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Molecular dynamics investigations of the coalescence of iron clusters embedded in an inert-gas
heat bath
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A detailed analysis of the coalescence of iron clusters over the course of their growth in an inert-gas
atmosphere is presented. The investigation is performed by molecular dynamics simulations, using a recent
version of the embedded atom method for iron. For several coalescence events extracted from realistic particle-
growth simulations, the change of temperature, the atomic structure, and the morphology are analyzed. Here,
the change in morphology is investigated by the relative number of atoms in the surface related to the driving
force of the coalescence, the surface energy. The duration of the coalescence depends on the state of the
colliding clusters, which is related to their temperature. At elevated temperatures an exponential decay of the
relaxation of the cluster shape is found in case of liquid clusters. Clusters at lower temperatures exhibit a
regular atomic structure. The coalescence includes the restructuring of the clusters, leading to deviations from
the exponential decay of the cluster properties. Here, a distinct three-step coalescence process has been
identified for structured clusters under nonadiabatic conditions. Each of these steps is related to a different
extent of heat exchange with the carrier gas.
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I. INTRODUCTION There are several molecular dynamib4D) studies of the
coalescence of small clusters. Zhetal,® for example, in-
Coalescence is an important growth mode in particlevestigated the coalescence of three identical, perfectly icosa-
formation processes, for example, in inert-gas aggregatiohedrally structured silver clusters using an analytical
sourceqIGA). It significantly affects the morphology of the embedded-atom-methd&AM) potential. In the simulation
particles. In this context the exchange of heat between thef this symmetric three-body collision, which is a rather un-
particles and the environment is important. This heat makekkely event, a homogeneous MD thermostat was used, ne-
it possible to reorganize the atomic structure in a cluster. Theglecting differences in heat removal from the core and the
detailed knowledge of the cluster coalescence contributes teurface of the cluster. The aspect ratio of the cluster was
the understanding of the resulting particle properties and prochosen as the order parameter, estimating the morphological
vides information on how to influence a process in order tocchanges over the course of the coalescence process. With a
obtain desired properties. similar embedded-atom-method molecular-dynamics
Although there is an increasing interest towards under{EAMMD) method, using a homogeneous thermostat, the
standing the structure and the properties of metal particlesoalescence of gold clusters of different selected sizes was
so far a few theoretical investigations of the formation pro-investigated. In that work the radius of gyration was used in
cess of nanoparticles from the supersaturated gas phase haddition to the aspect ratio for describing the shape of the
been published. There are several investigations of the struclusters. As a result it was found that the macroscopic mod-
ture and energy of different clusters. They are often re- els for sintering by surface diffusion fail to describe the coa-
stricted to the structural ground state, omitting excited statedescence of small clusters. In further investigations of the
which are actually present over the course of a real particlesoalescence of small lead clusteam empirical glue poten-
formation process. Furthermore, often the magic numbetial including many-body interactions was employed. Due to
clusters are investigated, which are known to be more stabline low number of collisions with inert-gas atoms at the cho-
than other clusters from experimental investigations. Theseen carrier gas pressures the authors argued that constant
magic number clusters have been found with a higher freenergy simulations are a good approximation. Therefore only
guency than other cluster sizes, using mass spectrofiietry.constant energy simulations were performed. The tempera-
However, the total number of all nonmagic number clustergure and the aspect ratio were investigated during the coales-
is larger than the number of magic number clusters. It iscence of two perfect 565-atom clusters with a given icosahe-
unlikely that two colliding clusters have both filled shells at dral structure. Three types of coalescence were identified:
the moment of the collision. Therefore, it is important to solid-solid coalescence by diffusion resulting in highly de-
include the analysis of others rather than these idealized clusective clusters, liquid-liquid coalescence, and melting dur-
ters in the examination of the growth process. Investigationgng coalescence followed by cooling down and solidification.
