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A B S T R A C T

We used a recently developed two-body interatomic potential for barium sulfide (BaS), and performed molecular
dynamics (MD) simulations with 36,000 particles to determine the kinetics of spontaneous, homogeneous nu-
cleation and growth of BaS crystals in the supercooled liquid. Isothermal-isobaric MD simulations were ac-
complished at three temperatures. The calculated pair correlation function, along with several snapshots, al-
lowed us to quantify the nucleation times, their crystal growth rates, and the time evolution of overall
crystallization. Nucleation was spontaneously achieved in the supercooled liquid state; therefore, we computed
the average birth times of the critical nuclei (also known as average onset time of the first nucleus) from 15
samples at each temperature, from which we computed the steady-state nucleation rates, MD Jss(T). Then, we
independently obtained by MD the diffusion coefficients, D(T), the melting point, Tm, and the enthalpy of
melting, ΔHm. Thus, the MD Jss could be compared with the predictions of the Classical Nucleation Theory (CNT)
for homogeneous nucleation using only one fitting parameter, the nucleus/liquid interfacial free energy, σ. The
calculated critical nucleus is made of only 2 to 3-unit cells, which is consistent with the critical size observed in
the simulations, approximately 10–15 atoms. Using a constant (fitted value of) σ, and the D(T) and thermo-
dynamic parameters from the simulations, we found that the MD pre-exponential factor has the same order of
magnitude as the theoretical value predicted by the CNT. To the best of our knowledge, this agreement of the
predictions of CNT and MD simulations has seldom been reported. Therefore, our results corroborate the validity
of the CNT for simple supercooled liquids.

1. Introduction

Molecular dynamics (MD) simulation is an atomistic method based
on using a particular (potential) model that can describe the system
properties. By integrating the classical equations of motion of all par-
ticles of the system, the phase space trajectories can be obtained, and, in
principle, its properties can be computed. With the advent of faster
computers and sophisticated software, different properties of glassy
materials have been increasingly simulated using different toy models
[1–4], or phenomenological interatomic potentials, such as the Pedone
[5], Stillinger-Weber [6] and Buckingham [7–9] potentials, to cite some
of the most used.

The first challenge for correctly simulating any material is to find an
interatomic model that can adequately describe the materiaĺs structure
and properties. The second is to assure that the model potential can
replicate some experimental data that have not been used to

parameterize the model [10]. Finally, in this particular study, since the
model is intended to witness crystal nucleation and growth, it also
should also be able to describe the crystallization process of the su-
percooled liquid (SCL).

The simplest and most common strategy to study nucleation and
growth in supercooled liquids is by the seeding method [11,12], which
relies on introducing a crystallite of a given size in a supercooled liquid
and then letting the system evolve over time. If the crystallite is smaller
than the critical nucleus size at the studied temperature, it will dissolve;
if it is larger than that threshold, it will grow. This type of simulation
successfully corroborates the main concepts of the classical nucleation
theory, CNT [11] and allows for the determination of the critical nu-
cleus size and growth rates, but not the nucleation rates versus tem-
perature.

Some previous MD works have been published on this particular
topic. The first study comparing simulating crystal-nucleation times and
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theoretical predictions was reported by Aga et al. using aluminum as a
model. [13] More recently, molecular dynamics simulations were per-
formed for metallic systems in which spontaneous nucleation and grain
growth was observed without any extra inducing factor. For instance, in
multi-million atom simulations, Shibuta et al. [14,15] reported on the
nucleation and crystal growth for supercooled liquid Iron, whereas
Mahata et al. [16] investigated the homogeneous homogeneous nu-
cleation from the respective supercooled liquids, determined the nu-
cleus birth times and then calculated the related nucleation rates as a
function of temperature for these simple metallic systems.

Shibuta et al. [14,15] showed that the temperature dependence of
the nucleation rates and nucleation times of supercooled Fe show the
characteristic nose shape, which is an indication of thermally activated
nucleation. They observed that the grain growth exponent deviated
from the ideal value and attributed their results to the anisotropy in the
grain boundary energy, mobility of the grain boundary and di-
mensionality of the simulation cell.

