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ABSTRACT: Using molecular simulation, we shed light
on the coupling between the two nonequilibrium
processes of demixing and crystallization in mixtures of
fully miscible, size-matched, liquid metals. We show that
the competition between these processes has a strong
impact on the crystallization pathway, leading to the
formation of crystal nuclei with large excesses (up to 95%)
in the component of higher cohesive energy, and resulting
in increases of more than 30% in the free energy barrier of
nucleation. The competition between demixing and
crystallization goes on to impact the growth process, as
shown by the large variations in composition observed at
the surface and inside the growing crystallite.

Crystallization is a fascinating nonequilibrium process, with
many applications in fields as diverse as chemistry,

physics, biology, and materials science.1,2 Its complexity arises
from the interplay between kinetic and thermodynamic
effects,3,4 often resulting in unexpected structures and unusual
phenomena. For instance, the crystallization from a melt may
lead to the formation of metastable, previously unknown,
polymorphs5 or follow unexpected nucleation pathways
involving a liquid−liquid phase transition.6−9 Elucidating the
pathway to crystallization becomes even more challenging
when another nonequilibrium process takes place at the same
time, resulting in a coupling of this nonequilibrium process with
crystallization. This is the case when the crystallizing liquid is
subjected to an external field (e.g., to a shear flow or to an
electric field). It has also been suggested that phase separation
is yet another nonequilibrium process that can potentially
compete with the crystallization process. Work in this area has
focused so far on polymer blends,10−13 with one component
being a crystalline polymer and the other a noncrystalline
(amorphous) polymer. It was reported that the noncrystalline
polymer was rejected from the growing crystal, providing
evidence of the competition between crystallization and phase
separation in such systems. It remains to be seen, however, if a
similar phenomenon exists in liquid mixtures and solutions, in
which many of the practical applications of crystallization occur.
Determining if such a coupling exists in liquid mixtures and
how this could impact the mechanisms underlying crystal
nucleation and growth in these systems is the aim of this work.
Metal nanocrystals and nanostructures are currently the focus

of intense research because of their applications, e.g. as DNA/
protein markers,14,15 drug carriers,16 in high-density magnetic
recording,17 and in catalysis. In particular, bimetallic nano-

particles have been shown to exhibit enhanced catalytic
properties.18 These enhanced properties result from the
synergistic effects that arise upon alloying different elements
in a nanoparticle. The properties of the bimetallic nanoparticles
can also be, in principle, better fine-tuned by varying the
composition of the nanoalloys. However, as discussed by Zheng
et al.,19 our ability to control the properties of nanoparticles is
currently limited by our lack of understanding of the
microscopic mechanisms underlying the formation of these
materials.
In this Communication, we unravel the coupling between

demixing and crystallization in liquid mixtures of metals cooled
below their melting points. Using molecular simulations, we
study the crystal nucleation and growth from undercooled
liquid mixtures of Pd and Ag and examine the entire range of
composition for this bimetallic mixture. These mixtures are
especially suited to allow us to understand the interplay
between crystallization and demixing. This is because the two
metals are fully miscible, with similar sizes (the size mismatch is
less than 5%),20 and form solid solutions as their bulk
crystalline phase. This means that any change in the local
composition of the nanocrystallite will directly result from the
competition between crystallization and demixing. In our
simulations, we use a quantum corrected many-body
potential21 to model Pd, Ag, and their mixtures. Prior work
has shown that this potential accurately predicts the
thermodynamic properties of these mixtures in the liquid and
in the solid phase, including the values and variations of the
melting point as a function of the composition of the mixture.22

Simulations of crystal nucleation are carried out using the
umbrella sampling technique,23 together with an order
parameter measuring the amount of crystalline order in the
liquid24 (experimental work by Gasser et al. has shown that this
order parameter is a reliable measure of the progress of the
crystal nucleation process25). The umbrella sampling simu-
lations consist in generating configurations of the liquid for a
given value of the order parameter. By gradually increasing the
value of the order parameter, we are able to increase the order
within the liquid and to form a crystal nucleus from the liquid.
This method was previously applied to simulate the nucleation
process in colloidal suspensions26 and pure metals27 and to
shed light on the polymorph selection process.28 This approach
was also recently extended to study the crystal nucleation
process in binary mixtures.29,30 Once we have obtained
configurations containing a crystal nucleus of a critical size,

