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Crystal nucleation and growth in liquids: Cooperative atom attachment and detachment
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Classical theories of crystal nucleation and growth from the liquid assume activated processes that are
interface limited, with the atoms individually joining the growing interface by jumps that occur at a rate that
is determined by the diffusion coefficient in the liquid phase. These assumptions are in contradiction with the
results of molecular dynamics studies that are presented here for supercooled Ni and Al,oNigyZryg. Instead of
diffusion-based attachment across the interface, atoms join the interface by making small changes so as to match
the orientational order parameter of the nucleating crystal. Further, instead of joining individually multiple atoms
join cooperatively, with the number of cooperative atoms increasing with decreasing temperature.
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I. INTRODUCTION

Crystallization in liquids or glasses consists of a nucleation
step in which clusters spontaneously grow and shrink stochas-
tically. When a cluster becomes sufficiently large (exceeding
the critical size of n* atoms) it is biased to continue to grow.
Two fundamental assumptions are made in the widely used
classical nucleation theory (CNT). First, the interface between
the nucleating cluster and the original phase is sharp and
second, each step in the cluster development is governed by
individual atoms attaching or detaching from the cluster inter-
face. While these assumptions are valid for gas condensation,
the process that the CNT was originally developed to describe,
they are questionable in the Turnbull adaptation of CNT to
describe crystal nucleation from a liquid [1]. The structure of
the liquid that is adjacent to the nucleating phase is charac-
terized by short- and medium-range order that may even be
similar to that of the nucleating ordered phase; because of
this the interface is not sharp. This has been confirmed by ex-
perimental nucleation studies, density-functional calculations,
and molecular dynamics simulations (see Chaps. 4, 7, and 10
in Ref. [2]). In contrast there has been very little investiga-
tion of the assumed path for atom attachment to the cluster
interface, i.e., whether atoms join singly as assumed in CNT
(see Chap. 2 in Ref. [2]), or whether several atoms might join
cooperatively. A recently developed analytical model for crys-
tal growth assumed the latter [3,4] and used an Adam-Gibbs
approach [5] to model the cooperative attachment. It should be
noted that while many phase-field modeling simulations have
indicated the presence of “collective motion” during structural
rearrangements like martensitic transformations [6], this is
different from our report here of the cooperative attachment
or detachment of atoms during nucleation from the liquid.

In this paper, results from a molecular dynamics (MD)
simulation study of crystal nucleation and growth in three
metallic supercooled liquids, Ni, Cus3 3Zr333Al33.3 (hereafter
denoted as CuZrAl), and AlyoNigoZryg, are presented that are
in conflict with some of the assumptions of CNT. For both
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liquids the MD results show that rather than acting as single
atoms, multiple nearest-neighbor atoms attach and detach co-
operatively. Further, the number of atoms acting cooperatively
(a measure of the coherence length) increases with decreasing
temperature. Finally, the atoms join the interface by subtle
changes in their order parameter and do not involve the sig-
nificant movement in space assumed in the classical theories
of nucleation and growth.

II. METHODOLOGY MOLECULAR DYNAMICS
FOR NUCLEATION

The MD simulations were made using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) in
the Extreme Science and Engineering Discovery Environment
[7]. Embedded-atom potentials for AlygNigoZroo [8], CuZrAl
[9], and Ni [10] were used to describe the atomic interactions.
The Ni and CuZrAl potentials used in this study give re-
markable agreement with experimental results on the melting
temperature [11,12] and have been widely used in numer-
ous molecular simulations [13-17]. Although there are no
available experimental data for Al,)NigyZryg, the crystalline
structure of AINiZr;, a composition close to our system, was
found to have the identical body-centered-cubic structure [18].
The ensemble for the AlygNigyZr;g liquid was created by ran-
domly assigning 5000 Al atoms, 5000 Zr atoms, and 15 000
Ni atoms at 2500 K; this was relaxed for 2 ns to reach equilib-
rium. The ensemble was then cooled to the target temperature
at a constant cooling rate of 10 K/ps and equilibrated again.
The monoatomic Ni liquid and the CuZrAl metallic liquid,
which consisted of 32 000 atoms and 23 520 atoms, respec-
tively, were created following the same procedure as for the
AlyoNigoZryg liquid. Studies of nucleation and growth were
made in two ways, one by inserting a crystal seed into the su-
percooled liquid and a second by waiting for clusters to form
spontaneously in the liquid (i.e., homogeneous nucleation).
All of the simulations were made using the NPT (isobaric-
isothermal) ensemble with periodic boundary conditions.
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FIG. 1. Cross section of growing cluster, showing color cod-
ing for atom IC values. Crystalline order in center of cluster is
evident.

For the AlyoNigoZry liquid, the critical size for nucleation,
n*, was determined at 1150 K using the seeding method, i.e.,
inserting clusters of different size in the liquid and observing
whether they shrink or grow [19]. The probability to shrink or
grow will be equal for a cluster of size n*. After equilibrating
each seed for 5 ps to heal the interface with the liquid, the
system was equilibrated for another 5 ps. The couple (seed
and liquid) was then annealed for 1 ns and the final number
of atoms in the seed was recorded. By this method, n* at
1150 K was found to contain 366 atoms. A cluster containing
371 atoms (larger than the critical size) was then inserted
into the AlyoNigoZryy metallic liquid at 1150 K and cluster
development was monitored.

