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Abstract. Homogeneous nucleation and growth from binary metal vapour is investigated by molecular
dynamics simulation. It is focused here mainly on the iron-platinum system with a mole fraction of 0.5.
The simulations are started in the highly supersaturated vapour phase. Argon is added as carrier gas
removing the heat of condensation from the forming clusters. The embedded atom method is employed for
modelling of the force field of iron and platinum. The simulation runs are evaluated with respect to the
nucleation rate, monomer temperature, monomer amount, and with respect to the size of the largest cluster
in the system including possible pure metal clusters. It turns out that depending on the composition of the
complete system pure platinum clusters with sizes up to 10 to 15 atoms are formed in addition to binary
clusters. Due to the high temperature of these clusters iron atoms less likely condense at the beginning of
the particle formation simulation. This leads to temporary difference in the temperatures of the platinum
and the iron subsystems, which eventually approach each other when only binary clusters are present. In
summary, the results obtained from the cluster statistics show that pure platinum nucleation and growth
can take place to some extent within the binary system.

PACS. 36.40.-c Atomic and molecular clusters — 71.15.Pd Molecular dynamics calculations (Car-
Parrinello) and other numerical simulations — 81.10.Aj Theory and models of crystal growth; physics
of crystal growth, crystal morphology, and orientation — 64.70.Nd Structural transitions in nanoscale

materials

1 Introduction
1.1 Nucleation in pure and binary systems

Homogeneous nucleation is the first step in the forma-
tion of a new phase. In case of a condensation process the
formation of a cluster of a new liquid phase is caused by
density fluctuations of the supersaturated vapour phase. If
such first cluster becomes large enough to pass an activa-
tion barrier it likely continues to grow to a stable droplet
or particle. This activation barrier for the nucleation pro-
cess is characterised by the so-called critical nucleus size
and the critical work of formation. With increasing super-
saturation the height of this activation barrier decreases
and the nucleation rate, being the number of clusters per
volume and time, which continue to grow, rises. Within
classical nucleation theory [1,2] the activation barrier is a
result of the balance between the different contributions
to the free enthalpy of the system. These are the bulk
properties of the newly formed cluster, droplet, or parti-
cle and its surface energy. While the classical nucleation
theory still serves as a simple and useful model for the de-
scription and analysis of nucleation processes, in recent
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decades several further developments [3,4] and entirely
new approaches [5-8] have been proposed.

The experimental data for homogeneous nucleation in
part agree reasonably well with the classical nucleation
theory [9,10]. For some systems corrections to the classi-
cal nucleation theory are necessary in order to get agree-
ment with experimental data [11]. There are also systems
for which the classical nucleation theory fails. Argon, al-
though having rather simple van der Waals interactions, is
a case for such large deviation to the classical nucleation
theory [12].

It is also focused on the homogeneous nucleation in
binary systems in experimental as well as theoretical in-
vestigations. Classical nucleation theory can be extended
to binary systems in principal; however, several special
features have to be taken into account. Depending on the
specific binary system it can happen that the distribution
of the different species is not homogeneous in the clus-
ter. One species can be enriched at the surface for exam-
ple [13-15], which of course affects the surface tension of
the cluster. For example, it has been found recently that
water /n-butanol nanodroplets consist of a mainly aque-
ous core with m-butanol enrichment at the surface [16].
The kinetic pre-factor of nucleation models has also
been extended to binary systems [17,18]. Furthermore,
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a parameter describing the state of the system prior to
nucleation has to be determined for binary nucleation. For
pure substances this is the supersaturation defined as the
ratio of vapour pressure of the system and the vapour
pressure of the nucleating substance at the same temper-
ature. For binary mixtures instead of the supersaturation
the activity of each species is often used as order param-
eter [19,20]. The activity is the partial pressure of one
species divided by the pure substance vapour pressure at
the same temperature while the supersaturation in binary
systems is the ratio with respect to the partial pressure
over a mixture with the same mole fraction. Also, the nu-
cleation theorem developed for pure substances [21-23]
leading to a fundamental relation between the slopes of
the nucleation isotherms and the number of atoms in the
critical nucleus can be extended to binary systems [19].
While several experimental investigations on binary nu-
cleation of molecular fluids have been published [19,24—
28] there is little available on binary nucleation of metals.
There are some experimental investigations of the nucle-
ation in pure metal vapour providing data for the nucle-
ation rate [29-31] but not yet for binary metal systems.

The nucleation process in binary systems in general is
an important step in the complete particle formation pro-
cess. With increasing nucleation rates, for example, the
number of particles increases while the size of the parti-
cles decreases due to the faster decay of the supersatu-
ration. The nucleation rate can also indirectly affect the
particle morphology. A low nucleation rate leads to few
particles that grow by surface growth rather than by coa-
lescence or agglomeration. For a high nucleation rate many
particles are present leading to higher collision probabil-
ity and hence rather to agglomerated particles at given
conditions. In case of two-component nucleation there are
several other properties of interest. Especially in case of
strongly attractive atomic systems such as metals the con-
densation heat leads to a strong heating up of the clusters.
Here it is of interest how two systems with different at-
traction forces interact in this respect.

