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Controlling the crystallization of metals is of key importance
for many applications, such as metallic nanoparticles and catalysts.
However, a complete understanding of this phenomenon still eludes
us. Do metals crystallize according to the same mechanism as
simple fluids? How do the strong cohesive interactions in metals
affect the polymorph selection and the crystal morphology? In this
communication, we simulate the entire crystallization process for
aluminum at ambient pressure and at a temperature 20% below
the melting point. We shed light on the molecular mechanisms
underlying the crystal nucleation and growth of Al. We show that
Al nucleates into a random packing of the hexagonal close-packed
(hcp) and the face-centered cubic (fcc) phases. Body-centered cubic
(bcc) clusters, which usually form during the nucleation of simple
fluids (e.g., hard spheres,1 Lennard-Jones,2,3 and charge-stabilized
colloids4), are not observed during the crystallization of Al.
Throughout nucleation and growth, Al nuclei are always strongly
faceted. This is in sharp contrast with the ellipsoidal crystallites
observed during the crystallization of simple fluids.1-5 Our results
demonstrate that the pathway to crystallization of Al strongly
departs from that of a simple fluid.

The strong cohesive interactions in metals are often described
with an embedded-atoms model (EAM) potential.6 In this work,
we choose the EAM model parametrized by Jasper et al. (noted
NP-B in their publication7). This many-body potential was validated
against density functional theory results for Al clusters and
nanoparticles. The ability of the model to accurately predict
thermodynamics properties (e.g., boiling and melting points at
ambient pressure as well as the solid densities for the stable fcc
phase) was recently established.8,9

We study the onset of crystallization in a supercooled liquid of
Al at P ) 1 atm and atT ) 897.6 K (20% below the melting
temperature9). We carry out two different types of hybrid Monte
Carlo (HMC) simulations corresponding to the two mechanistic
steps of crystal growth and nucleation. We first induce the formation
of a critical nucleus. To study this activated process, we perform a
series of HMC simulations,10 together with an umbrella sampling
bias potential, on systems of 3000 Al atoms. The bias potential
essentially imposes a fixed value of the global order parameter11

Q6 to the system and allows the system to overcome the free energy
barrier of nucleation.2 By gradually increasing the imposed value
for Q6, we are able to grow a crystal nucleus. This procedure does
not favor the formation of a specific polymorph sinceQ6 takes
similar values for the fcc, hcp, and bcc polymorphs. As shown in
previous work on charge-stabilized colloidal suspensions,4 this
method led to the formation of large fcc or bcc crystallites,
whichever was the stable form for the conditions of crystallization
investigated. Using local bond order parameters,2,3 we analyze the
structure of the nucleus throughout nucleation. We find that Al
directly nucleates into a random packing of two phases, which are
structurally compatible and have almost equivalent free energies:
the stable fcc phase and the hcp phase. The critical nucleus contains

225 ( 32 particles and consists almost exclusively of a random
packing of mainly fcc and hcp atoms (92( 8% of the atoms are
identified as fcc or hcp). Figure 1 shows a snapshot of a critical
nucleus (the free energy barrier of nucleation is of 21( 2 kBT).
The structural identity of the critical nucleus is similar to that
observed in simulations of crystal nucleation of hard spheres1 and
in experiments on concentrated colloidal suspensions.5 However,
there are two significant differences. Previous work shows that
crystal nucleation2,3 in simple fluids first proceeds in the metastable
bcc phase and then converts into the stable fcc phase, in accord
with Ostwald’s step rule. Our results demonstrate that, in the case
of Al, the number of bcc particles remains negligible throughout
the nucleation step. Moreover, experiments5 and simulations1-3

show that, in simple fluids, the average shape of the critical nucleus
is ellipsoidal with rough interfaces (e.g., “wetted” by bcc particles
for the Lennard-Jones (LJ) system2,3). Our simulations reveal that
Al nuclei are strongly faceted.