To better identify the liquid/crystal atoms, an index of
crystallinity (IC) was constructed from the local bond-order
parameter gg [20,21]. The quantity

m=6

Tol) - (D= Gom()Gom())" (1)

m=—6

(where gg,, is the normalized local orientational order pa-
rameter) measures how similar the environments are for
neighboring atoms i and j. They are considered to be con-
nected if the dot product exceeds a certain threshold, which
was 0.3 in this study. The cutoff is set to be 7.5 A, giving
a maximum coordination number of approximately 120. A
cross section of a typical nucleating cluster is shown in Fig. 1.
The IC values are color coded, ranging from approximately
120 in the center of the cluster (red) to about 50 for atoms at
the cluster/liquid interface. The average IC values for atoms
in the liquid (not shown) are smaller than 40. This shows
that the order parameter increases on moving to the center
of the cluster. It also shows that while not perfectly spherical
the cluster is reasonably compact, as expected from CNT,
although the cluster/liquid boundary is diffuse rather than
sharp with an interfacial width of 2-3 atomic layers. As
mentioned earlier, this is in agreement with density-functional
calculations and is assumed within the diffuse interface the-
ory (see Chap. 4 in Ref. [2] for some references). However,
two points should be noted: (1) this cluster is larger than n*
at this temperature (1150 K) and (2) the inserted cluster is
spherical, so the compactness might be a remnant of that.
Smaller clusters are less compact and the interface is more
ragged.

140 T T T T T T

120 |

100 |

i
Y
A .
.

80 F °

0 0 40 e e
Time (ps)

IC

60 |-
40

20

0 200 400 600 800 1000
Time (ps)

FIG. 2. IC as function of time. Inset shows this for target atom
(atom ID 15867). Main figure shows how this correlates with IC as
function of time for target atom and its nearest-neighbor atoms.

III. RESULTS

The upper left inset in Fig. 2 shows the change in IC with
time for a typical atom (ID 15867) that was initially in the
liquid (at ¢+ = 0), but begins to incorporate into the interface
of the crystal phase (at ~ 450 ps) and finally takes on the
stable value of the crystal (at =~ 600 ps). The attachment
behavior of the nearest-neighbor atoms to the target atom is
also shown. Nearest neighbors are defined as atoms that are
within 3.5 A, which is the first minimum after the first peak in
the calculated g(r), for at least 80% of the time. Remarkably,
the time dependence of the ICs for the neighboring atoms
during cluster attachment track those of the target atom and
of each other. The width of the rise is approximately 100 ps
for each atom. During this time, the atoms continue small
stochastic modifications in position and orientation to better
match with the crystal nucleus. The highly overlapped curves
suggest that the atoms are attaching cooperatively, i.e., as a
group of atoms, rather than the single-atom attachment model
assumed in CNT.

To better visualize the collective motion, the positions of
the 6 atoms discussed in Fig. 2 are shown in Fig. 3. Figure 3(a)
shows the atoms in the liquid at the cluster interface prior to
attaching to the cluster (blue indicating a low IC value). After
480 ps their IC value has increased to near 50 as the atoms
move a small distance (much less than the atomic-distance
jumps envisioned in the classical theories of nucleation and
growth) to attach to the cluster [Fig. 3(b)]. To better observe
how the atoms are incorporated into the cluster, the color of
this group of atoms is changed to white [Fig. 3(c)] (note that
this does not correspond to a particular IC value). As shown
in Fig. 3(d), these atoms are incorporated into the cluster
interior as other atoms attach to the interface. It is important
to emphasize again that these atoms do not move a significant
distance to attach to the cluster interface, as assumed within
the classical theories of nucleation and growth, but instead
join by the evolution of their order parameter towards that
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FIG. 3. Collective motion of group of atoms. (a) Group of liquid
atoms (IC close to 0) are at interface of cluster before attachment.
(b) Atoms that attach to cluster (within black circle) via collective
motion. Their IC value increases to around 50 at 480 ps. (c) Color
of attaching atoms changed to white for better visualization. Note
that color white does not represent an IC value. (d) Target atoms
incorporated into cluster at 600 ps as other liquid atoms attach to
cluster interface.

of the crystal cluster (by small changes in orientation to the
nucleating interface). To further clarify this, the average dis-
tance moved during each picosecond for atoms with different
IC values are listed in Table S1 in the Supplemental Material
[22]. A similar attachment behavior was observed for clusters
much larger than the critical size, supporting the model for
growth that was recently proposed [3].