1.2 The FePt system

The FePt system is of interest in different technological
areas. This includes its function as catalyst [32] as well
as its potential as high-density data storage medium [33].
In the latter case it is focused on the production of 4 nm
size nanoparticles with an ordered face centred tetragonal
structure namely the L1y structure. In structural studies
of FePt nanoparticles using X-ray diffraction the effect of
composition on the tetragonality of the L1 structure has
been investigated [34]. It has been found that the tetrago-
nal distortion expressed by the ¢/a lattice constant ratio is
at its maximum at a composition of 0.5. In that work is has
also been shown that the corresponding minimum of the
¢/a lattice constant ratio at 0.966 is related to a maximum
in the coercivity being the hysteresis of the magnetisation
process. The coercivity is related to the lifetime of a mag-
netised state and hence to the period of time data can be
stored. There are two major processes for the formation

The European Physical Journal D

of FePt nanoparticles. In the liquid phase process [35] pre-
cursor substances such as metal carbonyls are heated in
organic solvents until the precursor substances decompose
and the metal atoms start to form particles. The vapour
phase preparation method [36] is based on the formation
of highly supersaturated metal vapours by, for example,
sputtering which leads to particles in the gas phase by nu-
cleation, growth, and agglomeration or coalescence. The
liquid phase method yields FePt particles with a disor-
dered fcc structure. In order to obtain the desired ordered
tetragonal L1y structure for a mole fraction of 0.5 one
has to sinter the nanoparticles after they have been de-
posited on a support layer. However, this can lead to the
coalescence of the supported particles resulting in larger
particles [37]. In case of the vapor phase process nucle-
ation and growth takes place in a stream of a carrier gas.
This includes the sintering step leading to the L1g struc-
ture of the nanoparticles before they are deposited. In this
way the particles are not affected once they are deposited
which avoids the coalescence towards larger domains.

The focus of this work is on the investigation of the
first step of the FePt particle formation in vapour phase
processes. Besides the determination of kinetic parameters
the effects of interaction, difference in interaction, and the
composition of the formed clusters on the nucleation and
growth process are investigated.

2 Method
2.1 Simulation method

We employ the molecular dynamics (MD) simulation tech-
nique in which the equations of motion of each atom in
the force field of all other atoms are solved numerically by
the velocity-Verlet-algorithm. The numerical increment of
such simulations, the time step, is 1 fs. In all simulations
periodic boundary conditions were used along with the
minimum image convention. In order to mimic the ex-
perimental situation as close as possible we add Lennard-
Jones-argon as carrier gas. The argon atoms interact via
the same interaction potential with the iron and platinum
atoms. As initial configuration 432 metal atoms of each
sort are placed on a fcc lattice with the interatomic dis-
tances as large as possible within the given box dimension,
in any case larger than the interaction range. In case of
the Fep oPtg.g systems 275 iron atoms and 1097 platinum
atoms were placed on the same lattice type. Earlier [38]
we have already investigated the effect of different choices
of the initial configuration on the course of the simula-
tion and found no influence provided a large enough in-
teratomic distance in the start configuration. In addition
the two atomic sorts are here randomly distributed across
the sites of the initial fcc lattice. After starting the simula-
tion the time before the onset of nucleation and growth is
large enough for further distribution of the metal atoms by
diffusion, which makes the simulation independent of the
initial configuration. A cluster is detected by the Stillinger
criterion [39] with a cut-off distance of 0.35 nm. The max-
imum range of the employed potential model is 0.53 nm
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for Pt and 0.4409 nm for Fe that is somewhat larger than
the chosen Stillinger cut-off distance. This choice of the
Stillinger cut-off avoids to a large extent to count events,
where atoms/clusters pass by each in a distance so large
that they unlikely will stay together in one cluster. We
prefer this simple cluster detection criterion to other ap-
proaches [40-43] as the approximation for our purposes
although it may slightly overestimate the cluster size. As
done before for pure metal nucleation and growth [44,45]
we have checked the influence of the choice of the Stillinger
cut-off distance on the results and found no significant in-
fluence £10% around the used value. The ratio between
the sum of all metal atoms and argon is always Ar:Me
3:1. This corresponds to the value used for the nucleation
rate determination in the pure Fe and pure Pt simula-
tions [44,45]. The condensation heat is removed from the
nucleating substances by collisions with the argon atoms
only. The argon atoms themselves are coupled to a numer-
ical MD thermostat that is implemented as simple veloc-
ity scaling. The use of other MD thermostats for the car-
rier gas has no influence on the results [46]. By using this
method the nucleating substance is not influenced by a
MD thermostat directly being very important for strongly
attracting systems such as metals. The argon atoms them-
selves are placed randomly in the simulation box after the
lattice with the metal atoms has been set up. In the ini-
tial configuration a minimum distance of 2.504, is kept
between the argon atoms and all other atoms.

2.2 Potential model

In order to treat systems with several hundred up to few
thousand atoms over a long simulation time we used the
embedded atom method (EAM) [47-49] for modelling the
force field acting between the atoms. This commonly used
force field for metals contains two terms: the pairwise ad-
ditive interaction ¢ of the atomic cores shielded at short
interatomic distances is modelled by a screened Coulomb
potential with effective charges Z(r). For binary alloys
of compounds A and B, this screened Coulomb potential

reads a2 ()
ilTij 3 (7rij
pij = LI (1)

Tij

Secondly the multi-body contribution F'[p], the embed-
ding function, to the energy is modelled by a multi-body
term assuming a linear superposition p of atomic electron
densities p2*

N
pi= Y i) (2)
i=Li#i

which reflects the delocalisation of the neighbouring
atoms’ electrons. The index (j) selects the atomic elec-
tron density function of the sort atom j belongs to. The
energy of an atom ¢ can hence be written as

Ei= Filpl+5 > ouri) )

1,5>1
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Fig. 1. (Color online) (a) Atomic electron densities p*'(r)
(Eq. (4)) for an atom of Fe and Pt each; (b) embedding func-
tions F[p] for Fe and Pt where p is a superposition of atomic
electron densities p** (Eq. (3)); (c) effective charges Z(r) for
Fe and Pt.
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The indices ¢ and j run over the number of atoms N in
the system.

