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We present an atomistic study of heterogeneous nucleation in Ni employing transition path sampling,
which reveals a template precursor-mediated mechanism of crystallization. Most notably, we find that the
ability of tiny templates to modify the structural features of the liquid and promote the formation of
precursor regions with enhanced bond-orientational order is key to determining their nucleation efficiency
and the polymorphs that crystallize. Our results reveal an intrinsic link between structural liquid
heterogeneity and the nucleating ability of templates, which significantly advances our understanding
toward the control of nucleation efficiency and polymorph selection.
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Gaining control on the emerging polymorphs during
crystal nucleation is of crucial importance for the synthesis
and design of nanomaterials with targeted properties. The
presence of impurities and interfaces significantly modifies
induction times and the selection of preferred polymorphs
during crystallization, which has fuelled extensive research
that focuses on understanding what determines the nucleat-
ing ability of a template [1-9]. Yet, unraveling the kinetic
pathways of crystal nucleation at the nanoscale poses a
major challenge [10] as many systems exhibit complex
transitions, and often nontrivial microscopic correlations
between liquid-surface interactions and template morphol-
ogies are observed, leaving the problem largely unsolved.
Fundamental knowledge on template-driven nucleation
mechanisms is of key importance to shed light on predictive
rules that allow for better control of crystallization processes.

Longstanding views on heterogeneous nucleation gen-
erally propose that the presence of a template influences the
nucleation mechanism to a degree in which the template is
commensurate with the growing solid cluster in both
density and symmetry [11]. However, it is well documented
that a small lattice mismatch, although an important factor,
is often not the sole requirement for an efficient and
successful crystal template. Other factors, like template
morphology, absorption, and the local ordering of the
contact liquid layer can also largely impact the nucleation
mechanisms [3,9,12—-14]. Yet, our current fundamental
knowledge on the key factors that determine the nucleating
ability of a template is far from conclusive and remains
unsatisfactory to date.

Recent evidence demonstrating the formation of crys-
talline precursors in the liquid that promote the nucleation
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of preselected polymorphs [15-20] has raised great interest
in understanding the impact of structural and dynamical
heterogeneity in the supercooled liquid on the crystalliza-
tion mechanism. Precursor-induced crystallization proc-
esses, often referred to as two-step nucleation mechanisms,
are characterized by the initial formation of preordered
regions in the liquid that exhibit changes in bond-
orientational order, density, or mobility, and facilitate the
formation of crystal nuclei, presumably by decreasing the
crystal-liquid interfacial free energy [21-23]. Russo et al.
[20] showed that preordered regions in hard sphere liquids
act as polymorph precursors by preselecting the polyhedra
with the closest symmetry to those of the crystalline phases
that nucleate. Previously, we have shown that preordered
liquid regions also act as preferred nucleation sites that
predetermine the polymorphs in metallic systems with face-
centered cubic (fcc) [21,24] and body-centered cubic (bcc)
[25] bulk structures. Several studies on nucleation of ice
[26] metals [21,24,27], hard spheres [28,29], and colloidal
models [30,31] have corroborated an existing link between
liquid heterogeneity and the enhancement of the nucleation
probability, as well as the selection of polymorphs during
the first stages of crystallization. Indeed, a recent work on
model binary liquids with tunable glass-forming ability
[23] showed that the structural differences within the
supercooled liquids are key to controlling the glass and
crystal-forming ability. Fundamental knowledge of the
relation between structural and dynamical heterogeneity
of supercooled liquids and nucleation is therefore opening
up a new perspective in our understanding of crystallization
mechanisms and providing novel possibilities to control
polymorph outcomes. Yet, it is largely unexplored how
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nucleating agents and interfaces impact the structural and
dynamical characteristics of the supercooled liquid, and
how this is connected with heterogeneous nucleation
mechanisms.

In this Letter, we tackle the above question by inves-
tigating how small seeds with different crystal structures
modify the structural characteristics of the supercooled
liquid and ultimately impact the crystallization mechanism.
The importance of studying small seeds to improve our
understanding of crystallization mechanisms and toward
the selective control of materials properties, has been
made evident in [3,4,32-35]. Experimentally, this can be
achieved with optical tweezers [36—40] where templates are
created by fixing the positions of atoms in the liquid to
investigate the impact on the polymorphs that crystallize
and the rates. Our study focuses on Ni, for which we have
previously identified strong spacial-temporal correlations
between preordered liquid regions and the nucleation
process [21,24]. The role of liquid preordering during
template-driven crystallization in Ni is, however, unknown.
To enable an efficient sampling of the nucleation process,
we employ transition interface sampling (TIS) [41-43]. In
TIS, an unbiased ensemble of all possible nucleation path-
ways between the solid and liquid state [42-44] is computed.
Kinetic and dynamical properties, such as nucleation barriers
and rate constants, can be obtained by reweighting each path
in the ensembles according to its correct probability [44].
Our analysis of heterogeneous nucleation pathways reveals a
novel template-driven mechanism, where the ability of the
seeds to enhance the nucleation probability of selected
polymorphs is not directly determined by the degree of
lattice mismatch between the seeds and the crystalline bulk
phase, but by their ability to promote the formation of
precursor regions that modify the nucleation probability
and facilitate the emergence of specific polymorphs.