of specific selected cluster structures do not usually accourftachariah and Carrighave investigated the sintering of sili-
for the effect of supersaturation or the presence of a carriezon nanoparticles modeled by the many-body Stillinger-
gas. In order to analyze these influences, the coalescen¥éeber potential® For the simulation of the sintering process
processes, which happen during the cluster formation frona constant energy ensemble was used after equilibrating the
the gas phase, have to be investigated. system at a chosen temperature with a constant-temperature
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simulation method. The moment of inertia was used as an Z(ri)Zi(r::
order parameter for the sphericity of the newly formed clus- #ij(rij) = w 3)
ter. A continuous sintering from the first encounter of the two .
clusters over a dumbbell and a change from an oval shape twith effective chargeg(r;;), which are fitted together with
a spherical shape was observed within 4 ns simulation timéhe multibody functionaF;[p;] to the experimental data of
for a 480-atom cluster. More recently Lehtinen andthe elastic constants, the sublimation energy, and the
Zachariah! developed an analytical model including the for- vacancy-formation enerdy-17-1°Here, we employ a version
mation of heat during the coalescence process as well as tlo¢ the EAM developed for bce iron and its alloysThe
heat removal by collisions with a carrier gas. As a result theysuitability of this model for the investigation of the proper-
found that the particle temperature can be several hundreies of iron nanoparticles has been discussed in earlier
degrees above that of the carrier gas, as foungapers3
experimentally:? When increasing the temperature by a few For the thermalization of the clusters before and after a
degrees, a transition from a slow coalescence to a 1- toollision, a heat bath consisting of an inert gas is added.
3-orders-of-magnitude accelerated coalescence was olvithin this method the substance under investigation is ther-
served. malized only by collisions with atoms of an inert gas such as
In recent investigations we have analyzed the growth proargon. Since the monoatomic argon atoms do not condense
cess of iron clusters from a supersaturated gas phése under given conditions, they can be treated by a regular ho-
molecular dynamics simulations. In addition the effect of themogeneous MD gas-phase thermostat.
amount of carrier gas on the growth process has also been For the analysis of the atomic structure of the cluster we
analyzed* Over the course of the growth process both suruse the common-neighbor analyi€NA).2%-22 With the
face growth and the coalescence of clusters take place. SINGNA one can identify the structural environment of each
coalescence is a stochastic process that requires the collisiatom by a systematic geometric analysis of the neighborhood
of two clusters moving in space, it is not possible in advancef the atom. The result of this analysis is a set of three-digit
to define a specific time or cluster temperature at which thgignatures that can be used to identify the structure. Here, we
collision happens. Therefore, in contrast to other investigatake into account four structure types. These are the close-
tions in the literature, we analyze here the realistic coalespacked structures fcc and hcp, the bce, and the icosahedral
cence processes that happen during cluster growth simulatructures. All substructures such as bulk, surface, or edge
tions for different carrier-gas temperatures and amounts. atoms are summarized in the corresponding main structure
type. Ambiguous structures are not accounted for. Hence, all
atoms counted are in the specific structure, while it is pos-
sible that some unidentified atoms might be also in one of the
We employ the molecular dynamiodD) simulation foyr types of structures me_n.tionfed above, within Fhe uncer-
method for the investigation of coalescence dynamics?a'my of the method. In addition it should be mentioned that
Within this method the Newton equations of motion arethe fc;c and hqp structures are both close-packed strugtures,
solved numerically for each atom in the force field of all differing only in the sequence of the layers. Hence differ-
other atoms. In order to treat clusters with several hundred t§N¢€S in fcc and hep structures can be caused by stacking
a few thousand atoms we use the embedded atom methd@ults, and therefore both structures are summarized as close-
(EAM) for modeling the force field acting between the at- Packed structures. _ ,
oms. This commonly used force field for metals consists of 1ne morphology of the particles is analyzed by the sur-
two contributions: a multibody term describing the contribu-face fraction, which is defined as the ratio of the number of
tion to the energy by the delocalized electrons and a term foptoms in the surface to the number of all atoms in a cluster,
the pairwise additive interaction of the atomic cotes/