The functions for the atomic electron density p®(r),
the embedding function F[p], and the effective charge
Z(r) are all represented by natural cubic spline functions
(Fig. 1). The atomic electron density functions are cal-
culated from the valence electron Hartree-Fock double ¢
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Table 1. Data for the screening function Z(r).

r /nm  Zpe/e r /nm Zpi /e
0.0 26.0 0.0 78.0
0.2008  1.4403 0.01 47.560
0.2495 0.2452 0.025 28.702
0.2696  0.1491 0.05 15.152
0.3442 0.0 0.07 9.934
0.135 3.204
0.19 1.158
0.2145 0.587
0.215 0.583
0.235 0.417
0.25 0.311
0.3 0.066
0.33459 0.0

wave functions ¥(r) taken from the tables of Clementi
and Roetti [50] and McLean and McLean [51]. They have
a cut-off and are shifted to zero at a certain distance from
the atom’s core (iron: 0.4409 nm, platinum: 0.53 nm)

P (1) = Ny [ (r)]? + (Ny = No) [@a (1) = pe. (4)

Here, N, is the number of valence electrons, Ny the effec-
tive number of s-electrons participating in the binding in
the bulk phase and p. the atomic electron density at the
cut-off distance. This number is usually derived from the
heat of solution of the material of interest.

For iron we used the EAM-potential published by
Meyer and Entel [52] that we have already employed
in various investigations on iron nanoparticle forma-
tion [38,53,54]. For the interaction between the platinum
atoms we employ an EAM-potential by Foiles [55] with a
modified effective charge Z(r).

The spline knots for the effective charges are listed in
Table 1. Those for iron are the original ones taken from
the work of Meyer and Entel [52] with a cut-off-radius of
re = 0.34418 nm. Foiles used the following function for
describing the effective charge of platinum [55]

ZPt,Foiles(T) = \/al (Tc - T)B + az (TC - T)4 (5)

with a1 = 0.065699 and ay, = 0.110961 and a cut-off ra-
dius of 7. = 0.33459 nm. However, this function gives
much too low value for small interatomic distances, which
allows atoms to come unnaturally close in the vapour
phase. For distances smaller than 0.2145 nm we use spline
knots taken from a Ziegler-Biersack-Littmark-type (ZBL)
screened Pt-core [56]. The knot at 0.19 nm in Table 1 is an
average value from both curves. This modification makes
the potential model more repulsive at these distances be-
ing necessary to prevent colliding atoms in the vapour
phase to come too close. However, this modification does
not affect the properties of the bulk phase for which the
potential was originally constructed. The embedding func-
tions F'[p] were used as tabulated in the works of Meyer
and Entel [52] and Foiles [55] except the last point in Ta-
ble IIT in [55] which was taken as p = 0.052445 A=3 to
be more repulsive at interatomic distances smaller than
0.215 nm.
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2.3 Supersaturation and activities

In case of binary nucleation the activities of the two sub-
stances are usually employed in the analysis rather than
the supersaturation. The activity is defined as the ratio
of the pressure of substance ¢ and the vapour pressure of
pure substance 7:

a; = 7])1(7—1) . (6)

pvap,i (T)

Choosing the activities describes the system as an ideal
mixture. Although binary systems usually exhibit devi-
ations to the real mixture the activities are used here
for several reasons. First the activity is used in experi-
mental investigations of binary nucleation and compar-
isons, quantitative but also qualitative ones, are possibly
using the same coordinates. Secondly, activities are re-
quired for the application of the nucleation theorem in
order to obtain the number of atoms in the critical nu-
cleus [19]. And finally, the equilibrium phase behaviour
including the vapour phase required for the calculation of
the supersaturation is not available for the system inves-
tigated here. Employing molecular dynamics simulations
or Gibbs-Ensemble Monte-Carlo simulations to determine
the equilibrium phase behaviour would not lead to results
within reasonable simulation time for the systems investi-
gated here. The reason is the low vapour pressure of the
metals, which would require an extremely large volume for
the vapour phase in such calculations.

