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Small clusters exhibit different behaviors in many physical properties compared to bulk systems. A long-
standing problem in cluster science is the question how small clusters solidify. Here, we analyze the solidifi-
cation of small Fe0.5Pt0.5 clusters by molecular dynamics simulation. We use a carrier gas thermostat in the
simulations to mimic the experiment rather than an idealized ensemble. This enables us to explore the solidi-
fication process under more realistic conditions. We find that structure formation starts below the surface layers
and spreads quickly throughout the cluster. We observe apparent negative thermal expansion and apparent
negative heat capacity. These effects and the related solidlike-liquidlike dynamic coexistence are explained
kinetically by means of the short duration of cluster solidification in connection with a slow heat removal.
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I. INTRODUCTION

Metal nanoparticles with new size dependent thermody-
namic, electronic, and optical properties are promising build-
ing blocks for new materials. They can be employed as fill-
ing material to alter mechanical properties1 for the
development of catalysts for direct methanol fuel cells2 or for
high density magnetic storage3 to mention only a few ex-
amples. Since the specific properties of the particles depend
not only on their size but also on their structure and mor-
phology, the understanding of the formation process is man-
datory for the design of a selective production process. In
addition, the morphology and atomic structure depend on the
kinetics of the growth process. Similar to the effect of the
nanometer size on the particle properties, the dynamics of
particle formation, growth, and also structure formation is
influenced by particle size. During growth, atomic structures
can appear that are not stable in macroscopic atomic crystals.
As an example, the icosahedral structure may be mentioned,
which has a fivefold symmetry and is not capable of forming
translation symmetry. Furthermore, phase transitions on the
nanometer scale are not sharp but rather continuous. The
solidlike and the liquidlike states can both be stable in a
certain temperature range. In sufficiently small clusters, it is
not possible to have the two phases at the same time like in
bulk systems. The complete cluster switches from a solidlike
to a liquidlike state. This effect can lead to a counterintuitive
behavior such as the apparent negative heat capacity, which
is an increase in temperature during heat removal. Such be-
havior has been found experimentally for small clusters,4 in
theoretical analysis,5,6 and in molecular dynamics simula-
tions of pure metal clusters such as sodium clusters7 and
copper clusters.8 From a technological perspective, dynamic
phase coexistence of nanoparticles and smaller clusters is of
interest for nanophotonic switching devices.9 This is because
the optical properties of nanoparticles change from one
phase state to the other.

The discussion of dynamically coexisting nanoparticles is
often restricted to the melting process which is dominated by
surface melting in the case of small nanoparticles.9 Here, we
investigate the second part of dynamic coexistence, the so-

lidification of small clusters. Intuitively, a nucleation of the
solidlike state in the cluster surface might be expected be-
cause the heat is removed from the cluster surface. The sur-
face should cool down faster and hence solidification should
start there. However, taking into account the effect of surface
melting may suggest that a cluster does not start to solidify in
the surface. It would rather lead to a solidlike core with a
liquidlike surface. On the other hand, melting and solidifica-
tion are not symmetric. Based on molecular dynamics �MD�
simulations of the solidification of NiAl clusters, an influ-
ence of surface segregation on solidification has been
proposed.10 In that work, either solid nucleation was sup-
pressed in the investigated time frame, depending on the
composition of the cluster, or the formation of amorphous
clusters was observed. In Monte Carlo �MC� simulations of
pure gold clusters, solidification nucleation has been ob-
served in the cluster surface.11 MC simulations are somewhat
complementary to MD simulations. With MC simulations, it
is possible to cross high energetic barriers toward stable
states. In MD, one may not reach the final state in given time
but one can study the kinetic details including the formation
of metastable states.