Received: January 20, 2014
Published: February 25, 2014

Communication

pubs.acs.org/JACS

© 2014 American Chemical Society 8145 dx.doi.org/10.1021/ja500621m | J. Am. Chem. Soc. 2014, 136, 8145−8148

pubs.acs.org/JACS


we embed them in a large liquid matrix and study their
evolution during unconstrained, conventional, molecular
dynamics simulations.31 We repeated this process 30 times
and checked that half of the molecular dynamics trajectories
(50 ± 7%) lead to the growth of the nuclei, while the other half
of the trajectories resulted in the dissolution of the nuclei in the
liquid. This allows us to establish that the critical nuclei we have
formed are genuine critical nuclei. Furthermore, the analysis of
the growth trajectories provides direct insight in the crystal
growth mechanism.
Throughout the nucleation process, we calculate the

variation in Gibbs free energy as a function of the order
parameter. We present in Figure 1 the Gibbs free energy
profiles obtained for all mixture compositions. All results are
obtained at the same degree of undercooling for all
compositions, i.e. at temperatures 35% below their respective
melting points. We also include in Figure 1 results for the
nucleation of pure Pd and Ag. In all cases, the starting point for
our simulations is an undercooled liquid with no noticeable
crystalline order, as evidenced by the low values for the order
parameter (see on the left of Figure 1). Then, nucleation
proceeds as the order parameter increases, leading to an
increase in the Gibbs free energy. Once a crystalline nucleus of
a critical size has formed (around a value of the order parameter
of 0.085), the Gibbs free energy reaches a maximum (on the
right of Figure 1), corresponding to the top of the free energy
barrier of nucleation, ΔGnucl. Nucleation from the undercooled
melt leads to roughly the same ΔGnucl (28 ± 2 kBT) for pure Pd
and Ag. Since the two metals are fully miscible and have similar
sizes, we would expect ΔGnucl to remain close to this value over
the whole composition range. While this is the case for mixtures
predominantly composed of Pd, Figure 1 shows a strong,
unexpected, dependence on the mixture composition for
mixtures with a low mole fraction in Pd. This can be best
seen in Figure 1 for mixtures with Pd mole fractions of 0.2−0.4,
which exhibit ΔGnucl of 38 ± 2 kBT.
What is the phenomenon resulting in this steep increase in

ΔGnucl? Is this increase due to a dramatic change in the
properties of the critical nucleus at low mole fractions in Pd?
To address this issue, we closely examine the size, structure,

and composition of the critical nuclei over the whole
composition range. In terms of size, the critical nuclei, obtained
from the different liquid mixtures, are remarkably similar to one
another and all contain a total number of atoms equal to 220 ±
10. In terms of structure, the structural analysis of the critical
nuclei reveals that, for all compositions, the critical nuclei are
also very similar. They all are predominantly of the face-
centered cubic (FCC) structure as 80 ± 5% of the atoms are
identified as having an FCC-like environment. This result is
consistent with what one would expect given that the two
metals crystallize in the FCC structure and that there is almost
no size mismatch. In terms of composition, the critical nuclei all
contain an excess of Pd, relative to the composition of the
liquid mixture. We observe some small variations in the average
composition of the critical nucleus (e.g., the excess in Pd is 10%
for a mole fraction xPd = 0.2 in the liquid mixture and 6% for xPd
= 0.8). It seems unlikely, however, that this small difference in
the composition of the critical nuclei accounts for such a
dramatic change in ΔGnucl.
We now analyze what occurs during the nucleation process,