In a billion-atom simulation of supercooled liquid Fe, Shibuta et al.
[17] suggested that a very unusual mechanism controls the crystal-
lization process. The first nuclei that formed stochastically, homo-
geneously and independently, acted as “nucleation sites” for the next
wave of nuclei, i.e., apparently the second and following nuclei formed
preferentially and clustered around the first-born nuclei. The authors
mention that “some satellite-like small grains surrounding previously
formed large grains exist in the middle of the nucleation process, which
are not distributed uniformly”. To the best of our knowledge, this type
of “mixed” nucleation mechanism was reported for the first and only
time in [17].

Mahata et al. [16] showed that there is a difference between si-
mulations carried out isothermally and during quenching. They de-
monstrated that the solidification process could be clearly divided into
three regimes; sub-critical where nucleation is unstable, super-critical
where nucleation is stable, and solid-state grain growth regime by well-
known experimental observations. They did not compare the MD nu-
cleation rates with the theoretical values. However, they compared the
critical nucleus size determined by MD with the CNT predictions. Their
CNT estimates of the critical size, rc, were higher than the MD simu-
lations, rc-MD, for relatively low nucleation temperatures, but they be-
come quite close above 650 K. A possible reason for this difference is
that the authors assumed that the nucleus/liquid interfacial free energy,
σ, is temperature independent in the CNT calculations. However, using
a (more realistic) positive temperature dependent σ would result in a
decrease in the critical size calculated by CNT at lower temperatures
and a better agreement with the MD results. We make a similar com-
parison of the calculated R*(CNT) versus the R*

MD in this article. The
results will be discussed later on in this article.

Of special interest to this study is the work of Norman and Pisarev
[4], where the nucleation rates of supercooled Al were computed by
MD simulation and compared with the estimates of CNT. By using two
fitting parameters: the kinetic factor and the interfacial free energy,
these authors have shown that the nucleation frequencies obtained
from their simulations were comparable with the estimates by CNT
within 1 order of magnitude. However, it should be noted that the two
most important properties were fitted, therefore this can hardly be
considered a test of the theory.

In this article we also compute the nucleation rates and compare
them with theoretical estimates. We study the spontaneous nucleation
in a more complex system having two chemical species. Our objective is
to shed light on the kinetics of nucleation and growth in the early stages
of crystallization by using a very good available potential for BaS [18],
recently developed by one of us. This potential describes the structure
of this supercooled liquid and its isochemical crystal phases very well. It
is relevant that this SCL undergoes (detectable) spontaneous homo-
geneous nucleation and that such atomic level details are extremely
hard (practically impossible) to detect experimentally. Hence, MD si-
mulations can be extremely useful for this type of study. Here we not

only determine the nucleation rates and the critical nucleus sizes as a
function of temperature, but we also compute the diffusion coefficients,
and then analyze the nucleation rates in terms of the CNT using only
one fitting parameter, the interfacial free energy.

BaS was chosen for this study because it is an important infrared
transmitting chalcogenide, having only two atomic species of mixed
ionic character with some degree of covalency. In addition, in pre-
liminary simulation runs we have observed spontaneous crystallization
in the supercooled regime within reasonable MD simulation time scales.
Finally, the empirical model developed by one of us describes very well
several structural and physical properties of the system [18]. Therefore,
BaS seems to be a perfectly adequate model material to test nucleation
theories.

In the following sections, we first describe the effective pair po-
tential and the computational details of the simulations (Section 2),
followed by the results and discussion (Section 3). Final remarks on
both the approach and results are presented in Section 4.

2. The interatomic model and computational details

The effective pair potential recently proposed by Rino [18], for
barium sulfide consists of 4 terms: steric repulsion, Coulomb interac-
tions due to charge transfer between ions, charge-induced dipole at-
tractions due to the electronic polarizability of anions, and van der
Waals attraction. The mathematical expression for this potential is
given by
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Here, σk is the ionic radius of each atom, Zk is the effective charge of
the ions in units of electronic charge, αk is the electronic polarizability,
A is the intensity of the steric repulsion and W is the intensity of the van
der Waals attraction. η, λ, and ξ stand for the exponents of the steric
repulsion, the screening lengths for the Coulomb and charge-dipole
interactions, respectively. The potential is truncated at r= rc. For
r < rc the potential is shifted to make it and its first derivative con-
tinuous at rc [19,20].