Clusters that completely switch back and forth between
the liquidlike and the solidlike state, as mentioned above,
exhibit the so-called dynamic phase coexistence rather than
static coexistence. In several investigations of this phenom-
enon, dynamic4–6 as well as static coexistence12–15 have been
found for nanometer sized pure metal clusters. Hendy16 sug-
gests an expression for a critical cluster radius that separates
cluster sizes with dynamic and static coexistence. In the case
of lead, he found dynamic coexistence for a 931 atom clus-
ter, while a 1427 atom cluster exhibits static coexistence.
However, the detailed mechanism of the solidification of
metal clusters with dynamic coexistence in a carrier gas has
not yet been investigated nor has the solidification of binary
clusters been analyzed so far. In contrast to most investiga-
tions in this area, we do not use a microcanonical or a ca-
nonical ensemble but cool down the clusters by collisions
with a carrier gas mimicking the experimental situation.17,18

We think that this approach is more suitable to describe the
real situation because nonequilibrium effects are inherently
included. We chose the FePt system with clusters of 864 and
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1123 atoms �diameters of 2.9 and 3.2 nm� and a mole frac-
tion exactly or very close to 0.5. The understanding of the
structure formation in this system, where the solidification
analyzed here is only one step, is of great technological
importance.19 Furthermore, we investigate clusters that have
been obtained from a vapor phase nucleation simulation20

rather than perfectly ordered magic number clusters. For the
understanding of the solidification process, we use here a
shell by shell analysis of the temperature and the atomic
order. We observe fast solidification with a nucleus below the
surface of the clusters rather than in the surface. The solidi-
fication from the cluster core is explained by geometrical
arguments. Apparent negative heat capacity as well as related
apparent negative thermal expansion coefficients are ob-
served. These effects are caused by the fact that coexisting
phases in the cluster are not present for sufficient time in the
clusters studied here. As a consequence, the latent heat can-
not be removed instantaneously from the clusters by the car-
rier gas.

II. METHOD

Molecular dynamics simulation, which is the numerical
solution of the equations of motion of each atom in the force
field of all other atoms, has been performed using a cubic
box. The equations of motion are calculated by a velocity-
Verlet integrator with a time step of 1 fs. Standard tech-
niques such as periodic boundary conditions, minimum im-
age convention, and neighbor lists are used. Details of the
method can be found in recent papers.20,21 The interactions
between the metal atoms are modeled by the embedded atom
method �EAM�,20,22,23 while for argon, which serves as car-
rier gas, and for the metal-argon interaction, the Lennard-
Jones potential is used. The EAM potential is an efficient
model suitable for large systems and long simulation runs.
The parametrization used here includes the interaction with
the third next neighbors. It is correlated to experimental data
and therefore reproduces all these properties, whereas spe-
cific properties such as magnetism cannot be extracted ex-
plicitly. The potential model stabilizes the binary ordered L10
phase in an equimolar cluster below 1100 K.24 Simulations
with this potential have shown that as the temperature is
increased, the cluster loses the L10 structure and then even-
tually melts.24 Although it is known that magnetism has an
influence on the phase diagram of the FePt system,25 it has
no effect on the investigation here. According to the Ostwald
step rule26 in nonequilibrium, nonsteady state systems, the
state with the closest free energy is formed first and not the
most stable state. Therefore, on the time scale of the non-
equilibrium simulation here, the disordered fcc phase is ex-
pected rather than the ordered L10 phase. This applies even
at temperatures where the L10 phase is stable at equilibrium
conditions. Hence, it is of interest to find out whether this is
actually the case for this system or whether binary order
appears during solidification. Furthermore, other special fea-
tures of the FePt phase diagram existing at mole fractions
much apart to the 1:1 mixture25,27 are not relevant here be-
cause this investigation is restricted to equimolar systems.
The carrier gas atoms are thermalized by velocity scaling,

while the metal clusters are thermalized only by collisions
with the argon atoms. There are three times as many carrier
gas atoms �argon� as metal atoms in the system. For the
determination of the structure, the common neighbor analy-
sis �CNA� is employed.24,28–30 This method has been used
before, for example, to study structural changes in the melt-
ing of clusters31 and cluster collision processes21 but not yet
for each shell of a cluster separately. The atoms in the sur-
face are detected by the cone algorithm.32 The second shell is
identified by applying the cone algorithm after the surface
atoms are removed. By repeating this procedure, the affilia-
tion of all atoms to the different shells is obtained.

