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Gaining a fundamental understanding of crystal nucleation processes in metal alloys is
crucial for the development and design of high-performance materials with targeted
properties. Yet, crystallization is a complex non-equilibrium process and, despite having
been studied for decades, the microscopic aspects that govern the crystallization
mechanism of a material remain elusive to date. Recent evidence shows that the spatial
heterogeneity in the supercooled liquid, characterised by extended regions with
distinctive mobility and order, may be a key microscopic factor that determines the
mechanism of crystal nucleation. These findings have advanced our view of the
fundamental nature of crystallization, as most research has assumed that crystal clusters
nucleate from random fluctuations in a ‘homogeneous’ liquid. Here, by analysing
transition path sampling trajectories, we show that dynamical heterogeneity plays a key
role in the mechanism of crystal nucleation in an elemental metal, nickel. Our results
demonstrate that crystallization occurs preferentially in regions of low mobility in the
supercooled liquid, evidencing the collective dynamical nature of crystal nucleation in
Ni. In addition, our results show that low mobility regions form before and spatially
overlap with pre-ordered domains that act as precursors to the crystal phase that
subsequently emerges. Our results show a clear link between dynamical and structural
heterogeneity in the supercooled liquid and its impact on the nucleation mechanism,
revealing microscopic descriptors that could pave a novel way to control crystallization
processes in metals.

1. Introduction

Crystal nucleation is one of the most fundamental physical processes, relevant to
a large range of everyday phenomena, from cloud formation to drug development.
Yet, despite being studied for decades, it is still not well understood at the
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microscopic level."” During homogeneous nucleation, the formation of a crystal
cluster is induced by fluctuations of competing translational and orientational
orders in the supercooled liquid.® It has been assumed so far that a nucleus
emerges from random fluctuations of order in a ‘homogeneous’ liquid state.
However, several experimental and computational studies have revealed that
liquids can exhibit much more complex behaviour, such as structural and
dynamical heterogeneity,>'® where spatial regions with different structural
features and mobility coexist in the liquid. Recently, it has been shown that the
heterogeneities in the liquid are highly correlated with the nucleation ability of
a material and the polymorph formed, revealing the fascinating collective
behaviour of supercooled liquids and its connection to crystallization mecha-
nisms.>*"®* However, our fundamental understanding of the nature of super-
cooled liquids is far from complete. Further studies are required to establish the
general connections between liquid characteristics and crystal nucleation
mechanisms in order to derive novel fundamental rules and microscopic
descriptors. Not only are such insights important and interesting in their own
right, but they could also guide future screenings in the rational control of crystal
structures and the prediction of materials’ properties.

Here, we focus on nucleation mechanisms during solidification in Ni.
Elemental Ni has been widely used as a model system, for example, for nickel-
based superalloys that are used as high temperature materials relevant in the
transportation and energy sectors.* Consequently, understanding the crystalli-
zation processes in these metals is of great technological importance. Despite its
relevance, even for simple metals like Ni, the microscopic mechanism of crys-
tallization is not completely understood. Previously, we found that structural
heterogeneity in the liquid plays an important role during solidification in Ni.****
Pre-ordered liquid domains with distinctive bond-orientational order and fcc-hcp
like structural features precede the formation of crystallites and act as precursors
of the nucleation process, predetermining the polymorph that forms. We have
also shown that pre-ordered liquid regions play a key role in the description of the
reaction coordinate and the interfacial free energy'* and, therefore, are key
physical descriptors of the cluster structure and the mechanism. In a first attempt
to derive predictive rules for the control of crystallization mechanisms, we have
recently demonstrated that the ability of templates to modify the structural
features of the liquid and, thus, its heterogeneities is directly linked to the
nucleating ability of a template and the promoted polymorphs that emerge.*
Precursor-mediated mechanisms, namely structural heterogeneity, have been
shown to play a key role during the crystallization mechanism of several systems,
such as ice, hard spheres,'”'® and colloidal models."*® Recently, a study of ice
nucleation has revealed that dynamical heterogeneity is another key microscopic
factor during crystal nucleation, where extended regions of reduced mobility in
the melt precede the emergence of ice crystals, challenging the classical picture of
diffusive single particle attachment to a growing crystal cluster.’ It was also
shown that relatively immobile regions are composed of structural hallmarks that
resemble the final polymorph selected during ice nucleation, showing the clear
correlation between structural and dynamical precursors during crystallization.
In metallic liquids, it was shown that mobile atoms near the surface of nanowires
promote crystallization by allowing a much more effective collective formation of
crystal clusters.* Dynamical arrest and heterogeneity have also been found to be
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the hallmarks of glass transitions**** where spatial correlations in the liquid
emerge in terms of motion but not in structure. However, it remains to be
understood how pre-ordered clusters in the liquid are correlated with regions of
different mobility, in connection with the nucleation mechanism, and under
which conditions higher or lower mobility yields crystallization or amorphisation.
Given the significant role of structural heterogeneities in the crystallization and
glass formation mechanisms in metals, the dynamical behaviour of the super-
cooled liquid in nickel alloys is bound to be a relevant factor in the nucleation
mechanism. How the mobility of the liquid impacts the nucleation mechanism in
Ni is, however, unknown.