The vapour pressure of the metal is calculated from
the number of metal atoms, the temperature and the box
volume using the ideal gas law applied to each metal sep-
arately. The vapour pressure is obtained from correlations
given in the literature [57]. There are two ways to cal-
culate the activities: first one can calculate it from the
initial conditions that are determined by the temperature
of the carrier gas and the total number of metal atoms of
each sort. Secondly one can use the actual temperature
of the metal monomers of each sort in the system and
their actual amount. The monomer temperature and the
number of monomers has been averaged over the period of
time in that nucleation and initial growth take place. For
pure substance particle formation we have employed both
methods and found a very systematic behaviour of the nu-
cleation rates as function of supersaturation based on the
actual number of metal monomers and the metal monomer
temperature. The reason for the latter way of calculating
the supersaturation is that one can to some extent elimi-
nate the influence of the relatively low amount of carrier
gas in the simulations compared to experimental investi-
gations. The amount of carrier gas affects the temperature
of the system including the metal monomer temperature.
In general the less carrier gas there is the higher is the
metal monomer temperature. In experiments there is usu-
ally much more carrier gas and the temperature of the
system is dominated by the carrier gas which can be used
as basis for the calculation of the supersaturation. Using
low amounts of carrier gas in the simulations heats up the
metal monomers so that they are at the time when nu-
cleation takes place actually at a temperature higher than
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that of the carrier gas. However, this elevated temperature
is the basis temperature of the nucleation process. In ad-
dition we have also calculated the supersaturation based
on the carrier gas temperature and the total amount of
monomers of each atom sort in the start configuration.

2.4 Nucleation rates

For the calculation of the nucleation rate we employ a
method of Yasuoka and Matsumoto [58] using the cluster
statistics to locate the period of time in which the nu-
cleation takes place. If there are enough clusters in the
system one can plot the number of clusters larger than
a threshold value against the simulation time and gets a
linear ascent over a certain time interval. The slope of this
linear domain divided by the simulation volume gives the
nucleation rate. We have applied this method straightfor-
ward for the binary systems investigated here. For very
low activation barriers nucleation and growth may take
place leading to an effective nucleation rate. However in
systems heating up strongly lower supersaturation can be
achieved where nucleation is more likely.

3 Results
3.1 Growth curves

Particle growth can be represented in different ways. Here
we use the average cluster size as well as the maxi-
mum cluster size as order parameters for the growth. In
Figure 2a the average cluster size including the monomers
is plotted for three independent simulations at the same
conditions, the same carrier gas temperature, the same
density, and the same composition. Up to four nanosec-
onds the three curves are virtually indistinguishable and
very smooth. At about 4 ns the curves exhibit some kinks
and continue slightly different. These kinks are related to
cluster collisions leading to a significantly larger cluster in
one step. Due to the averaging of the cluster size a cluster
collision does not lead to strong change these grow curves.
The size of the largest cluster in the simulation system is
plotted in Figure 2b for three independent simulations for
a carrier gas temperature of 1000 K. Here again all three
curves are very close at the beginning of the simulation
and deviate only later. In this region the curves are rather
smooth which indicates nucleation and growth by conden-
sation of vapour atoms at the largest cluster. After 1.5 ns
the curve exhibits jumps in the cluster size that are re-
lated to cluster collisions. The plot of the largest cluster
size emphasises collisions stronger than the plot of the av-
erage cluster size does. Both plots in Figure 2 show that
the growth of independent runs is reproducible in the time
period where nucleation and initial growth take place. The
deviations later on are related to cluster collisions which
are stochastic events leading to different developments of
the simulation systems.

In the systems investigated here nucleation takes place
mainly within the first four nanoseconds. Due to the slow
exchange of heat between the clusters by collision with
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Fig. 2. (Color online) (a) Growth curves of three independent
runs at a carrier gas temperature of 800 K based on the average
cluster size. (b) Growth curves of three independent runs at a
carrier gas temperature of 1000 K based on the largest cluster
in the system.

the carrier gas atoms they behave quasi-adiabatic at the
beginning of the nucleation and heat up [59]. In order to
analyse the details of the binary nucleation process we
have plotted the number and the temperature of the re-
maining Fe and Pt monomers separately. Figure 3a shows
that the monomer temperature of both atom sorts is very
similar during the first nanosecond. After one nanosecond
the temperatures of the monomers of both atom sorts fluc-
tuate stronger which is due to the increasingly bad statis-
tics since the number of monomers decreases continuously.
In addition the temperature of the Fe monomers is slightly
above that of the Pt monomers. It is interesting to note
that the average temperature of all Pt atoms in the system
is above the average temperature of all Fe atoms, at least
for the first three nanoseconds as shown in Figure 3b. Only
thereafter the temperature of the Fe and the Pt subsys-
tems approach the same value within the usual thermal
fluctuations. The reason for this behaviour is the differ-
ent growth rate of Pt and Fe as shown in Figure 3c by the
number of monomers in the system. At the very beginning
the number of Pt and Fe monomers is the same but then
the number of Pt monomers decreases faster. The number
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Fig. 3. (Color online) (a) Temperature of the metal monomers in the gas phase. (b) Temperature of all Fe atoms, all Pt atoms
and the total system. (c) Number of Fe and Pt monomers in the system. (d) As (a) but with xps = 0.8. (¢) As (b) but with

xzps = 0.8. (f) As (¢) but with zpt = 0.8.

of Fe monomers follows with a delay of approximately one
nanosecond. As Pt grows apparently faster than Fe and
since the clusters are only weakly thermally coupled via
collisions with the carrier gas atoms, the average temper-
ature of the Pt atoms can increase above that of the Fe
atoms.

Simulations with a composition zp; = 0.8 exhibit
very similar behaviour as for zpy = 0.5. The Pt and
Fe monomer temperatures shown in Figure 3d increase
to higher values than for zpy = 0.5 (Fig. 3a). Also the

temperature of the Fe monomers is higher than the Pt
monomer temperature. The temperature of the Pt sub-
system is closer to that of the complete system (Fig 3e)
simply because there are more Pt atoms in the system.
The difference to the Fe temperature is clearly visible. The
number of Pt monomers decreases faster than the number
of Fe monomers (Fig. 3f) as for zp; = 0.5. Although there
is 4 times more Pt as Fe in the system the number of Pt
monomers can even become smaller than the number of Fe
monomers due to the faster nucleation and growth of Pt.
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Fig. 4. (Color online) (a) Mole fraction of the largest cluster
in the system. (b) Mole fraction of the largest cluster plotted
against the size of the largest cluster.