III. RESULTS

Clusters of different sizes and compositions are obtained
from particle formation simulations.20 To bring these clusters
back into the liquidlike state first, they are heated up by
setting the carrier gas temperature to 1600 K. For studying
the cluster solidification, the carrier gas temperature is then
decreased in 100 K steps every 4 ns, which leads to a cluster
cooling rate of about 23.3 K /ns. At a carrier gas temperature
of 1100 K, the investigated liquid-solid transition takes
place. The experimental bulk solidus curve is at 1853 K for a
mole fraction of one-half.33,34 Based on a comparison of
grain sizes in FePt films,35 an estimation of the cluster melt-
ing temperature for the cluster sizes investigated here gives a
value 25% below the experimental bulk melting temperature.
However, this is a crude estimate since it is based on calcu-
lations with the Lennard-Jones potential for the metals.35 The
resulting melting temperature is 1390 K. Experimentally,
bulk metal alloys can be undercooled by 20%,36 which
would give a temperature of about 1110 K in our case. From
repeated melting and solidification simulations,37 we obtain a
reproducible temperature jump from 1430 to 1350 K at
melting and from 1110 to 1300 K at solidification. The equi-
librium melting temperature of the cluster is hence between
1110 and 1430 K consistently with the rough estimate above.

The solidification of the FePt clusters can be traced by the
amount of local order in the clusters and by the temperature
development. The solidification of a cluster with 559 Fe and
564 Pt atoms is analyzed in Fig. 1. Figure 1�a� shows that at
approximately 35 ns, closed packed structures appear, while
the amount of icosahedral structure, which is mainly present
in the liquidlike state in the surface, decreases. At the same
point in time, the temperature of the cluster increases by
about 180 K �Fig. 1�b��. The latent heat of solidification
causes this temperature increase. Since the number of colli-
sions with the carrier gas atoms is not sufficient, the solidi-
fication heat cannot be removed in the time interval shown
here. To calculate the average time �gas,cluster between two
collisions of inert gas atoms with the large FePt cluster, we
use a formula given by Hendy et al.,38

�gas,cluster �
1

pR2�mkBT

8�
. �1�

Here, R is the cluster radius �1.6 nm�, p the pressure of the
inert gas, T its temperature �1100 K�, m the mass of the inert
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gas atoms �argon, 39.948 amu�, and kB the Boltzmann con-
stant. We approximate the pressure p by the ideal gas value
and calculate it from the number N=4116 of inert gas atoms
and the simulation box volume V=a3 with the edge length
a=31.93 nm. With these assumptions, we get

�gas,cluster �
a3

NR2� m

8�kBT
, �2�

which yields �gas,cluster�1.3 ps. It corresponds to 77 colli-
sions within the duration of the solidification process of
about 100 ps. This amount of collisions is not sufficient to
remove the latent heat from a 1123 atom cluster formed dur-
ing this time. For the shown time period, the carrier gas
temperature is 1100 K. Hence, while energy is removed from
the system by the carrier gas, the cluster temperature rises.
This corresponds to an apparent negative heat capacity of the
system caused by the fact that small cluster solidification is
faster than the latent heat removal. In a short time of about
100 ps, the cluster switches completely from the liquidlike
state to the solidlike state. In bulk systems with stable static
coexistence in equilibrium, the latent heat is taken from the
successive solidification of the liquid domain until it is com-
pletely solidified. Therefore, the temperature remains con-

stant during solidification and decreases further once the
complete system is solid.