We carried out the parameterization of the interatomic potential
taking into account the cohesive energy and bulk modulus at the ex-
perimental density of the material. All the parameters used to validate
this effective pair potential are given in Ref. [18]. Some properties that
were not used in the potential parameterization, such as a structural
phase transformation under hydrostatic pressure and the vibrational
density of states, were then used for its successful validation, and are
also discussed in Ref. [18].

Initially, a Face-Centered Cubic (FCC) BaS single crystal was gen-
erated with 36,000 particles (18,000 Ba and 18,000 S) in a box with
dimensions Lx= Ly=191.68 Å, and Lz= 31.95 Å at the experimental
density of this substance. Such dimensions refer to a system comprising
30-unit cells in the x and y directions and 5-unit cells in the z-direction.
This strategy helped to visualize and identify formations of the first
nuclei.

We applied periodic boundary conditions in all directions and used
the Verlet algorithm to integrate the equations of motions with a time
step of 1.5 fs. The initial rock salt structure at 50 K was heated until
3400 K in ramps of 50 K every 10,000-time steps. At this high tem-
perature, the liquid was allowed to thermalize for 50,000-time steps. It
was then quenched using the same rate as that used to melt the system,
down to the initial temperature. All simulations were done using the
LAMMPS package [21] in an NPT ensemble. Fig. 1 displays the energy
per particle as a function of temperature during the heating and cooling
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procedures.
The final structure after cooling the liquid down to 50 K is a re-

crystallized polycrystalline rock salt material [18]. By repeating the
heating procedure for the recrystallized phase, we observed that the
mechanical melting temperature occurs at a lower temperature than
that of the single crystal (Fig. 1). The melting curve shows a large
hysteresis, with a wide supercooled region. We determined the melting
temperature through the phase coexistence method, resulting in
Tm=2450 ± 20 K [18].

Spontaneous nucleation was studied in the supercooled region.
Starting from the equilibrium liquid above the (highest) melting point
with a cooling rate of 0.83 K/ps, we investigated the time evolution of
the system at 1900, 1800, 1750, 1700, 1650, 1600, 1550 and 1500 K.
At 1750 K, 1700 K, and 1650 K, each system was allowed to evolve for
450 ps in the NPT ensemble. Above 1750 K, no nucleation event was
observed in this time window. Below 1650 K, for the same cooling rate,
nucleation already started on the cooling path. We used fifteen simu-
lation samples at each temperature to obtain the statistical significance.
The analyses of the atomic configurations and their visualization were
performed using the OVITO (Open Visualization Tools) software [22]
and the grain sizes for all snapshots were measured using the Fiji
software [23].

3. Results and discussion

The main objective of this work was to detect the birth of the first
nuclei and compute the spontaneous, homogeneous nucleation rates in
the SCL state, then, to compare the obtained crystal nucleation rates
with the predictions of the Classical Nucleation Theory (CNT). For that
purpose, we needed the following parameters: diffusion coefficient, D
(T), surface energy, σ, and the melting point, Tm, melting enthalpy,
ΔHm, and unit cell volume, Vc(T). In this work, we obtained all the
above-listed parameters, except the interfacial energy, directly from the
simulations, and then used two classical formulas to calculate a lower
and an upper bound of the thermodynamic driving force per unit vo-
lume, ΔGv(T). In the following sections, we describe how we obtained
all these properties, analyze the nucleation rates, and compare them
with theoretical estimates. Finally, we discuss the results.

3.1. Diffusivity

From the atomic mean square displacements, 〈R2(t)〉 (not shown),
we calculated the self-diffusion coefficients using the Einstein relation,

= 〈 〉D R t
t
( )

6

2
at nine temperatures in the SCL region. Fig. 2 displays the

resulting D(T) as a function of temperature for Ba and S.
Diffusivity is (typically) a simple thermally activated process that

can be fitted by an Arrhenius expression, = −D D exp ( )E
k T0

A
B

, where EA is
the activation energy and D0 a pre-exponential factor. For temperatures
above 1650 K, the computed activation energies are:
EA= 0.65 ± 0.02 eV for Ba and EA= 0.69 ± 0.02 eV for S, whereas
the pre-exponential factors are 16 ± 2Å2/ps and 17 ± 2Å2/ps, re-
spectively. Therefore, Ba is somewhat faster than S. For lower tem-
peratures (T < 1600 K), the system crystallized on the cooling path,
hence the diffusivity breakdown and becomes much smaller than pre-
dicted by the above equations, which is only valid for the supercooled
liquid. The average of these values for Ba and S will be used to analyze
crystal nucleation rates in terms of the CNT.