For every available configuration, the size, composi-
tion, and temperature of the largest cluster have been de-
termined. Figure 4a shows the mole fraction of Pt in the
largest cluster plotted against the number of atoms in the
largest cluster. The composition of the largest cluster fluc-
tuates, especially at the beginning for small cluster sizes.
One also finds that the largest cluster can consist of up
to ten Pt atoms being a pure Pt cluster (see points at
the top of Fig. 4a) while pure Fe clusters can be found
only up to trimers (see points at the bottom of Fig. 4a).
Such Ptig cluster has a high temperature leading to an
average Pt temperature above that of the Fe subsystem.
Figure 4a also shows that thereafter the mole fraction of
the largest cluster proceeds quickly towards a value of 0.5
being the initial vapour phase composition of the system.
In Figure 4b the composition of the largest cluster is plot-
ted against the simulation time. At the beginning there are
huge fluctuations since the clusters consist of a few atoms
only. After about 0.5 ns Pt atoms dominate the largest
cluster with a Fe mole fraction roughly around 0.3. Due
to the growth by condensation and by collisions with other
clusters, for example at about 3.5 ns, the composition of
the largest cluster approaches the value 0.5. This figure
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also shows that the amount of Pt at the beginning of the
cluster formation process is higher than that of Fe.

4 Cluster statistics

The analysis of the largest cluster in the system gives al-
ready some hints that there are apparently clusters of pure
Pt involved in the nucleation and growth process. For fur-
ther investigation the cluster statistics is extracted from
the simulations. First the number of all clusters of a cer-
tain size is averaged over one nanosecond simulation time
and plotted in Figure 5a for a simulation with a carrier
gas temperature of 1000 K. The error of this data de-
pends on the time period used for the averaging because
the cluster size distribution is continuously and system-
atically changing from the beginning of that time period
until its end. Comparisons of the averaging over one and
0.5 ns shows that the error is in the order of few (2 to
3) clusters. In the first nanosecond the cluster size dis-
tribution is a monotonously decreasing function with a
large amount of small clusters such as dimers and trimers.
In the next nanosecond the cluster size distribution is still
monotonously decreasing but shifted to larger cluster sizes
simply because the clusters grow. However, in the time
interval between three and four nanoseconds the size dis-
tribution exhibits a minimum at the trimer size. This is
because at this point in time the supersaturation is re-
duced significantly leading to a lower effective nucleation
rate and hence no new small clusters such as dimers are
formed. From this time on the existing clusters continue
to grow but no new clusters are formed. This point of time
can therefore be regarded as the endpoint of nucleation in
the specific simulation system. Hence the maximum of the
cluster size distribution shifts to larger values. Due to the
total system size there are only few larger clusters lead-
ing to a flat distribution. Another reason for the flatness
is the averaging over one nanosecond. This averaging is
necessary in order to obtain a smooth distribution based
on a significant amount on configurations. Here 1000 con-
figurations are averaged for one nanosecond.

The cluster size statistics of the mixed clusters only,
e.g. those with both Fe and Pt atoms, is shown in
Figure 5b. Since there are no mixed monomers the dis-
tribution function always has a maximum. Here one can
observe more clearly the shift of the maximum towards
larger cluster sizes with proceeding time. With the ex-
ception of the monomer and dimer amount the distribu-
tion functions look very similar to the distribution of all
clusters (Fig. 5a). The difference between the distribution
functions shown in Figures 5a and 5b is that the clus-
ters consisting of one atom sort only are missing. The
amount of pure Pt clusters is plotted in Figure 5c. It ap-
pears that there is a significant amount of pure Pt clusters
present, even for trimers and tetramers. While in the first
two nanoseconds the distribution function is monotoni-
cally decreasing it even exhibits a maximum in the third
nanosecond. In analogy to the discussion above the ap-
pearance of this maximum can be discussed as the end of
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Fig. 5. (Color online) (a) Cluster size distribution averaged over
a one nanosecond time interval. (b) Size distribution of the mixed
clusters, excluding the clusters consisting of one atom sort only.
(c) Size distribution of the clusters consisting of Pt atoms only. (d)
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significant nucleation in the simulation system. This is be-
cause a maximum can only appear if no new small clusters
are formed by nucleation. It seems that the Pt subsystem
actually undergoes a pure Pt nucleation, at least partially.
The same plot for the Fe subsystem (not shown here) only
shows very few dimers and even less trimers but clearly
no pure Fe nucleation. The size of the largest mixed clus-
ter, the largest pure Pt clusters, and the largest pure Fe
clusters are plotted in Figure 5d. One can see that the
largest mixed and the largest pure Pt cluster grow similar
up to about 1.5 ns in this specific simulation. The size of

the largest Fe cluster already deviates from the other two
after less than 0.5 ns. After about 1.0 ns the size of the
largest mixed cluster starts to deviate strongly from that
of the largest pure Pt cluster. This is consistent with re-
sults discussed above indicating that pure Pt nucleation
takes place and interferes with the nucleation of the bi-
nary system. This effect is larger in systems with higher
Pt amount as shown in Figure 5e for zp; = 0.8. Here the
largest pure Pt cluster contains up to 16 atoms, which can
be explained by the excess of Pt atoms in the system.
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Fig. 6. (Color online) (a) Yasuoka-Matsumoto diagram for
the determination of the nucleation rate using all clusters (pure
and mixed). (b) Yasuoka-Matsumoto diagram for pure Pt clus-
ters only.