Figure 2 shows some snapshots of the solidification pro-
cess of this cluster. The first snapshot �Fig. 2�a�� represents
the liquidlike cluster. There is no structure except for few
fluctuations of icosahedral atoms in the surface. In Fig. 2�b�,
one can observe that a small structured nucleus appears be-
low the surface on the right bottom side of the cluster. This
nucleus grows, as one can see in Fig. 2�c�, which is 42 ps
later than that in Fig. 2�b�. During a period of time lasting
almost 100 ps, a structured region coexists with a liquidlike
region. We do not consider this state as a stable static coex-
istence because the structured nucleus is continuously grow-
ing during this time period. At about 35.09 ns, the cluster
rapidly develops structure with exception of the surface lay-
ers. A snapshot of the solidlike cluster is shown in Fig. 2�d�.

In order to analyze the cluster solidification in detail, we
calculate the structure fraction for each shell in the cluster.
The structure fraction is defined as the number of atoms in
structured environment, obtained from the CNA analysis, re-
lated to the total number of atoms. It is calculated here for
each shell separately. Moving averages are plotted in Fig.
3�a� for five shells beginning with the surface shell. There
are two more shells in the cluster core but they have very few
atoms �26 and 3� and therefore exhibit very strong fluctua-
tions of the structure fraction. For this reason, we omit them
in the analysis. The outer shell has already some amount of
atoms in icosahedral local order in the liquidlike state. All
inner shells have no structure before solidification. The offset
caused by the icosahedral structure in the liquidlike state in
Fig. 3�a� is the reason why the structure fraction of the outer
shell crosses the curves for the structure fraction of the inner
shells. Besides this effect, one can observe that the structure
fraction increases faster for the inner shells than for the outer
shells. This is a hint that the cluster nucleates below and not
in the surface. One can also recognize that after the transition
is completed, the structure fraction decreases from the inner
toward the outer shells. Especially, the two most outer shells
have a very low structure fraction. The surface layer, for
example, has even less than 20% atoms in local order. We do
not investigate magic number clusters, so the number of at-
oms does not match a filled surface shell which leads to
defects. Also, the binding energy of the surface atoms is
weaker than for the atoms in inner shells, leading to a higher
mobility and thus to more disorder. Therefore, we consider
the third shell as the first core shell and part of the solidlike
region. One can conclude that the cluster solidifies by homo-
geneous nucleation below the surface layers and in the final
state the structure fraction increases toward the cluster cen-
ter. Plotting only the structure fraction vs time could be mis-
leading since the amount of atoms per shell decreases toward
the center of the cluster. The actual number of atoms in local
order at the end of the solidification is 80 for the nth shell
�most outer�, 80 for the �n−1�th shell, 110 for the �n−2�th
shell, 75 for the �n−3�th shell, and 40 for the �n−4�th shell.
The fact that the two outer shells contain most atoms �440
atoms in the nth shell and 280 atoms in the �n−1�th shell�
also shows that the relatively large amount of structure de-
fects in the overall structure analysis �Fig. 1�a�� is mainly
related to the disorder in the surface. Most of the cluster core

(a)

(b)

FIG. 1. �Color online� Solidification of a 1123 atom Fe0.5Pt0.5

cluster. �a� Structure analysis of the cluster during solidification
with the common neighbor analysis �CNA�. �b� Cluster temperature
during solidification.
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is structured. Neither the structure fraction nor the total num-
ber of atoms in structured environment can clearly distin-
guish between nucleation in the center of a cluster and right
below the two surface layers. However, one can recognize
from such a plot that the nucleation starts in the interior of
the cluster and not in the surface, which is furthermore sup-
ported by the snapshot in Fig. 2�b� where the solid nucleus is
clearly visible inside the cluster.