So far, the MD analysis has focused on atom attachment,
which is important in both nucleation and growth. But, nucle-
ation is a stochastic process, with atoms joining and leaving
the cluster at similar rates. A natural question is whether
detachment is also a collective process. To examine this,
the dissolution of an inserted critical cluster at 1150 K was
followed. A target atom (ID 24711) was randomly selected
from the cluster and its IC was collected over 1 ns. As shown
in the inset to Fig. 4, this atom left the crystal to join the
liquid over a time interval from 100 to 200 ps. Using the same
procedure already discussed for attachment, the detachment of
the nearest-neighbor atoms to the target atom was tracked as a
function of time. As shown in Fig. 4 the detachment behavior
of all of the neighboring atoms tracks that of the target atom
and of each other. There is even less fluctuation among the
group of atoms than for the case of attachment. These results
indicate that the collective behavior exists for both attachment
to and detachment from the nucleating cluster.

It might be argued that the collective behavior is an arti-
fact of the seeding procedure. To check this, homogeneous
nucleation was studied. An AlyyNigyZryo liquid ensemble of
25 000 atoms was held at 1050 K for 2 ns and a target
atom that eventually joined the nucleating cluster (ID 22546)
was followed as a function of time. As shown in Fig. 5(a),
the target atom initially joined and then detached from one
nucleating cluster during the time interval of 650 to 850 ps; it
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FIG. 4. (Inset) IC value for target atom (ID 24711) as function
of time during detachment. IC values for nearest neighbors to target
atom.

eventually attached to another nucleating cluster after 1.8 ns.
In Fig 5(b) the nearest-neighbor atoms changed their IC value
cooperatively with the target atom during detachment from the
first nucleating cluster [Fig. 5(b)]. After 850 ps, these atoms
joined the liquid again and diffused away from each other. As
it moved towards the interface of the second nucleating clus-
ter, the target atom gained new neighbors. When it attached to
the new cluster, these neighbors joined cooperatively with the
target atom [Fig. 5(c)]. This clearly shows that attachment and
detachment during nucleation as well as growth is in general
cooperative, which conflicts with the classical theories of nu-
cleation and growth. Further investigations showed the same
behavior for nucleation in the Ni and CuZrAl metallic liquids
(discussed in the Supplemental Material) [22]. A recent model
for crystal growth assumed that the cooperativity could be
described with the Adam-Gibbs model [3]. This suggests that
the coherence length for cooperativity (or equivalently the
number of coherent atoms) should increase with decreasing
temperature, which is the case as shown in Table S2 in the
Supplemental Material [22]. The coherence length is nearly
the same for all atoms, irrespective of their elemental identity.

Previous molecular dynamics calculations in a Lennard-
Jones fluid have found evidence for a spinodal transformation
at large supercoolings (T /T; < 0.65) [23]. Our MD calcu-
lations, made following the approach outlined in Ref. [23],
show that all of the nucleation results presented here are for
supercoolings above the spinodal, indicating that the coopera-
tive attachment or detachment is not influenced by a spinodal
transformation. It should be pointed out that cooperativity has
also been identified from MD studies of the attachment of Al
during crystal nucleation in the Al-Sm glass [24]. The detach-
ment of Al in nucleation was not considered, however, nor
was the incorporation of the Sm atoms into the interface. The
study was made only in glasses with low Sm concentration
and it was suggested that collective behavior might not be
true for growth or crystal nucleation in alloys containing larger
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FIG. 5. Cooperative motion of single atom (atom ID 22546) for homogeneous nucleation. Dashed red lines indicate two attachment events.
(b) Subcluster was formed with target atom, but then dissolved from 650 to 850 ps. Nearest-neighbor atoms show highly overlapped IC plot
with target atom during this time. However, they diffused away from each other after cluster dissolution and have different IC values at end.
(c) Target atom attached to growing cluster in time interval between 1800 and 1900 ps. It has similar IC change with its neighbor atoms at end

of simulation.

concentrations of Sm. In a related observation of cooperativ-
ity, previous MD studies have shown a gradual agglomera-
tion of patches/clusters during homogeneous nucleation and
growth from an Al liquid [25]. The results from these previous
studies coupled with our results suggest that cooperative pro-
cess during nucleation and growth are universal for metallic
liquids.

IV. CONCLUSIONS

In conclusion, the nucleation of AlygNigyZryy, CuZrAl,
and monoatomic Ni metallic liquids were studied in classical
MD simulations. These studies show that nucleation does not
require atom motion over atomic lengths as assumed in the
classical theory of nucleation (CNT). Also, rather than the
single-atom attachment/detachment assumed in the kinetic
model for CNT, a small group of nearest-neighbor atoms in
the liquid near the interface attach and detach to the cluster by
cooperatively following small changes in their order param-
eter. No evidence for cooperative behavior was observed for

atoms moving in the liquid. This is quantitative and compre-
hensive evidence for the collective motion of atoms for both
heterogeneous and homogeneous nucleation. That it occurs
in both metallic liquids and glasses suggests that it a perva-
sive kinetic process that should be taken into account for the
refinement of nucleation and growth theories. The extent to
which it influences physical nucleation processes should also
be investigated.

The data that support the findings of this study are available
from the corresponding author upon request.
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