In this work, by analysing a statistical ensemble of crystallization trajectories,
obtained from transition path sampling simulations, we show that crystal
nucleation in Ni occurs in extended domains of lowest mobility in the super-
cooled liquid. The regions of low mobility are spatially correlated with the
emergence of structural precursors in the liquid that successfully yield critical
fluctuations. Furthermore, we illustrate that a collective drop in mobility in the
supercooled liquid precedes the formation of pre-ordered regions, indicating that
dynamical arrest in the liquid plays a key role in facilitating pre-ordering and
subsequent crystallization. Our results demonstrate that dynamical and struc-
tural heterogeneity in the liquid are key microscopic factors that promote crystal
nucleation events. We expect that future investigations of the decoupling between
dynamical arrest and structural pre-ordering in the supercooled liquid will be
crucial to understand and predict the nucleating and glass forming ability of
other metallic systems.

2. Simulation details and calculation of
dynamical and structural properties
2.1 Computational setup

All simulations were performed for 3D periodic systems containing N = 8788 Ni
atoms. The interactions between Ni atoms were modelled by an embedded atom
model (EAM) potential.”* The melting temperature of Ni for this potential is T;,, =
1710 K (ref. **) and we investigate nucleation at 20% undercooling, corresponding
to T = 1370 K. All molecular dynamics (MD) simulations were performed with the
programme package LAMMPS?® using a time step of At = 2 fs, and the temper-
ature and pressure were controlled by a Nosé-Hoover thermostat and barostat.

2.2 Dynamical heterogeneity

The relaxation dynamics in the supercooled liquid can be investigated by deter-
mining the self-intermediate scattering function®

Fg.1) = (®(q.0)) (1)
with
#la.1) = D expliali ()~ 5,0)]). @)
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where N is the number of particles, r(¢) is the position of a particle at time ¢, and q
is a reciprocal space vector. The dynamical heterogeneity (DH) in the supercooled
liquid can be further characterised by the dynamical susceptibility x4(q,t)***

Xa(q.0) = N[{| 2(q.0)]>) — (®(q.1))7]. (3)

In an isotropic system, F and y, can be evaluated for a given value of g, as the
average over independent directions, with F(qo,t) = (F(q,t)))q|=¢, and Xa(qo,t) =
(x4(q2)) |ql|=q,» TeSPectively. The choice of g, controls the length scale at which the
dynamical processes are observed. Here, we set g, to the first peak of the isotropic
structure factor

S(q) =1+ 4% J: dr rsin(rg)[g(r) — 1], @)

where p is the density of the liquid and g(r) the radial distribution function. In
liquid Ni at 20% undercooling, our simulations result in a value of g, = 3.075,
correspondingly. We find that the supercooled liquid exhibits only weak DH with
an almost exponential relaxation of F(gq,,t). The time of maximum heterogeneity
to, where the dynamics in the range of nearest neighbours are most heteroge-
neous, corresponds to the time where x4(qo,¢) has a maximum. For the investi-
gated system, the corresponding value is ¢, = 2.64 ps at the level of supercooling
examined.