Il. METHOD

N
Xsurf = N st . (4)
1 cluster
Ei=Filp]+ EE i (). (1) The atoms in the surface of a cluster are identified by the
ij#i I S
cone algorithn?3 The lowest surface fraction is given for

Herep, is the local electron density at the position of atm spherical clusters, while nonspherical clusters or clusters
with a rough surface have a higher surface fraction. The

which can be calculated from the contributions of the atomi inimum value of the surface fraction for a aiven number of
electron densitie;ajf’It of all surrounding atoms, 9

atoms in the cluster is estimated here as a reference from the
equations for spherical fcc clusteéfsThe number of atoms

— t
pi= 2 Py (1) @ ina clusteM seras a function of the number of shely, is
171 given by
The contribution of each atom to the electron density at the 10
iti i i i Nejuster= 5 Non = BNZ, + —Ngp— 1 (5)
position of a certain atom is calculated from the functions of cluster= "3"\sh sh™ g ivsh™ =

Clementi and Roeftf for the 4 and the 8 orbitals. The
pairwise interaction of the atomic cores is modeled by aThe number of surface atoms as a function of the number of
screened Coulomb potential, shells is given by
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FIG. 1. (Color online Results for the coalescence proc&€is The corresponding conditions are given in Tabl&):The development
of the surface fraction of the two clusters before and after the collision. The numbers indicate the number of atoms in the clusters. In addition
the size-averaged surface fraction before the collision is shown. The curve is the fitted to an exponential decay function with the parameter
set given in Table I(b) The surface fraction over the time period of the complete simulation. The increasing surface fraction at about 23 ns
is related to an agglomeration process, leading to an agglomerated shape with a high surface fraction. The arrow marks the event shown in
(a. (c) The temperature of the clusters afl common neighbor analysis of the clusters before and after the collision.

Negurs= 1ONZ,— 20Ngp+ 12. (6)  coalescence process. Ideally the latter one corresponds to the

_ ) surface fraction of a spherical cluster. Withg,
In order to calculate the surface fraction continuously we_ Ng,r/ Nausier ONE Can replaca by x., and obtain after in-

first calculate the number of shel§, for a given number of ;o rou

. > . - gration
atoms in the clustaN,serand then insert the resultiridy, in
the equation for the number of surface atog+ This the- —tstart
oretical minimum value of the surface fraction for a given Xsurt= Xend &exp(— T) (8)
number of atoms cannot usually be reached. One reason is
that the minimum surface fraction is a continuous interpola-Here, g, is the time when the coalescence starts, &nis
tion of the values for distinct magic-number clusters. Fur-a pre-exponential parameter describing the range of the
thermore, fluctuations at the cluster surface lead to a largesurface-fraction change during coalescence.t#ty, one
surface fraction. obtainsXg, = Xengt X. Hence, one can insert the initial value

The driving force of the coalescence is the minimizationof xg, into Eq. (8),

of the surface energy by minimizing the cluster surface area. -t
Therefore, the coalescence process can be modeled by the Xsurf= Xend+ (Xstart— xend)exp<— —Sta”>, 9

following linear differential equatioR® T
da a-— agng The kinetic temperature of the clusters is calculated from
P (7)  the velocity of the atoms in the clusters, corrected by the
dt T

motion of the complete clusters. During the growth the big-
Herea is the surface of the cluster aiag,4is the surface of gest cluster in the system undergoes 5-10 coalescence and/or
the cluster with the same number of atoms at the end of thagglomeration processes with other medium-to-large-sized
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TABLE I. Fitted parameters of E8) for different coalescence eventgg,; moment at which the collided clusters never separate again.
Xend Parameter of EQ8), surface fraction at the end of the coalescence progggs,. minimum surface fraction of a spherical cluster with
the same number of atoms as after the collisi®=X(tg4) —Xeng 7: time constant of the exponential decay of the surface frackigg.
surface fraction at the end of the simulation or before another collision event happens