4.1 Nucleation rates

The effective nucleation and growth rates are calculated
from the cluster size statistics by the method of Yasuoka
and Matsumoto [58] as described above. In Figure 6a an
example for such analysis is shown. The number of clus-
ters larger than a certain size threshold such as trimers,
pentamers, and heptamers is plotted against the simula-
tion time. One can see that for all size thresholds linear
ascends are present. The nucleation rate is the slope of
this linear domain divided by the volume of the simula-
tion box. The different threshold values have only a small
influence on the slope in the region where nucleation takes
place. These plots have been evaluated for all simulations
performed here at four different metal densities, three dif-
ferent carrier gas temperatures, and three independent
runs for each state point. All obtained nucleation rates
are listed in Table 2a together with the activities calcu-
lated from the number of the corresponding monomers and
their temperature averaged over the time period of nucle-
ation. The data are plotted together with the nucleation
rates of the pure substances [44,45] in Figures 7a and 7b.
The Pt nucleation rates are on the side with log(ap.) =0
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and vice versa. The binary nucleation rates for the com-
position zpy = 0.5 are in the body of the diagram. Some
data points for xp; = 0.8 are added for comparison. The
methodological error of the nucleation rates lies within the
size of the symbols in Figure 7a and 7b. Therefore, error
bars have been left out in the diagrams.

Figure 7b shows the same set of data as Figure 7a but
it is a view onto the (ap. — apt)-plane to point out the
following: As indicated by an arrow in Figures 7a and 7b
the activity of the iron subsystem in the binary mixture is
smaller as for a corresponding Fe system. This is related
to a higher temperature of the Fe monomers in the binary
system than in the pure Fe system. In case of Pt the ef-
fect is vice versa. The Pt monomers in the binary systems
have a lower temperature (Tab. 2a) than the monomers
in a corresponding pure Pt system and hence the activity
in the binary system is higher. The reason for the temper-
ature differences of the binary subsystems compared to
the pure substance systems is related to the heat transfer
between the two subsystems in the binary system. Due to
its stronger interaction the Pt subsystem nucleates first.
Condensed Fe atoms evaporate again because the Pt clus-
ters can become very hot. Therefore, Fe in part acts here
effectively as an additional carrier gas, which takes heat
from the forming Pt clusters, at least at the beginning of
the particle formation process. Hence, the Fe monomers
have a higher temperature in the binary system than in
the comparable pure Fe-system at the same state condi-
tions, which originates from Pt nucleation in the binary
system. This is clearly visible in Figures 7a and 7b. In an
experimental study of homogeneous PdPt-nucleation by
Rousset et al. [60] pure Pt-clusters up to a size of 10 atoms
have been found in the mass spectrum. Furthermore, small
clusters were richer in Pt than in Pd although the vapour
phase consisted of 65% Pd. Like Fe, Pd has a lower cohe-
sive energy compared to Pt and the authors suspected that
small Pd,,Pt,, clusters were supposed to cool by evapora-
tion of Pd atoms. With our simulations we get a detailed
insight into the particle formation process confirming the
interpretation of the experimental results.

We have also looked into the possibility to corre-
late the binary nucleation data together with the pure
Fe and Pt nucleation data using a function logJ =
f(ogaq,logas, T). Such correlation function can be
constructed by extending the pure substance correla-
tion functions logJ = f(logay,0,7) and logJ =
f(0,logas, T) [45,59] weighted by an activity fraction and
with an additional binary cross-term including further ad-
justable parameters. This results in a circular or oval-
like correlation function in the log(a;) log(az) section
for constant nucleation rate. One possible example for
such correlation is shown in Figure 7g. This diagram also
shows that the section of such three-dimensional function
log J = f(logay,logas, T) at constant log a; (here log apt)
exhibits a minimum in f(logas) and vice versa. Since the
derivative in such section at constant loga; is related to
the number of atoms of sort ¢ # j in the critical nu-
cleus by the binary nucleation theorem (01lnJ/dna;), =
N} +1[19], one obtains a negative number of atoms in the
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Table 2. (a) Nucleation rate date for the binary FePt systems. The activities are calculated from the number of monomers and
the monomer temperature averaged over the time period of nucleation. (b) Nucleation rate date for the binary FePt systems. The
activities are calculated from the carrier gas temperature and the number of metal atoms is the vapour phase prior to nucleation
being the total number of metal atoms of each species. The nucleation rates obtained from three independent simulations are

The European Physical Journal D

averaged. (¢) As (b) but for pure Fe. (d) As (b) but for pure Pt.