Spatially resolved information about the DH is obtained by evaluating the
dynamical propensity (DP)'** of each particle,

DP:(1,) = <|Vf(lol)v[ (0 > | )

The average is taken over the so-called isoconfigurational ensemble,'**"3
where a number of MD trajectories are initiated from the same configuration with
random velocities drawn from the Maxwell-Boltzmann distribution for a given
temperature. MSD denotes the mean squared displacement for time ¢,. DP values
of <1.0 indicate particles that are less mobile than the average, and DP >1.0 for
particles that are more mobile.

2.3 Structural characterisation

To identify solid- and liquid-like particles in the simulations, the criterion
introduced by ten Wolde et al.*>* based on Steinhardt bond order parameters****
was used. A bond between two particles i and j is characterised as solid if

6
si= > qom(i)qem(j) > 0.5, where ge,, are the complex vectors given by the sum
m=-6

over spherical harmonics with / = 6. In addition, the average correlation over
neighbouring atoms, (s;) = 1/Nnn > _s3j, was considered to improve the definition of
solid particles at the interfaces between solid clusters and the liquid. A particle i
with at least 7 solid bonds and (s;) > 0.6 is identified as solid. The size of the
largest cluster composed of solid particles is denoted by ns.

The local structure around each particle was characterised using the averaged
local bond-order parameters® g, and ge. Details concerning the computation of
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the corresponding g, gs reference map for face-centred cubic (fcc), body-centred
cubic (bcc), hexagonal closed-packed (hep), and liquid Ni at 20% undercooling
can be found in our previous publication.™

3. Results

3.1 Supercooled liquid Ni exhibits mild dynamical heterogeneity

A long MD trajectory of 10 ns was run in the supercooled liquid at 20% under-
cooling to equilibrate the systems. From this trajectory, 200 configurations were
randomly selected to compute the dynamical propensity of particles in the liquid.
For each configuration, 100 MD simulations with ¢, = 2.64 ps were performed to
calculate the ensemble average using eqn (5).

The probability distribution of DP values in the supercooled liquid is shown in
Fig. 1. The distribution peaks at around DP = 1 and is fairly narrow, reflecting the
rather small degree of dynamical heterogeneity in the liquid at 20% undercooling.
Similar to previous studies,'®* the top and bottom 5% of the distribution are
identified as the most mobile (MM, DP > 1.236) and most immobile (MI, DP <
0.728) particles, respectively. Together with the probability distribution, a repre-
sentative configuration of the supercooled liquid is shown in Fig. 1, where the
atoms are coloured according to their DP values. The spatial distribution of fast
(red) and slow (blue) atoms appears to be mostly random and there is no strong
indication of low mobility domains, as expected for a liquid with little dynamical
heterogeneity. Our analysis of larger undercoolings, near the nucleation
temperature (AT ~ 30%), showed similar behaviour with a slight broadening of
the distribution of DP values, indicating that the magnitude of dynamical
heterogeneity is not remarkably increased with supercooling. The mild dynamical
heterogeneity in supercooled liquid Ni is probably associated with the poor glass
forming ability of elemental metals. In contrast, binary alloys and other glass
forming materials have been shown to exhibit significant dynamical heteroge-
neity in the liquid, where MI regions yield dynamical arrest and suppress the
emergence of structural precursors of crystallization.*** Nevertheless, regions of
varying mobility (MI and MM) can be distinguished from random fluctuations in
the liquid at 20% undercooling (Fig. 1b). In the next section, we further analyse

a)

25

P(DP)
&
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Fig. 1 (a) Probability distribution of DP values in liquid Ni at 20% undercooling; the
distribution is centred around DP = 1 and is fairly narrow. (b) Snapshot of a representative
configuration in the supercooled liquid; atoms are coloured according to their DP value,
indicating high (red) and low (blue) mobility.
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the correlation of MM and MI regions to structural precursors in the liquid, in
connection to the nucleation mechanism during solidification in Ni.