What is the cause of the discrepancy between the nucleation
mechanisms? There are several features common to Al and simple
fluids. Fcc is the stable polymorph for both. Besides, theoretical
predictions argue that bcc clusters should easily form from
supercooled liquids of spherical particles.12,13There is, however, a
major difference between Al and simple fluids. The strong cohesive
interactions in Al result in a very small difference between the solid
and liquid densities. For Al, the fcc phase is only 5% denser than
the liquid, while for the LJ system studied in refs 2 and 3, the fcc
phase is denser by 11%. In supercooled Al liquid, a small density
fluctuation will yield the more energetically favorable fcc, hcp, and
icosahedral structures14 rather than a bcc cluster. On the other hand,
because of the larger difference between the solid and liquid
densities, bcc is a more viable intermediate for the LJ system. We
add that, throughout the nucleation step, the concentration of Al
atoms, identified as icosahedral, in the liquid stays around 7% and
that virtually no solid particles are identified as icosahedral. This
indicates that icosahedral structures do not play an active role in
the nucleation process.

Once we have formed the critical nucleus, we study its evolution
in the absence of the bias potential by (i) embedding the system of
3000 particles containing a critical nucleus in a supercooled liquid
of 27 000 particles, (ii) equilibrating the new system of 30 000
particles while still applying the bias potential on the central
subsystem of 3000 particles, (iii) storing a configuration of the
system every 1000 HMC steps during the equilibration run, and
(iv) switching off the bias potential and letting each of these
configurations evolve freely during a HMC trajectory15 at fixed
temperature and pressure. We generate 15 HMC trajectories. We
observe the dissolution of the nucleus in the surrounding liquid for
seven of them and the growth of the nucleus in the remaining eight
MD trajectories. The 7:8 ratio, close to the ideal 5:5 ratio, expected
for a critical nucleus, demonstrates that the crystal nuclei we have
formed are critical nuclei.
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During the growth of the crystal nuclei, we monitor the increases
in the number of fcc, hcp, and bcc particles. We present in Figure
2 the averages calculated over all 15 HMC trajectories. Growth
proceeds in the same random packing of hcp and fcc phases as
observed during the nucleation step. Our analysis confirm that
approximately 90% of the Al atoms composing the crystallite are
identified as fcc or hcp. The remaining 10% are bcc defects. We
did not find any icosahedral signature within the crystallite. We
also found that the concentration in icosahedral atoms in the liquid
was constant throughout the growth step, showing again that the
icosahedral structures do not play an active role in the crystallization
process of Al. As shown in Figure 3, the bcc atoms are not restricted
to the liquid-solid interface as observed for LJ crystallites. This
proves again that bcc does not serve as an intermediate between
the solid and the liquid phases for Al.

The growth mechanism is presented in Figure 4. Throughout
the growth step, Al crystallites remain strongly faceted. Growth
does not take place uniformly. As shown in Figure 4, patches of
fcc/hcp atoms are successively added to the surface so that the
overall shape remains close to a hexagon.

In this communication, we have presented the first molecular
simulation of the entire crystallization process of Al, modeled by
an accurate many-body (EAM) potential. We have highlighted a
number of differences between the pathway to crystallization of
Al and that of simple fluids, most likely because of the strong
cohesive interactions existing in Al. This suggests that the strategies
used to control polymorphism and the crystal morphology during
the crystallization of colloids or molecules might not be appropriate
for metals.

Supporting Information Available: A detailed description of the
simulation methods and parameters as well as the definitions for the
local bond order parameters and how we use these parameters to analyze
the structure of the crystal nuclei. This material is available free of
charge via the Internet at http://pubs.acs.org.
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Figure 1. Outside view of a critical nucleus of Al. Gray, fcc; red, bcc;
and yellow, hcp.

Figure 2. Evolution of the number of fcc, bcc, and hcp atoms as a function
of the total number of Al atoms in the nucleus during the growth of the
crystal nuclei.

Figure 3. Cross section and outside view of a crystallite obtained aftert
) 250 ps (timet ) 0 ps indicates the beginning of the growth trajectory).
Gray, fcc; red, bcc; and yellow, hcp.

Figure 4. Cross section showing the evolution of a crystal nucleus as a
function of time during a growth trajectory. Gray after 20 ps, red after 30
ps, yellow after 40 ps, and blue after 50 ps.
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