i.e. before the formation of the critical nucleus. Since the only,
albeit small, difference we observed pertained to the
composition of the critical nucleus, we carefully follow the
evolution of the excess in Pd during the nucleation process. We
present in Figure 2 the results obtained during the nucleation
from liquid mixtures with xPd = 0.2 and xPd = 0.8. Figure 2
shows two very different behaviors. At low Pd mole fractions,
nucleation starts with a reorganization of the liquid mixture
(Figure 2a, corresponding to values below 0.06 for the order
parameter in Figure 1) that results in the formation of a cluster
with an excess in Pd of 95% (Figure 2b). In order to identify
this mechanism, we examine the structure of the liquid mixture
prior to the formation of the crystal nucleus. For this purpose,
we locate the spherical region of the liquid where the crystal
nucleus forms. We present in Figure 2a the Pd−Pd pair
correlation function in this region and compare it to the Pd−Pd
pair correlation function for the entire liquid mixture. Figure 2a
shows that the height of the first peak is increased in the region
where the crystal nucleus forms. This increased height is
consistent with a short-range demixing effect and with the
formation of a liquid region containing an excess in Pd. This
leads to the formation of a crystalline cluster with an excess in
Pd of 95% (see Figure 2b). These results point toward a local
demixing occurring in the early stages of the nucleation process
at low Pd mole fractions. As the nucleation process further
advances (Figure 2b), the size of the nucleus increases and the
excess in Pd in the crystal nucleus decreases until it reaches a
value of 10% for the critical nucleus. At high Pd mole fraction,
we do not observe any strong demixing and the excess in Pd
remains rather stable (between 4% and 8%) throughout the
nucleation process, as shown in Figure 2b. We therefore
attribute the steep increase in ΔGnucl observed at low Pd mole
fractions in the liquid mixture to the local demixing occurring
early in the nucleation process.
What is the driving force leading to a local demixing at the

beginning of the nucleation process? Why does the nucleation
start with the formation of clusters with large excesses in Pd
rather than clusters of the thermodynamically stable solid
solution? As discussed recently by Kawasaki and Tanaka,32

prior to crystallization, an undercooled melt should not be seen
as a homogeneous disordered phase, but rather as a phase that
contains transient, partially organized, domains that act as
metastable precursors for the nucleation process. Here, we

Figure 1. Gibbs free energy profiles of nucleation from liquid Pd−Ag
mixtures as a function of the order parameter. For all compositions,
the lower end of the order parameter range (left-hand side of the
graph) corresponds to the homogeneous liquid mixture. The upper
end of the order parameter range (right-hand side of the graph)
corresponds to a system containing a crystal nucleus of a critical size.
Note the high free energy barrier (shown in bright yellow) obtained
for systems with mole fractions of Pd between 0.2 and 0.4.
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obtain crystal nuclei which all exhibit an excess in Pd. This
means that, in our case, the role of these metastable precursors
to crystal nucleation is played by transient liquid domains, with
a large amount of Pd, that form within the undercooled liquid
mixure. The formation of these domains can be attributed to
the strong cohesion between Pd atoms (see the relative
cohesive energies: for Pd, EPd = 3.89 eV/atom; for Ag, EAg =
2.95 eV/atom).21 For liquid mixtures with a low Pd mole
fraction, the probability of occurrence of a liquid domain with a
large amount of Pd is very low. As a result, we obtain a large
ΔGnucl for liquid mixtures predominantly composed of Ag. On
the other hand, for mixtures with a high mole fraction in Pd,

liquid domains containing a large amount of Pd form very
frequently, resulting in a much smaller ΔGnucl.
We turn to the crystal growth process and examine if the

interplay between local demixing and crystallization also
impacts crystal growth. We focus on the growth process from
an undercooled liquid mixture with xPd = 0.2. To elucidate the
growth mechanism, we follow the evolution in size and
composition of the crystallite during a crystal growth trajectory
(see Figure 3).
We present in Figure 3a the increase in the number of atoms

in the crystallite as a result of crystal growth. This provides
direct insight in the kinetics of the growth process. The results
of Figure 3a show that, within a period of 1 ns, the number of
atoms in the crystallite is multiplied by a factor of 10. In terms
of dimensions, this corresponds to an increase in the size of the
crystallite from roughly 2 to 5 nm within 1 ns. We then separate
the atoms belonging to the crystallite into two classes, i.e. the
atoms located on the surface of the crystallite and the atoms
located inside the crystallite. Figure 3a shows that, throughout
the 1 ns window, the contribution of the surface atoms to the