3.2 Structural pre-ordering without a decrease in mobility does not promote
nucleation

Using transition path sampling (TPS)*’** simulations, we established in our
previous work'™* that homogeneous nucleation in Ni proceeds via the initial
formation of precursors from which the crystalline phase emerges. These
precursors are composed of solid-like particles that have higher bond-
orientational order than the liquid but less than any of the crystalline phases.
This pre-ordering in the liquid is associated with a significant contribution to the
nucleation barrier (=1 eV at 20% undercooling with a barrier of AG = 4.21 eV)
and plays a crucial role in the reaction coordinate describing the nucleation
mechanism." In addition, we have recently shown that the efficiency of precur-
sors to facilitate the formation of a crystalline bulk phase strongly depends on
their structural characteristics.”® Here, we focus on pre-critical clusters with ng =
50 that are predominantly (>90%) composed of pre-structured liquid particles.
The distribution of g,, g¢ values of the pre-critical clusters is shown in the left
graph of Fig. 2 (purple and pink), together with the distributions of bulk fcc (red),
hep (green), bece (blue), and liquid (grey). The clusters have been extracted from
400 trajectories of the transition path ensemble (TPE) of homogeneous nucleation
in Ni (details concerning the TPS simulations are given in ref. ** and **). As
indicated above, pre-ordered liquid particles exhibit a bond-orientational order
that differs from both those of the liquid and the crystalline phases. The purple
distribution represents pre-critical clusters from trajectories that successfully
nucleate a crystalline phase and continue to grow, whereas the pink distribution
corresponds to clusters that eventually dissolve. Effective precursors (purple) that
successfully initiate the emergence of the crystalline phase and grow beyond the
critical nucleus size show a clear increase in bond-orientational order compared
to unsuccessful pre-critical clusters (pink) that shrink and dissolve.

a) b) °)
0.6 3 Te oo o
fec 25 g £ by
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Fig. 2 (a) Map showing the distribution of averaged local bond-order parameters g4 and
Ge for the crystalline bulk phases fcc (red), hcp (green), and bec (blue), as well as the liquid
(grey), together with the values for pre-critical clusters that successfully continue to grow
(purple) or dissolve again (pink). Figure adapted from ref. 2°. (b) Probability distribution of
DP values for effective (purple) and unsuccessful (pink) precursors; the distribution of the
unsuccessful precursor is comparable to the one of the liquid shown in Fig. 1a, while the
one of the effective precursors is clearly shifted to lower DP values. (c) Representative
configuration of an effective precursor; only atoms with DP < 0.728 (most immobile) are
shown; atoms are coloured according to their DP value.
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The dynamical propensity of atoms in the pre-critical clusters was obtained by
selecting 200 configurations with ng = 50 from the TPE of our previous study'"**
and running 100 MD simulations with ¢, = 2.64 ps for each configuration to
calculate the ensemble average using eqn (5). The corresponding probability
distributions of DP values are shown in the middle graph of Fig. 2. Atoms
comprising effective precursors show a strong decrease in DP compared to the
liquid, whereas the DP distribution of atoms in unsuccessful precursors is very
similar to the one of the liquid shown in Fig. 1a. This is rather interesting, since
these particles are characterised as solid according to the criterion outlined in
Section 2.3 and, correspondingly, exhibit a higher bond-orientational order than
the liquid, evidenced by their g,, g distribution. Still, their dynamical properties
are comparable to those of liquid particles.

By comparing the structural and dynamical properties of effective and
unsuccessful precursors, it appears that the structural and dynamical heteroge-
neity affect the nucleation process differently. While both effective and unsuc-
cessful precursors show an increase in bond-orientational order compared to the
liquid, the DP is reduced only for particles in effective structural precursors that
yield critical fluctuations. Structural pre-ordering in the liquid without a decrease
in mobility, therefore, does not promote the nucleation of the crystalline bulk
phase. A snapshot of a configuration with an effective precursor is shown on the
right in Fig. 2. The atoms are coloured according to their DP value and only atoms
with DP < 0.728 (most immobile) are shown. These particles clearly form a region
of lowest mobility in which the largest pre-structured cluster that succeeds in
nucleating is embedded.