All simulations were performed in the NPT ensemble
employing an embedded atom method potential for Ni [45]
and the LAMMPS code [46] as molecular dynamics (MD)
driver together with a PYTHON wrapper for the TIS simu-
lations [computational details in Supplemental Material
(SM) [47] ]. To discriminate between solidlike and liquidlike
particles, the approach introduced by ten Wolde and Frenkel
[52,53] was used (details in SM [47]). The size of the largest
solid cluster 7, is determined via a clustering algorithm. For
the local identification of crystal structures such as fcc,
hexagonal close-packed (hcp), bec, as well as liquid and
prestructured liquid, we use averaged Steinhardt parameters
[54] G4, . Prestructured liquid particles are particles that
exhibit higher bond-orientational order than the liquid, but
less than any of the crystalline phases and fall outside the
corresponding regions on the g4, g map (Fig. 1). Details can
be found in Ref. [24] and in SM [47].

In order to associate the nucleating ability of templates
with the formation of efficient precursors in the melt, we
first investigate the structural characteristics of preordered
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FIG. 1. Left: g4 — g values for preorder liquid particles in

precritical clusters (n, = 50) of the TPE that reach critical size
and crystallize (purple dots), and in the precritical clusters of
smaller sizes that commit back to the liquid phase (pink dots).
Left top: Schematic representation of preordered liquid clusters
with higher bond-orientational order (purple) that crystallize and
lower bond-orientational order (pink) that melt. Right: g4 — gg
values of selected seeds with different structures.

regions in the liquid that act as preferential sites for
homogeneous nucleation in Ni. To this end, we analyze
precritical clusters obtained from 400 trajectories of the
transition path ensemble (TPE) of homogeneous nucleation
in Ni [21,24] at AT/T,, = 20% undercooling. In the
crystallization mechanism found in pure Ni [24], precritical
clusters with n; < 50 are mostly composed of prestructured
liquid (> 90%) and facilitate the subsequent nucleation of
crystallites within the core of these precursor regions [24].
Thus, for our analysis of precursors, we harvest precritical
clusters with n; =50 from 400 trajectories of the
reweighted path ensemble (RPE). The left graph in
Fig. 1 shows a reference g4, g map of the crystalline
phases and the liquid together with the distribution of gy, g
values of prestructured liquid particles in these precritical
clusters from trajectories that successfully nucleate into the
crystal phase (purple), in comparison to clusters that
become unstable and dissolve (pink). The prestructured
liquid clusters that continue to grow beyond the critical
size exhibit a clear increase in bond-orientational order.
Furthermore, preordered clusters that serve as nucleation
sites tend to contain hcp-like and fcc-like structural motifs,
resembling the bulk structure that crystallizes. In contrast,
precritical clusters that dissolve are characterized by lower
bond-orientational order with structural features closer to
the liquid. Therefore, effective precursor regions with
higher bond-orientational order and hcp-like and fcc-like
features in the liquid template crystal nucleation by
providing preferential sites for critical fluctuations.
Having established that fluctuations in the liquid with
higher g,, g¢ values promote crystallization during homo-
geneous nucleation, we investigate how small Ni seeds with
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FIG. 2. (a) Frequency of the formation of preordered clusters at

the seed in supercooled liquid. Shown is the number of atoms n of
the seed that belong to the largest preordered cluster that emerges
during fluctuations in the supercooled liquid, at AT/T,, = 0.20.
(b) g4 — g values for preordered liquid particles that belong to
the largest precritical cluster that emerges within homogeneous
liquid (pink) and at selected seeds (black) in the liquid. Addi-
tional distributions for all other seeds are shown in SM [47].

different crystal structures modify the structural features of
the liquid and the crystal precursors, in connection with
their nucleating ability. We select seeds with fcc, bec, hep,
and icosahedral structures and various degrees of crystal-
linity, as shown in the g4, g map in Fig. 1 (right). The tiny
seeds consist of atoms within the first coordination poly-
hedron. We include two types of fcc and hcp seeds, labeled
as fcc I and hep 1, and fee I and hep 11, respectively, which
have the same symmetry and average bond length but differ
in crystallinity. Fcc I and hep I correspond to perfect
polyhedra, while fcc IT and hcp II represent polyhedra with
thermal distortions. The seeds are inserted in the liquid and
have a fixed position. To test the approximation of fixed
seeds, we have also performed simulations with an fcc seed
that is allowed to vibrate, yielding comparable results (see
SM [47]).