p T(Ar) tstart T Event
(mol dn3) (K) Ar:Fe Nz +N2=N (ny Xend Xsphere X (ps) Xsim no.
0.07 600 11 281+217=498 10.09456 0.488428 0.463628 0.093467 4932 0.4857431
0.07 800 11 397+284=681 16.23508 0.473778 0.426361 0.047827 4.709  0.45462Eeck
0.07 800 11 397+284=681 16.23508 0.454545 0.426361 0.067060 132.1  0.45462%val
0.05 1000 31 203+140=343 13.38752 0.551020 0.510642 0.069980 4.545  0.5557283
0.02 600 31 117+89=206 15.67801 0.616949 0.578865 0.071884 3.091 0.6014264
0.02 800 31 135+77=212 15.39482 0.612361 0.574923 0.0805407 3.331 0.6112205
0.02 800 5:1 131+107=238 14.46228 0.579832 0.559148 0.1092440 9.273 0.57855d6
0.02 800 10:1 139+68=207 10.52935 0.615357 0.578199 0.062802 3.184  0.5927407
0.02 800 5:1 239+23=262 15.3892 0.568702  0.546190 0.038168 2.667 0.56846C8
0.02 600 10:1 86+61=147 8.47214 0.653061  0.652850 0.095238 9.081  0.65985€9

clusters. After the particle formation in the simulation box issponds to the relaxation of the cluster shape towards a
completed the temperature of the cluster approaches the terspherical shape. The resulting cluster is bigger than the two
perature imposed on the inert-gas phase. All of the propertiegusters prior to the collision, and the surface fraction has to
mentioned above have been analyzed for several represenke smaller. The relaxation of the surface fraction is correlated
tive coalescence processes in the carrier-gas medium tak#&fith the exponential decay functidieq. (8)] and plotted in

from cluster growth simulations. The examples cover differ-the diagram. Due to the definition of a cluster by the Still-
ent cluster sizes, temperatures, and process types. inger criteriorf® and the relative movement of the two clus-

ters, it can happen that the system fluctuates between the
states of two separated clusters and one big cluster for a short
IIl. RESULTS period of time. The onset of the coalescence is defined here
as the time of the last contact after which the cluster does not
In Fig. 1 the surface fraction, temperature, and CNA offa|| apart anymore. We fix this value fag,.and the corre-
two clusters before and after a collision are shown. Thissponding surface fractioxy,;as well asxs,q and we obtain
coalescence process corresponds to the evenh Tables | the relaxation constant by the correlation of the time-
and Il. In addition, the weighted average surface fraction andlependent surface fraction with E). The decay of the
the temperature of the two clusters before the collision areurface fraction follows the exponential function perfectly.
plotted. Figure (a) shows that at the onset of the coales-Figure 1d) shows that the two colliding clusters do not con-
cence the surface fraction starts to decrease. This corrgain a significant amount of ordered structure. The surface

TABLE II. Collision parameters and temperature change over the course of the coalesgenaeius of the clusterb: collision
parametera: angle between velocity vectors before initial contact of the collision partifgys;; weighted average temperature of the
collision partners before collision, as calculated from simulation data,; temperature of the newly formed cluster after the postcollision
temperature increase, as estimated from the temperatur@\plgt; increase of the cluster temperature after the collision, as estimated from
the temperature plotaTy,: theoretical increase of cluster temperature after collision due to number of particles of the collision partners. See
Eq. (10) for details. Ty, 4 theoretical melting point of the newly formed cluster. See @q) for details.

ri 2 b b Tav,sim Tnc,sim ATsim ATth Tm,th

A) R (ry+r,) N R al® (K) (K) (K) (K) (K) Event no.
9.90 8.96 0.650 498 12.255 140.5 1600 1800 200 393 1740 C1
10.80 9.66 0.154 681 3.158 158.9 930 1100 170 367 1746 C2
8.69 7.69 0.272 343 4.459 64.2 1030 1250 220 456 1732 C3
7.27 6.696 0.908 206 12.687 120.8 1280 1500 220 538 1720 C4
7.707 6.41 0.523 212 7.385 106.5 1500 1800 300 508 1721 C5
7.54 7.068 0.433 238 6.32 155.8 1050 1400 350 519 1723 C6
7.663 6.10 0.114 207 1.57 78.79 970 1170 200 515 1720 C7
9.199 4.40 0.952 262 12.94 104.84 1200 1350 150 283 1726 C8
6.57 5.908 0.039 147 0.49 99.5 850 1080 230 604 1711 C9
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FIG. 2. (Color onling Results for the coalescence proc€®s The corresponding conditions are given in Tabl@)The surface fraction
of the clusters before and after the collisioreck formation. (b) The surface fraction over a longer time period together with the cluster
temperature. The solid curve is the exponential decay based on the first limiting value of the surface fraction at 0.4738, as shova) in Fig. 2
(C2-neck in Table ). The dotted curve is the exponential decay with the limiting value of 0.46250val in Table 1.(c) The temperature
of the clusters(d) Common neighbor analysis of the clusters.

