
forward to check that the first (j—1) integrals can be reduced
to unity in such a way that

SN, _ TN

Pe = Pe=t=D),

UNL_UN —(j— l)
and

N _ N~(j-1)

fe=7"

The average volume of the growing island at the jth of the
last N, collision steps is the same as the average initial vol-
ume in a collision sequence having at least N.—(j—1) steps.

tist [Vitl
2
iy Vit
J;) fZIﬂ JTITTT
2
Tivl Viel
dtodV;---
f() fz&] 777 V]
2

V3 6 (V2
fo f& ‘”Z‘WZUO J v PNC({Vi,ti})dndvl) . (B4)
2 2
[ 5 (Vs Hh (V2 .
,fo f& dtzdvz(fo f& ”NC({Vi,fi})dhd%) . (BS)
L 2 B )
[ (5 (Vs nh Vs .
fo f& dtde2< fo f& pN‘({v,-,r,})dtldvl) . (B6)
L 2 ) ]

A data set {?,-,17,~}Nlcmx is then obtained by calculating V)’
and 7\ from relations (B4) and (B5) through a recursive
procedure where N, is varied from 1 to N.*™*. Since the SPD
approximation is not valid for the earliest times of growth,
we only consider the latter collision steps and the upper limit
NI is arbitrarily chosen so that the initial clusters (volume

max

VN ) contain six to seven atoms at a maximum. In F1 s. 7
max _Nl'l‘l&X ma:

and 9, the quantities At ,—t —t;¢ and 7 \/3VN /477

are reported as a functlon of the reduced collision times

t;/ tm,=t. / t,o, The coalescence times 7, are calculated from

relation (3), 7.=A(T)(F -7 )%, where r=\3/3VNf /477 is the

radius of the growing island (B5) and 7 = \/[3v c /477]

= \/[3( Ve, WTM)MW] is the radius of the colliding cluster
(BO).
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