3.2. Crystal nucleation kinetics and analyses via CNT

We based the detection of the nucleation and crystal growth pro-
cesses on analyses of snapshots of the atomistic configurations using
OVITO. We used a common neighbor analysis (CNA [24–26]) routine to
identify the local environments of the particles and compute the
number of FCC structures forming as a function of time. We used the
adaptative CNA procedure, where the cutoff is variable [25]. This ac-
tion was necessary because another type of structural arrangement,
hexagonal close-packed, however in smaller numbers, also emerged
from our analysis of the crystallization process.

From the fifteen samples considered at 1750 K, only two displayed
nucleation during the 450 ps simulation time. At 1700 K, eight samples
underwent nucleation, and at 1650 K, all 15 samples nucleated. This is
an indication of the stochastic process underlining nucleation.
Immediately after the critical-sized nuclei were born, they underwent
spontaneous grain growth. Fig. 3 shows a representative snapshot of the
atomistic configuration for the three studied temperatures at five time
periods. The FCC atoms are shown in green (only online version), and
unknown structures in grey.

On average, nucleation happens earlier and more frequently at
1650 K than at higher temperatures. At 1650 K, approximately 100 ps
after the quenching procedure, crystals start to nucleate and grow. For
shorter times, we observed the emergence of several (sub-critical size)
embryos, which form and dissolve, as predicted by the CNT (see the
supplementary video). This behavior is shown in Fig. 4, which displays

Fig. 1. Energy per particle as a function of temperature for the heating (single
and polycrystal) and cooling procedures.

Fig. 2. Temperature dependence of the self-diffusion coefficients for Ba and S in
the supercooled liquid state. The dashed lines show the respective Arrhenius
fits. A breakdown takes place below 1650 K, where the supercooled liquid
crystallizes directly on the cooling path.
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the number of FCC atoms as a function of time including the birth of the
first critical nucleus. The inset amplifies the beginning of the birth of a
critical nucleus for sample number 5. The nucleus appears and dissolves
a few times before reaching the critical size, which then undergoes
continuous growth after 171 ps.

We used CNA analyses to determine the size of the first critical
crystal nuclei and their birth time, for every sample. From these curves,
the average time of birth at each temperature was computed. CNA
calculations performed with OVITO also allowed us to determine the
time evolution of the number of atoms in a nucleus (the growth rate).
Table 1 summarizes the average birth time at 1650, 1680 and 1700 K.
At 1750 K, statistics were not enough (only two nucleation events were
detected) to compute these values.

At each temperature, atoms start to agglutinate to minimize the
overall energy of the system. Small fluctuations form and dissolve,
whereas others – of critical size – nucleate and grow. At the three
studied temperatures, we observed that the average, and even the
shortest birth times are much larger than the average structural re-
laxation time, which means that the SCL relaxes well before nucleation
begins. These results of the relaxation versus characteristic nucleation
times will be extended to other temperatures and fully discussed in a
forthcoming article.

Once the average onset time of the first nucleus, τ
_ 1

, is determined,

the steady-state nucleation rate, Jss, can be computed using the ex-
pression =J T( )ss V τ

1
( )

_ 1

, where V is the volume of the system (the si-

mulation box size). In this case, it is implicitly assumed that steady-state
nucleation conditions have been reached, which is a reasonable as-
sumption for this particular case, because we are studying temperatures
above that of the nucleation rate maximum. Extensive experiments on
different supercooled glass-forming liquids demonstrated that non-sta-
tionary nucleation is significant and typical for temperatures at and
below the temperatures of maximum nucleation rate [27,28]. Fig. 5
shows the resulting steady-state nucleation rates.