fraction at 10.13 ns in Fig.(4) has a value of approximately clusters are approximately 930 K before the collisj@ig.
0.488 and decreases to 0.4g86g. 1(b)]. However, it does 2(c)]. After the collision the temperature rises up to approxi-
not reach the value corresponding to a spherical cluster, esaately 1080 K. However, the increase of the temperature as
timated by the magic-number clusters which is 0.46. Thewell as the decrease of the surface fraction shown in K&. 2
reason for this deviation is the roughness of the cluster sudo not follow the exponential decay function as closely as
face, as mentioned above. In Figc)lthe development of the the coalescence process shown in Fig. 1. The CNA of this
temperature over the course of the coalescence is showooalescence process is shown in Figl)2Both clusters con-
Before the collision the smaller clusté?17 atomgis cooled tain a significant number of atoms that are in one of the solid
to approximately 1420 K, while the larger cluster is still at structures. At the collision the number in each identified
approximately 1700 K. The atom-number weighted temperaicosahedral and close-packed structure is about 130 to 140
ture of both clusters is around 1600 K. During coalescencatoms. The number of atoms in the nonidentified structure is
the temperature of the resulting cluster increases to abowbout 290 atoms. After the collision the CNA shows a de-
1800 K. One can also see that the temperature remains apreasing amount of regular structures and an increasing
proximately constant over a small period of time after theamount of disordered structures. The changes in surface frac-
coalescence. This also shows that the collisions with théion and temperature are related to each other. For example,
carrier-gas atoms do not have a significant effect on the clusat about 16.24 ns the surface fraction does not change much
ter temperature in the considered time interval of a few pi-over a short time period during coalescence. When the coa-
coseconds. One can therefore consider this part of the cotescence process prolongs, the temperature remains constant.
lescence process as quasiadiabatic. The surface fraction at 16.27 ns in FigaRis significantly

In Fig. 2 a coalescence process of two clusters of compahigher than the surface fraction after 28 ns, having a value of
rable size is shown. In this case the temperatures of botf.4545[Fig. 2(b)]. The value obtained from the interpolation
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FIG. 3. (Color online Snapshots of the cluster taken from proc€&s(Fig. 2). (a) The biggest cluster before the collisiqiv) The new
cluster 0.165 ns after the collision or at 16.4 ns of the overall simulation fich&he cluster at 11.3 ns after the collision or 27.5 ns of the
overall simulation time. The radii of the atoms in the snapshots are smaller than the real radii for better visibility.

of the spherical magic-number clusters is 0.4264 and hendescence time is on the order of hundreds of picoseconds
significant below the value at the end of the simulation. In[132 ps, Fig. Z)]. It can be expected that the coalescence
Fig. 3 snapshots are shown of the bigger cluster before thprocess continues from the oval to the spherical shape be-
collision and the new cluster at 0.165 ns after the collisionyond the 28-ns simulation time. However, since the coales-
While the bigger cluster is rather spherical and exhibits ecence of a solid cluster is determined by surface diffusion,
structured domain before the collision, the new cluster ighe relaxation constant of this final step for a given tempera-
dumbbell-like, with structured domains at the end cups onlyture is expected to be beyond the time scale of the molecular
after the collision. At the side of the collision the clusters dynamics simulations performed here.