(a)
T(Ar)/K  p(Me)/mol dm™®  Tmon(Me)/K  Tmon(Fe)/K  Tmon(Pt)/K log(ame) log(apt) log(J/m3s7%)
800 0.07 1145.7 1177.3 1033.9 12.31 24.88 33.32
0.07 1173.0 1208.5 1031.8 12.88 24.88 33.45
0.07 1140.9 1175.8 1022.8 13.24 25.50 33.37
0.05 1088.8 1107.3 1045.9 13.60 22.55 32.93
0.05 1133.2 1168.6 1040.0 12.08 23.21 33.06
0.05 1115.2 1131.5 1080.6 11.96 22.61 33.03
0.035 1098.7 1151.4 1037.5 11.71 22.33 32.67
0.035 1103.6 1113.2 1009.2 13.51 25.98 32.66
0.035 1124.8 1131.5 1080.6 12.75 22.18 32.79
0.02 1062.5 1094.5 996.83 12.84 22.86 32.04
0.02 1046.5 1075.3 982.26 13.08 23.20 32.06
0.02 1066.2 1081.8 1034.8 13.55 23.72 32.14
900 0.07 1251.9 1291.2 1143.1 10.45 21.30 33.36
0.07 1229.7 1254.4 1157.1 10.68 22.88 33.34
0.07 1322.0 1338.2 1280.0 10.67 18.84 33.36
0.05 1218.4 1252.3 1099.4 10.45 24.34 33.10
0.05 1276.7 1316.6 1167.0 10.04 22.48 33.10
0.05 1235.0 1260.4 1174.9 10.08 19.92 32.94
0.035 1197.5 1233.1 1072.7 10.78 23.61 32.67
0.035 1183.6 1240.5 1098.9 10.33 21.11 32.66
0.035 1183.6 1238.2 1037.9 11.33 25.45 32.71
0.02 1184.2 1224.5 1093.2 10.29 19.71 32.21
0.02 1199.7 1222.7 1140.2 10.38 19.51 32.17
0.02 1155.2 1182.2 1033.8 11.16 20.92 32.09
1000 0.07 1363.2 1384.5 1291.2 8.91 20.17 33.31
0.07 1351.7 1411.0 1184.3 9.42 20.59 33.42
0.07 1346.1 1399.1 1205.8 9.83 20.54 33.41
0.05 1342.5 1369.6 1256.3 8.95 19.88 33.09
0.05 1312.1 1342.9 1201.8 9.40 25.09 32.98
0.05 1343.9 1383.8 1221.1 9.01 20.47 32.99
0.035 1305.9 1331.9 1231.1 9.46 18.56 32.67
0.035 1285.8 1316.3 1111.0 10.08 22.52 32.61
0.035 1260.5 1291.2 1191.9 9.97 20.68 32.63
0.02 1244.6 1280.7 1147.2 10.32 24.56 32.04
0.02 1241.6 1265.6 1161.2 10.04 23.11 32.03
0.02 1285.5 1300.3 1224.6 9.55 19.04 32.26
(b)
T(Ar)/K apy p(Me)/mol dm™> log(ar.) log(ap:) log(J/m™3s™!)
800 0.5 0.07 18.48 27.54 33.39
800 0.5 0.05 18.33 27.40 33.01
800 0.5 0.035 18.18 27.24 32.71
800 0.5 0.02 17.94 27.00 32.08
900 0.5 0.07 15.81 23.87 33.35
900 0.5 0.05 15.67 23.72 33.05
900 0.5 0.035 15.51 23.56 32.68
900 0.5 0.02 15.27 23.32 32.15
1000 0.5 0.07 13.68 20.93 33.38
1000 0.5 0.05 13.54 20.78 33.02
1000 0.5 0.035 13.38 20.63 32.64
1000 0.5 0.02 13.14 20.38 32.11
800 0.8 0.07 18.08 27.75 33.48
900 0.8 0.07 15.42 24.07 33.38
1000 0.8 0.07 13.29 21.13 33.42
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Table 2. Continued.
()

T(Ar)/K  p(Fe)/mol dm™>  Twon(Fe)/K log(awe) log(J/m3s7%)
800 0.07 852 18.79 33.34
800 0.05 836 18.64 33.39
800 0.035 842 18.48 32.65
800 0.02 836 18.26 32.13
900 0.07 949 16.12 33.51
900 0.05 937 15.97 32.92
900 0.035 920 15.82 32.64
900 0.02 935 15.59 32.06
1000 0.07 1041 13.99 33.33
1000 0.05 920 13.84 33.01
1000 0.035 1030 13.69 32.67
1000 0.02 1000 13.46 32.10
(d)

T(Ar)/K  p(Pt)/mol dm™®  Tuon(Pt)/K log(aps) log(J/m™3s™h)
800 0.07 1114 27.85 33.48
800 0.05 1058 27.70 33.15
800 0.035 1017 27.55 32.84
800 0.02 998 27.32 32.27
900 0.07 1280 24.17 33.60
900 0.05 1188 24.02 33.22
900 0.035 1085 23.87 32.71
900 0.02 1060 23.65 32.22
1000 0.07 1193 21.24 33.42
1000 0.05 1255 21.08 33.15
1000 0.035 1262 20.93 32.76
1000 0.02 1161 20.71 32.06

critical nucleus by using such correlation. This is unphys-
ical and it appears that the nucleation theorem cannot
be applied to such type of correlation function. Generally
speaking, the activities in the mixtures should be lower
than the pure substance activities for the same temper-
ature and the same nucleation rate in order to obtain a
positive number of atoms in the critical nucleus. Since this
is not the case for the system investigated here we have
omitted the analysis with the nucleation theorem using a
correlation function. The reason for the shift of the activ-
ities in the binary system (marked by arrows in Figs. 7a
and 7b) is the energy transfer from the nucleating Pt sys-
tem to the Fe monomers as described above.