The temperature analysis of the shells does not exhibit
any temperature gradient within the cluster during the solidi-

fication process. Hence, the thermal equilibration is very fast
for the clusters of given size. Therefore, the outer shell does
not cool down below the core temperature and the appear-
ance of a solid nucleus is not necessarily more likely in the
surface in this context. On the other hand, the atoms in the
cluster core below the surface have a higher coordination
number than the atoms in the surface. This means that it is
energetically more favorable to form the crystal structure in-
side the cluster than in the cluster surface. Since a tempera-
ture difference does not exist, the short range order, coordi-

(a)

(b)

(c)

(d)

FIG. 2. �Color online� Snapshots during the solidification of the 1123 atom Fe0.5Pt0.5 cluster. �a� Liquid state at t=34.525 ns. �b�
Appearance of a structured nucleus below the surface on the right bottom side of the cluster at t=35.029 ns. �c� Like �b� but at t
=35.071 ns. �d� Completely structured core of the cluster at t=35.094 ns. Legend: light gray, atoms without local order; dark gray, atoms
with local order �red, fcc; blue, hcp; ochre, icosahedral; violet, octahedral; green, ordered binary face-centered-cubic-like structure�.
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nation number, and the defects are the only differences
between the core and surface. Hence, one possible origin of
the solidification below the surface is a local ordering effect.

Another possible origin is that an inhomogeneous compo-
sition of the cluster is responsible for the nucleation inside
the cluster. Such effect has been pointed out by Chushak and
Bartell.10 We investigate the deviation of the mole fraction of
Fe atoms not in local order by the unstructured mole fraction
defined as

xFe,unstruct =
NFe,unstruct

NFe,unstruct + NPt,unstruct
. �3�

This is the ratio of Fe atoms, which are not in local order, to
the total number of atoms �Fe and Pt�, which are not in local
order. Figure 4 shows that the amount of unstructured Fe
decreases during solidification. This means that slightly more
Fe atoms are in local order than Pt atoms. This can be ex-
plained by the fact that the two outer layers, which exhibit
much less local order after solidification, are platinum rich
�approximately 55% Pt�. The cluster core without these two
layers is iron rich �approximately 60% Fe�. Since the core
takes a much higher structure fraction after solidification

than the surface layers, the fraction of iron atoms without
local order decreases slightly during solidification by about
0.04, as one can see in Fig. 4.

We do not find any bcc structure although in bulk solidi-
fication, a nucleus can be in bcc structure for a fcc metal
because of its lower interfacial energy.39 On the other hand,
it is known that small clusters of a bcc metal can take a fcc
structure.18 This is related to differences in the cluster-vapor
surface energy for the two structures. At a temperature above
1100 K, the FePt bulk system is in a face-centered structure
for all mole fractions. bcc structure only appears at an iron
mole fraction of roughly 0.1 below 900 K, which is far away
from the conditions used here. Since we do not find any
indications of bcc structure it appears that the effect of the
cluster-vapor surface dominates over the solidlike nucleus
and liquid interfacial energy in this system.

Figure 3�b� shows that with increasing temperature, the
cluster radius and therefore the volume of the cluster de-
crease. Such negative thermal expansion is counterintuitive
but well known for several substances such as water below
4 °C. It should be noted that an invar system such as FePt
can exhibit vanishing and negative thermal expansion but
only below the Curie temperature of roughly 600 K and only
for iron rich systems with at least 65% iron.40,41 This behav-
ior is therefore not relevant here. Here, the negative thermal
expansion is rather related to the fast solidification of the
cluster: The cluster radius is related to the atomic ordering
which increases at solidification, leading to a higher density
or smaller molar volume. Since the cluster heats up during
solidification, one obtains increasing density with increasing
temperature. In general, the thermal expansion coefficient is
proportional to the heat capacity, the compressibility, and the
Grüneisen coefficient.42 With positive compressibility and
positive Grüneisen coefficient, only the apparent negative
heat capacity can be related to this negative thermal expan-
sion. Hence, this effect can also be regarded as apparent
negative thermal expansion. Furthermore, investigations of
equimolar FePt clusters over longer simulation time and
wide temperature range give positive thermal expansion for

(a)

(b)

FIG. 3. �Color online� Solidification of the 1123 atom Fe0.5Pt0.5

cluster. �a� Moving average of the structure fraction during solidi-
fication for each shell separately. �b� Cluster radius plotted against
temperature. Blue points are before the onset of solidification �t
�35.078 s�; the red points after solidification �t�35.078 s�.