lose their structure, which is related to the restructuring and In Fig. 4 a similar coalescence process to that in Fig. 2 is
diffusion of atoms into the neck region. In FigicBthe same  shown, but for smaller clusters. It corresponds to ev@dit
cluster is shown 11.3 ns after the collision. It has changedisted in Tables | and Il. One can observe a hold point at
into an elongated oval shape with some triangular facets. Aabout 13.390-13.395 ns for the surface fractibig. 4(a)]

this point a perfectly spherical shape is not reached yet. Thand the temperaturfFig. 4(c)]. The decay of the surface
obtained relaxation constamt representing the coalescence fraction does not perfectly follow an exponential decay func-
time, depends on the range of the surface fraction and thi#on. The CNA in Fig. 4d) supports the idea that the coales-
time period included in the correlation. The coalescence timeence involves the restructuring of the clusters. The surface
for the first step with the limiting value 0.4738, as shown infraction at the end of the simulation at 20 ns has the value
Fig. 2(a), is in the order of a few picoseconds.8 p9. If the  0.5510, which differs from the value for the spherical shape.
next step of the coalescence is included in the correlatiofrigures 5 and 6, on the other hand, show the coalescence
using a limiting surface fraction of 0.4545 at 28 ns, the coaprocesses which follow the exponential decay function
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FIG. 4. (Color online Results for the coalescence proc€ss (a) the surface fraction of the clusters in high resolutids.The overall
development of the surface fraction. The arrow marks the event shotah ift) The temperature of the clusters afttl common neighbor
analysis of the clusters.

closely(eventsC4 andC5). Again the behavior of the decay estimates the temperature increase obtained in the simula-
of the surface fraction can be explained by the temperature dfon. Some possible sources for this difference are deviations
the clusters being related to their states. The clusters amf the bulk properties used in E¢LO) from the correspond-
liquid as indicated by the CNA presented in Figéd)sand  ing properties of finite-size clusters. Also the impact of the
6(d), and droplet coalescence takes place. collision influences the coalescence process. The magnitude
Hendy et al® pointed out that a coalescence process obf the impact is determined by the velocities of the clusters
two solid particles is accelerated, if the temperature of théefore the collision as well as the collision parameter and
newly formed particle rises above its melting temperatureangle.
We have estimated the temperature increase due to coales-For calculating the melting temperature of the newly
cence with a formula given in that wofk, formed clusters, we use an equation given by Leatisl.
30 1 [1+(RJ/RY?] - [1 + (RyRy 2 based on bulk properties that gave reasonable results for gold

= 5 (100  hanoclusters,
pC, Ry [1+(R/Ry)’]
- 0'|(P5/P|)2/3)

(o
Here, temperature-dependent values for the surface teasion Tn(R) = Tb<1 -2-2 R
and the densif p have been used, as well as the value of Ps
the heat capacity for the bulk phasg[449 J(kg K)].22 The  Here, T, is the bulk melting temperature for irdd807 K), L
cluster radii are calculated from the mean distance of thés the heat of fusiori2.667 MJ/kg, R is the cluster radiusy,
surface atoms from the center of maRs.is always defined ando; are the surface tensions of the solid and liquid phases
with the radius of the smaller particle. A comparison of the(os=2.44 J/nt and 0;,=1.788 J/m), and p; and p, are the
temperature increase as obtained from @) and that ob-  densities of the corresponding phasgs=7.874 g/cm and
served in the simulation is listed in Table II. In general onep;=7.01 g/cn).?”?8 The estimated values for the melting
can see that the predicted value obtained from(E@. over-  temperatures of the clusters after the collisions are listed in
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analysis of the clusters.

Table Il. By comparison of the estimated melting temperasion parameters and angles for the investigated events are
ture and the cluster temperature after the collision one calisted in Table Il. Since the coalescence events are taken
determine whether the cluster is liquid or solid. In the case ofrom particle-growth simulations, they are therefore at differ-
eventC2 the temperature of the simulation is at 1100 K, ent conditions such as different carrier-gas and cluster tem-
whereas the estimated melting temperature is at 1746 K, sugeratures, amount of carrier gas, cluster sizes, etc. Even if the
gesting a coalescence of solid clusters. This is in agreemepé|ative collision parametefslivided by the sum of the clus-
with the discussion concerning the coalescence event abovgy radii, see Table Jlof two events are similar, the collision
In eventC1 the cluster at 1800 K is clearly liquid, also being angles may be different. Therefore, a comparison of the
in agreement with the discussion above. In this case the COgyents in terms of the collision parameters is difficult, and it
lescence happens in one step, leading to a final surface fragsquires many more events in order to get reasonable statis-
tion that is only slightly above the minimal surface fraction tjics. \We document the parameters in Table II. One can see
Xsphere i i ~that more realistic coalescence events, in the sense that they
It makes a difference if two clusters undergo a grazingare taken from a complete growth simulation, are usually

collision or a frontal collision with a zero-collision param- asymmetric with respect to cluster size and properties, as
eter. Therefore the collision parameters and angles betwegfe|| as collision parameters and angles.