We first characterize the ability of the seeds to promote
the formation of preordered regions in the liquid that
emerge from precritical fluctuations (typically n, < 30),
by considering two aspects: (i) the frequency of formation
of the largest prestructured liquid cluster at the seed, and
(ii) the degree of bond-orientational order and the structural
hallmarks of the prestructured regions formed at the seed.
To address these two aspects, we perform five independent
MD simulations of liquid Ni over 5 ns at AT/T,, = 0.20
for each seed. The distribution of the number of seed atoms
that belong to the largest prestructured liquid cluster is
shown in Fig. 2(a), the g4, ge values of the preordered
clusters that emerge at the seed in Fig. 2(b) (results for other
seeds shown in SM [47]). If none of the seed atoms
are included in the prestructured cluster (n = 0), precritical
fluctuations occur far from the seed. This is further
supported by evaluating the distribution of minimum
distances between the seed and the largest prestructured

cluster (see SM [47]). Our results show that the most
commensurate seeds with larger bond-orientational order
(fcc I) clearly promote more frequent precritical fluctua-
tions of preordered clusters at the seed [Fig. 2(a)] and
enhance the crystallinity and fcc-like symmetries in the
prestructured liquid, in comparison to preordered regions
found in homogeneous liquid [Fig. 2(b)]. Indeed, for the fcc
I seed, 60% of the preordered clusters form at the seed,
while for hep I and fec II seeds, with lower crystallinity,
34% and 24% of the preordered clusters form at the seed,
respectively. For hep II and bece seeds, which are expected
to be less efficient nucleating agents, only 12% and 18%
of the preordered clusters emerge at the seed, respectively,
while precritical fluctuations always occur far from the
icosahedral seed, indicating that preordering in the liquid is
inhibited in its vicinity. Overall, we observe that seeds with
larger crystallinity promote an increase in crystallinity and
fce-like structural features in the precursors, as evidenced
by the shift in the distributions in Fig. 2(b). In contrast,
seeds with lower crystallinity (bcc and hep II) promote hep
and bcc-like preordering in the liquid with negligible
increase in bond-orientational order. It is also interesting
to note that, although fcc I, fcc 11, and the vibrating fcc seed
(see SM [47]), as well as hcp I and II share a common
crystal structure, their variation in crystallinity results in
significant differences in the frequency of formation of
precursors at the seed and the structural features of these
regions. Indeed, seeds with the potential to promote frequent
formation of preordered clusters with high crystallinity
and fcc-like order in the liquid are bound to enhance the
formation of effective precursors, i.e., preordered regions
which become active sites for nucleation, and, presumably,
such seeds exhibit a larger nucleating ability.

In order to establish the connection between structural
changes in the liquid induced by the seeds and the nucleation
mechanisms, we performed TIS simulations for all seeds
(computational details in SM [47]). In all cases, the analysis
of the structural compositions of the growing nuclei in the
TPE (see SM [47]) reveals a precursor-induced crystalliza-
tion mechanism, similar to the one found in homogeneous
nucleation [24], where we find a prestructured region of long
life that is present before the crystal clusters nucleate. An
analysis of the spatial location of the seeds within solid
clusters of precritical and critical sizes (see SM [47]) shows
that if a seed is part of the growing nucleus, a preordered
liquid cluster initially forms at the seed and grows in its
surroundings. As the cluster reaches critical size, the seed
remains predominantly located at the surface of the nucleus,
where it is surrounded mostly by prestructured liquid atoms
and random hcp (see movie of nucleation trajectory in SM
[47]). These findings strongly suggests that the seeds impact
the nucleation probability and mechanism by promoting the
initial formation of precursors in the supercooled liquid
instead of directly templating the formation of the crystalline
phase. Indeed, if the nucleation events at the seeds were
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(a) Distributions of the number of seed atoms » included in precritical clusters (n; = 50) that successfully grow and crystallize

(effective precursors). The precritical configurations were obtained from the TPE. (b) g4, g distributions of the effective precursors in
the presence of different seeds. The yellow circle indicates the maximum of the distribution. (c) Free energy profiles AG(n,) and
nucleation barriers for crystallization in the presence of various seeds, in comparison to homogeneous nucleation in Ni. (d) Structural
composition of the growing nucleus in the presence of various seeds.

driven solely by the initial enhancement of translational
order, we would rather expect fcc crystallites to nucleate right
at the seeds without an intermediate precursor and, con-
sequently, the seeds to be located in the core of the critical
clusters. Therefore, the overall efficiency of a seed to
promote nucleation events and, in general, to modify
the nucleation mechanism can be characterized by (i) the
ability to promote the formation of effective precursors,
(ii) the potential to reduce the free energy barrier, and
(iii) the propensity to template the formation of favorable
polymorphs.