As an alternative we have also calculated the activi-
ties from the given constant carrier gas temperatures and
the total number of atoms in the supersaturated vapour
phase prior to nucleation. The resulting data are listed in
Tables 2b, 2¢ and 2d for the binary data and for the pure
Fe and pure Pt data. We have employed these activities
for the analysis of pure Fe nucleation before [44] in or-
der to compare to experimental data, which are usually
based on the initial state conditions. This leads to the
same activities for simulations at the same initial con-
ditions. Therefore the effective nucleation rates obtained
from three independent simulations at the same condi-
tions are averaged and plotted in Figures 7c and 7d. In
this plot the data exhibit a more systematic behaviour.

In Figures 7e and 7f the same is done for only one car-
rier gas temperature (1000 K) but plotted using a non-
logarithmic scale exemplarily. The view from the top of
the three-dimensional diagram shown in Figure 7d looks
also more systematic than Figure 7b. The activities of the
binary systems are always at slightly lower values than the
activities of the corresponding pure metal systems. This
is however a small difference which is virtually invisible
in the double logarithmic plot in Figure 7d. For a given
carrier gas temperature the data of pure Fe, pure Pt, and
the mixture rather form a right angle in the double log-
arithmic plot. Such data are also difficult to correlate by
a plane which is not bent backwards such as the plane
shown in Figure 7g is. Although the calculation of the ac-
tivities from the initial conditions (carrier gas temperature
and the initial number of metal monomers) yields a sys-
tematic behaviour of the nucleation rates, it also difficult
to apply the binary nucleation theorem using a correla-
tion function. As a source for this difficulty we consider
the difference in the activities of the two substances by a
factor of at least 107.

Since the application of the nucleation theorem is dif-
ficult for the investigated system the size of the critical
nucleus has to be estimated in a different way. The size of
the largest cluster in the system not losing any atoms has
been used before [45] for testing the consistence to the crit-
ical nucleus size obtained from the correlation functions of
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Fig. 7. (Color online) Nucleation data including the pure nucleation data for Fe [44] and Pt [45] and the binary nucleation
data obtained here. (a) Activities calculated from the monomer number and temperature during nucleation for carrier gas
temperatures 800 K (red/dark grey), 900 K (blue/black) and 1000 K (ochre/light grey). Triangle up: pure Fe; square: pure Pt;
circles: zpy = 0.5; open triangles down: zpy = 0.8. (b) As (a) with view from top. (c) As (a) but with activities calculated from
the carrier gas temperature and the total number of atoms of each metal in the simulation box. (d) As (¢) with view from top.
(e) As (a) but for T'(Ar) = 1000 K only and in non-logarithmic scale. (f) As (e) with view from top. (g) Nucleation rate data
for T(Ar) = 1000 K with activities calculated from the monomer number and monomer temperature during nucleation. The
surface is a correlation function. The blue curves in the surface are sections at constant activity of either Fe or Pt.
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pure Pt nucleation rates. It turned out that the number
of atoms in the largest cluster not losing any atoms is al-
ways slightly larger than the critical nucleus size obtained
from the correlation using the nucleation theorem. Here,
for cluster sizes around 10 atoms the growth curve rises
rapidly as one can see in Figure 5d for mixed clusters.
The kink at the boundary between slow and rapid growth
can be found at different times for different densities but
at almost the same number of atoms in the largest clus-
ter of 8 to 10. Beyond this cluster size a cluster can still
lose atoms but these are rather evaporation events than
density fluctuations taking place in the nucleation regime.
In summary one can estimate the critical nucleus size to
be around 5 to 10 atoms. The critical mole fraction can
be estimated by taking a look at the cluster composition
for cluster of this size around and below 10 atoms. The
composition at this size is clearly zpy > 0.5 as shown in
Figure 4a. This suggests a critical nucleus mole fraction
of about zpy = 2/3.

5 Conclusion

The investigation of the binary nucleation and growth in
the FePt system has shown some special features that can
be related to the fact that the interactions between the
Fe and the Pt atoms have different strength. Pt nucleates
first because the attraction between Pt atoms is stronger
than between Fe atoms. This leads to the formation of
pure Pt clusters with up to 10 to 15 atoms. The heat
of condensation for Pt is larger than for Fe. As a conse-
quence in a small mixed cluster the Fe atoms will evapo-
rate more likely because the temperature level of the clus-
ter is dominated by the Pt atoms and therefore higher
than for the formation of pure Fe clusters. One finds that
the frequency of Fe evaporation is higher than in pure Fe
systems. In addition larger clusters exhibit Fe evaporation
because of this Pt-condensation heat effect. In a limited
region at the beginning of the particle formation the Fe
atoms rather act as a carrier gas for the Pt nucleation pro-
cess. Due to the strong difference in attraction strength
the effects found here are relatively large. In systems with
less attraction and smaller differences in attraction, as in
case of binary nucleation of molecular fluids, these effects
are much smaller. Investigations by Mirabel and Katz [27]
have shown that a very small amount of HoSOy4 can lead
to binary nucleation with water. This clearly shows the
difference to the metal systems treated here.

This work has been supported by the Deutsche Forschungsge-
meinschaft (DFG) within project Kr 1598/24-1.
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