Figure 2. (a) Pd−Pd pair correlation function g(r) in an undercooled
liquid mixture with xPd = 0.2 prior to the formation of the crystal
nucleus. The red curve is calculated by taking into account pairs with
at least a Pd atom within the nucleation region (i.e., the spherical
region of a 1 nm diameter where the crystal nucleus forms), while the
blue curve takes into account all Pd pairs within the mixture. (b)
Excess in Pd (%) in the crystal nucleus during nucleation. For all liquid
compositions, throughout nucleation, the crystal nuclei always contain
an excess of Pd. Most notably, for a liquid mixture with xPd = 0.2
(shown in black), nucleation starts with the formation of nuclei with a
large Pd excess of 95% and ends with a critical nucleus containing an
excess in Pd of 10%. For a liquid mixture with xPd = 0.8, the excess in
Pd in the crystal nucleus remains between 4% and 8% throughout the
nucleation process.

Figure 3. Growth of the crystallite formed from an undercooled liquid
mixture with xPd = 0.2. (a) Time evolution of the total number of
atoms contained in the crystallite (in black), including the number of
atoms located at the surface of the crystallite (in blue) and the number
of atoms located inside the crystallite (in red). (b) Time evolution of
the excess in Pd at the surface (in blue) and inside (in red) the
crystallite.
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nanosized crystallite remains strong, as the fraction of surface
atoms becomes less than 50% only after 400 ps. We finally
present in Figure 3b the time evolution of the excess in Pd at
the surface and inside of the crystallite. The time evolution of
the excess in Pd at the surface and inside outlines the dramatic
variations in the nature of the nanocrystallite as growth
proceeds. For instance, after 50 ps, the crystallite is composed
of 400 atoms, with a shell that has virtually no excess in Pd
while the core of the crystallite shows an excess in Pd of 9%.
However, after 300 ps, there are 660 atoms in the crystallite,
with a shell showing a notable excess in Pd (12.5%) while the
core exhibits no excess in Pd.
Prior work on polymer blends10−13 has shown that phase

separation in mixtures takes place during the growth process
only if the diffusion coefficient for one of the components is
much larger. To further interpret the results presented in Figure
3, we determine the diffusion coefficients of Ag and Pd in the
liquid mixture. We find similar results for the two components
(0.71 × 10−9 m2/s for Ag and 0.8 × 10−9 m2/s for Pd), which
accounts for the fact that no definite phase separation takes
place during growth. The growth mechanism observed results
from the competition between two effects: (i) the larger
cohesive energy of Pd, which tends to lead to a preferential
inclusion of Pd atoms in the growing crystal, and (ii) the fast
rate of the growth process, which leads to the inclusion of all
atoms in the growing crystal, regardless of their nature. The
competition between these two effects accounts for the
variations observed in the composition of the nucleus at the
surface and inside the crystallite (see Figure 3b). We add that,
as crystal growth takes place, the atoms located at the surface
naturally become part of the inside of the crystallite later on. As
a result, the excess in Pd inside the crystallite exhibits the same
behavior as the excess in Pd at the surface, with an offset of
roughly 250 ps.
Our results show the impact, as well as the persistence, of the

coupling between demixing and crystallization throughout the
nucleation and growth processes. This interplay leads to an
array of complex behaviors, highlighting the ever-changing
composition of the crystallite as its size increases. In particular,
the crystallization pathway is very much impacted by this
interplay, which leads to the formation of crystal nuclei with
large excesses (up to 95%) in the component of higher cohesive
energy, and results in increases of up to 36 ± 9% in the free
energy barrier of nucleation. Our findings also provide a
rationalization of how local changes in composition occur at the
surface and inside the crystallite. This is especially crucial at the
nanoscale, where control of the chemical composition at the
surface and inside the particles is key for applications, e.g. in
catalysis or in biomineralization processes.33
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