We assess these three aspects for all seeds by analyzing
configurations from at least 500 liquid-solid pathways in
the TPE. Figure 3(a) shows the distributions of the number
of seed atoms n included in effective precursors of
precritical size (n, = 50), that is preordered clusters that
successfully grow and crystallize. Seeds with the highest
crystallinity and commensurability, such as fcc I and I, are
part of the growing clusters for 99% of the solid-liquid
pathways and thus successfully promote nucleation events
at the seed. For other seeds with lower crystallinity and
commensurability (hcp I, hep II, bee), there is a stronger
competition between heterogeneous and homogeneous
nucleation pathways. In case of hcp I seeds, these two
pathways appear to follow separate channels which results
in a strong dependency of the TPE on the initial trajectory.
If the hcp I seed is initially part of the crystal cluster, the
TPE is predominantly composed of heterogeneous nucle-
ation pathways while initial paths with the hcp I seed far
from the growing cluster result in a TPE with predomi-
nantly homogeneous nucleation pathways. The overall
nucleation mechanism in the presence of hep I seeds would
be given by a properly weighted average of the two
pathways. Icosahedral seeds are never identified as part
of the growing cluster, implying that nucleation occurs

mostly far away from the seeds. Interestingly, the distri-
butions are noticeably different for all the seeds, even for
those with shared crystal structures: while seeds with high
crystallinity, such as fcc I, are mostly included in the
clusters (n > 10), partial attachment of the crystalline
clusters to other seeds with lower crystallinity (fcc II,
hep 11, bee) is more frequently observed (n < 6), implying
significant variations in the ability of the seeds to promote
the formation of effective precursors. These results are
consistent with our findings for precritical fluctuations
shown in Fig. 2(a).

The ability to promote effective precursors is further
assessed by analyzing the distributions of g4, g¢ values of
the precritical clusters (n, = 50) that successfully grow and
crystallize at the seeds. The shift and spread in the
distributions of gy, g values shown in Fig. 3(b) clearly
illustrates that prestructured liquid atoms in precursors that
form at seeds with higher crystallinity (fcc I) display a
significant increase in bond-orientational order and fcc-like
ordering [marked with a yellow circle in Fig. 3(b)]. This
change in the structural characteristics of the preordered
region is likely to reduce induction times and enhance
nucleation rates in comparison to other seeds and homo-
geneous nucleation. Correspondingly, the fcc 1 seed
reduces the free energy barrier significantly by ~0.85 eV
compared to homogeneous nucleation with AGy — =
4.21 eV [Fig. 3(c)]. The less effective fcc II and hep 1
seeds, with comparable crystallinity, reduce the nucleation
barrier extracted from heterogeneous nucleation pathways
by only ~0.6 and ~0.69 eV, respectively. The hcp II and
bce seeds enhance bond-orientational order in the precur-
sors only minimally and, thus, the free energy barriers are
comparable to homogeneous nucleation. Interestingly, the
nucleation barrier at the icosahedral seed is even increased,
implying that this seed acts as an impurity that reduces the
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nucleation capability in Ni. Icosahedral seeds inhibit the
formation of preordered regions in their surrounding, thus
resulting in excluded volume for nucleation sites.

The impact of the seeds on the formation of different
polymorphs is evaluated by analyzing the average struc-
tural composition of the growing nuclei shown in Fig. 3(d).
The polymorphs selected during crystal nucleation in Ni
correlate strongly with the structural hallmarks promoted
by the seeds in the preordered liquid. The fcc I and II seeds
promote the formation of precursors with enhanced fcc-like
hallmarks and, consequently, yield a rapid and predominant
emergence of fcc crystallites within the cores of the crystal
precursors and critical nuclei [Fig. 3(d) and SM [47]]. In
contrast, for hep I, hep I, and bee seeds, which promote the
formation of precursors with hcp-like hallmarks, we find a
larger fraction of hcp crystallites that compete with fcc.

In contrast to the assumptions of classical nucleation
theory, where random fluctuations of order within the
homogeneous liquid yield crystallization, we have shown
that supercooled liquids exhibit structural heterogeneity
that can be linked directly to crystal nucleation and to the
ability of templates to enhance the nucleation probability
and modify the polymorphs. We propose a novel hetero-
geneous nucleation mechanism, where the nucleating
ability of tiny seeds and the selection of polymorphs is
not only determined by the lattice match and translational
order of the templates, but is strongly linked to the ability of
the seeds to promote the formation of precursors in the
liquid with enhanced bond-orientational order and favor-
able structural hallmarks. Previous findings of precursor-
mediated crystallization mechanisms in a large variety of
systems [14,21,22,24,27-31] suggest that this novel per-
spective of heterogeneous nucleation could be of relevance
for other materials. Our results open new venues to
understand and control template-driven crystallization
and polymorph selection.
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