the velocity vectors of the colliding clusters influence the
coalescence process, especially at the beginning. The colli-
sion parameter is the smallest distance between the centers of
mass of the clusters when passing straight by each other
without any interaction. Here, it is extrapolated from the ve- In the case of the structured clusters we identify here,
locity vectors at first contact of the clusters determined byunder nonadiabatic conditions, a distinct, noncontinuous,
the Stillinger criterior?® The collision angle is the angle be- three-step coalescence process in which each step happens in
tween the velocity vectors of the centers of mass. All colli-a different thermal state and heat exchange with the carrier

IV. DISCUSSION
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gas. The fast and sharp decrease of the surface fraction in tipeohibited because of a high nucleation barffeFhis facet-

first few picoseconds after the collision of the two particles issize limit is about 1 nm, being on the order of magnitude of
related to the initial neck formation at the contact area of theéhe clusters investigated here. The clusters which we ob-
particles. A similar behavior for the neck formation were tained in our simulations have some defects in the surface as
described in MD simulations of the coalescence of Cu nanovisible in Fig. 3c). This is because the clusters do not con-
particles by Zhu and AverbacR.Here we find that after this tain the number of atoms required to fill the outer shell at
initial step the surface fraction remains nearly constant ovecollision. In addition the elevated cluster temperature in-
a short period of time. This state corresponds to a dumbbelireases the amount of defects. Therefore, one can expect that
cluster as shown in Fig.(B). The second slower step, being the coalescence process continues towards the spherical
the transformation from the dumbbell shape to an oval shapehape.

happens on the order of hundreds of picoseconds of relax- As a consequence, the last step of the coalescence can
ation time. The final step in the coalescence from the ovatake orders of magnitude longer than the previous ones, and
shape towards the spherical shape is slowed down, becauisés beyond the time scale of molecular simulations. Further-
the difference in the surface energy, which is the drivingmore, the heat exchange between the cluster and the carrier
force, is very low. Furthermore, the coalescence of solidgas is negligible in the first step of the coalescence process,
clusters is based on the diffusion of atoms on the clustewhich can therefore be regarded as quasiadiabatic. On the
surface, which is slow and hindered by edges acting as ersther hand, the heat exchange does affect the second coales-
ergy barriers:3° Kinetic Monte Carlo simulatiorfd revealed cence step here. During the transition from the dumbbell to
that the formation of a new layer requires the formation of athe oval structure the cluster temperature decreases continu-
nucleus on an existing layer. This nucleus grows to a newously. The third step, leading to a spherical cluster, happens
layer, leading to a relaxation of the shape. In an investigatiomt the temperature level of the carrier gas and is therefore an
based on a continuum model it was found that there exists sothermal process. The constant energy simulations of the
limit on the facet size, beyond which shape relaxation iscoalescence of lead clusters by Henelyal® and silicon
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clusters by Zachariah and Carflegave a similar sequence three distinct and separate steps in the coalescence that differ
for the cluster shape. However, the effect of heat removal byot only in the cluster geometry and relaxation constants, but
a carrier gas was not included, which leads to a constardlso in the heat exchange with the environment.

elevated temperature of the cluster, such as 50% above the
initial temperature over a long period of time. The transitions
from the dumbbell shape to the oval shape and especially
from the oval to the spherical shape are affected by the heat This work has been supported by the Ministry of Science
removal and are therefore slower in the presence of a carriend Research of North Rhine Westfalia within the joint
gas than in a constant-energy ensemble. This leads to thmoject VerMoS.
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