FIG. 4. �Color online� Fraction of iron atoms which are not in
local order according to Eq. �3�. The horizontal line is the overall
iron mole fraction of the complete cluster.
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both liquidlike and solidlike FePt clusters.37 It shows that
this system, with this composition at a given temperature,
does not exhibit negative thermal expansion caused by inter-
actions.

The same investigation is carried out with two smaller
clusters consisting of 864 atoms �432 of each Fe and Pt� in
the carrier gas argon. While cooling down these clusters
from 1600 to 1000 K, the solidification takes place again at a
temperature of about 1100 K. Compared to the large cluster,
the increase in cluster temperature at the onset of structure
formation is a bit smaller �approximately 150 and 110 K�.
Like in the large cluster, the solidification starts below the
surface and moves throughout the cluster in a similar time
range �Fig. 5�. The fraction of atoms in local order per shell
is very similar as for the larger cluster discussed above in
detail �Fig. 5�a��. Figure 5�b� shows the total number of at-
oms in structured environment. The sequence of the number
of structured atoms in the shells is different compared to Fig.
5�a� but regarding the solidification, no significant differ-

ences can be deduced. In addition, the 864 atom cluster ex-
hibits some fluctuations of the structure fraction of inner
shells prior to nucleation. These stochastic fluctuations,
which are characteristic for homogeneous nucleation, are
marked by an arrow in Figs. 5�a� and 5�b�.

IV. CONCLUSIONS

In summary, we find that FePt clusters with 864 and 1123
atoms solidify quickly for given undercooling within about
100 ps without showing stable static coexistence of liquid-
like and solidlike domains. We have observed only cases
where nucleation and structure formation took place but no
cases where amorphous clusters have been obtained as found
for NiAl clusters.10 A reason for this difference may be the
different system studied here but it could also be the 2 orders
of magnitude lower cooling rate or the inert gas thermostat
employed in our investigation. In agreement with the work
on NiAl clusters, we find no and in few cases a small amount
of ordered binary structure. This confirms the initial state-
ment concerning the Ostwald step rule. Not the most stable
binary ordered L10 phase appears but the disordered fcc
phase. This is in agreement with a recent investigation of the
melting of L10 FePt clusters.24 When an L10 cluster is heated
up, first the disordered fcc phase forms and only then the
cluster melts as indicated by the latent heat.24 While in this
direction from order to disorder the transition is traceable in
MD simulations, the binary ordering process in the other
direction seems to be beyond the time scale of the MD simu-
lation used so far.

The small FePt clusters equilibrate thermally very rapidly
and there is no noticeable temperature gradient in the cluster.
In the binary clusters investigated here, nucleation starts be-
low the cluster surface because of the higher degree of local
order. In some cases, fluctuations of the shells’ structure frac-
tion are observed before the actual nucleation event takes
place. It follows that homogeneous nucleation inside the
cluster is more likely than heterogeneous nucleation in the
cluster surface. With a diameter of around 3 nm, we obtain a
solidification velocity of approximately 30 m /s for the clus-
ters. This value is on the order of magnitude of the solidifi-
cation velocity in bulk systems at comparable degree of un-
dercooling, for example, for CuNi alloys.43,44 So, if there is
no major difference in solidification velocity between bulk
and small clusters, the clusters solidify fast simply because
of their small size. For the binary clusters investigated here,
dynamic coexistence can be regarded as a consequence of
small size and incomplete dissipation of heat in a carrier gas
compared to a bulk system. It is therefore a kinetic phenom-
enon in the systems investigated here. This is consequently
also the origin of the apparent negative heat capacity and
thermal expansion observed here.
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(a)

(b)

FIG. 5. �Color online� Solidification of an 864 atom Fe0.5Pt0.5

cluster. �a� Running average of the structure fraction during solidi-
fication for each shell separately. �b� Running average of the total
number of atoms in structure corresponding to �a�. The arrows mark
structure fluctuations prior to nucleation.
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