3.3 Structural pre-ordering emerges in low mobility regions

To follow the evolution of low mobility regions during nucleation, that is regions
comprised of the MI particles, we analyse 100 AB-paths (trajectories that
successfully crystallise from the liquid state A to the solid state B) from the TPE of
our previous study.'>** In addition to the largest solid cluster ng, the largest cluster

At=1.6 ps At =3.6 ps At = 8.8 ps

250 500 750 1000 1250
M

Fig. 3 (a) Correlation between the largest solid cluster, ng, and the largest cluster of most
immobile particles, ny. Up to ny = 100, ng is approximately constant (marked by the blue
ellipse) before it increases linearly with ny,. The data are extracted from five representative
AB-trajectories of the TPE (marked by various symbols). The blue line shows a linear fit to
the data. (b) Three configurations along a representative AB-trajectory; the blue, trans-
parent region denotes the largest Ml cluster, ny,, the green spheres show the largest solid
cluster, ng; the time below each configuration corresponds to the transition time, that is
the time after leaving the stable liquid state.
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composed of MI particles ny; is determined for each time slice in the AB-
trajectories. In Fig. 3a, the number of particles in the largest solid cluster is
plotted as a function of the number of particles in the largest MI cluster for five
representative trajectories. Up to nyy = 100, the size of the ng is small and
remains roughly constant, indicating that the structural pre-ordering in the
supercooled liquid is preceded by a distinctive dynamical arrest of spatial regions
in the supercooled liquid and a decoupling of the dynamical and structural
properties of the melt during induction time. For larger sizes of nyy, ns increases
linearly with nys;, showing a strong correlation of the MI regions with structural
fluctuations that yield crystallization. The regions of low mobility are always
larger than the largest solid clusters, and for stable clusters that continue to grow
and crystallize, the overlap between particles that belong to both ng and nyy is
>90%, showing that crystallites nucleate in regions of lowest mobility in the
supercooled liquid. Consequently, the low mobility regions encompass the
regions of increased structural ordering. The linear correlation between ng and
ny With a slope of nyy/ns = 2 suggests that, within a spherical approximation, the
radius of the low mobility region is =25% larger than the radius of the largest
solid cluster.

The largest MI cluster is visualised, together with the largest solid cluster for
three configurations, along a representative AB-trajectory in Fig. 3b. The times in
Fig. 3b correspond to the transition time without the residence time in the stable
liquid state, since trajectories in the TPE correspond only to the actual transition
itself, while the stable states are sampled separately. It is clearly visible that the
largest solid cluster (green spheres) is located within the regions of low mobility
(blue transparent) at different times along the nucleation process. The behaviour
depicted in Fig. 3b is typical of all trajectories in the ensemble.

4. Conclusions

We have analysed the structural and dynamical properties of atoms during
homogeneous nucleation in nickel. Our results reveal a clear correlation between
the formation of low mobility regions in the liquid and the formation of structural
precursors that precede the emergence of the crystalline bulk phase. Our findings
are similar to the results reported for the nucleation of ice,' even though Ni, as an
elemental metal, exhibits much less dynamical heterogeneity in the supercooled
liquid. Still, we find that the dynamical propensity of the atoms plays a key role in
the initial formation of structurally pre-ordered regions in the liquid.

Most notably, the distribution of DP values for successful precursors that
continue to grow and crystallise into the bulk phase is significantly shifted
compared to the distribution of DP values for liquid particles. In contrast, solid
clusters that dissolve have DP values similar to the average value of the liquid. The
dynamical properties are thus crucial in the description of the nucleation
mechanism. As the solid clusters continue to grow, they are always embedded in
a region of low mobility and atoms in the vicinity of the solid cluster exhibit
clearly decreased DP values.

Understanding the role of dynamical heterogeneity in nucleation mechanisms
has implications that go beyond the description of homogeneous nucleation. In
particular, our findings further support the idea that in heterogeneous nucle-
ation, structural templating is not necessarily the only decisive factor, but the
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efficiency of nucleating agents might also be determined by their ability to modify
the dynamical properties of the liquid. Including dynamical heterogeneity in the
study of nucleation mechanisms, for both homogeneous and heterogeneous
nucleation, provides an additional perspective on the underlying atomistic
processes that are key to controlling the central parameters during crystallisation,
including nucleation rates and polymorph selectivity.
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