It is interesting to point out that the spontaneous nucleation rates
calculated by MD for monoatomic metals lie in the range of 1030 to 1040

(m−3 s−1) [4,15,16], whereas experimentally determined nucleation
rates (for more complex, multicomponent systems) span a range from
104 to 1020 (m−3 s−1) [27].

Besides the birth times and diffusivity, the phase space trajectory
obtained from MD simulation allowed us to obtain the crystal volume,
V(T), melting point, Tm, and the enthalpy as a function of temperature
and, consequently, the melting enthalpy, ΔHm. With those values, the
thermodynamic driving force, G TΔ ( )v , could be calculated using the
Turnbull definition for an upper bound, = −G TΔ ( )v

Hm
V T

T T
T

Δ
( )

( )m
m

, or the

Hoffman approximation for a lower bound: = −G TΔ ( )v
Hm
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real value lies somewhere between these two limits.
With all these parameters, we can now use the classical nucleation

equation to analyze our MD data. According to that theory, the nu-
cleation rate is given by [29]

= −J T σ
k T
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where kB is the Boltzmann constant, D(T) the diffusivity, d0 the effective
size of the diffusing units (or jump distance), which is expected to be of

Fig. 3. Atomistic configuration as a function of time for three temperatures and five times. The CNA shows the beginning of crystal nucleation and growth. In this
particular sample, we observe only one nucleus after 210 ps at 1650 K. A nucleus also appears after around 270 ps at 1700 K and 1750 K.

Fig. 4. Number of FCC atoms as a function of time for the first critical nucleus
at 1650 K and 1700 K. Each line corresponds to a specific sample. The inset
shows amplification of the birth of the first nucleus of sample 5.

Table 1
Average birth time of 15 samples each, as a function of tempera-
ture.

Temperature (K) Average birth time (ps)

1650 122 ± 49
1680 170 ± 55
1700 266 ± 68
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the same order as the unit cell of the crystal phase. GΔ vis the driving
force per unit volume of the crystal, and σ is the (unknown) nucleus/
liquid interfacial free energy [27].

Fig. 6 shows the dependence of J T D/ss as a function of 1/(T.ΔGv
2).

By fitting equation (6) to these data points, we can estimate the
interfacial free energy (from the slope) and the pre-factor (from the
intercept) as σ=0.131 J/m2 and J0= 9.4×1047 K1/2 m−5 for the

Turnbull model of ΔGv, and σ=0.139 J/m2 and J0= 8.9×1053 K1/2

m−5 for the Hoffman model.
The resulting average value of interfacial energy for BaS

(0.131–0.139 J/m2) are of same order of magnitude observed for ty-
pical values reported from the analysis of homogeneous nucleation in
oxide glasses (0.10 < σ < 0.25 J/m2) [27], and a metallic system
σ∼ 0.17 J/m2 [16]. By means of the phase trajectories resulting from
the simulations, we can also obtain the number of FCC atoms and then
estimate the critical nucleus radius (assuming spherical nuclei). In this
way, using the calculated ΔGs and the relation =r σ G2 /Δc v, the inter-
facial free energy is obtained. The values at three temperatures are
resumed in Table 2 showing that the σ calculated in two different ways,
especially those obtained using the Turnbull equation for ΔG, are very
similar. This fact reinforces the consistency of our procedures.

As the CNT predicts the “spherical” critical nucleus size as
=r σ G2 /Δc v, we can calculate the size of the critical crystal as

=l π r4 /3 c. Assuming that the diffusing units have approximately the
average critical crystal size l, the theoretical values of the pre-ex-
ponential factor J0-theor = √(σ/kB).1/d04 are J0-theor = 5.9×1047 K1/2/
m5 and J0-theor= 6.0×1047 K1/2/m5 considering the interfacial energy
calculated by the Turnbull and Hoffman fittings, respectively.
Therefore, the extrapolated value of the pre-exponential, calculated
using the Turnbull approach for ΔG, is of the same order of magnitude
as the values predicted by CNT! Even the Hoffman approximation yields
a pre-exponential that is “only” 6 orders of magnitude larger than J0-
theor.

This is a very positive, yet surprising, result because previous ana-
lyses of experimental homogeneous nucleation in several oxide glass-
formers, with the same procedure, using a (fitted) constant interfacial
energy, always yield a pre-exponential term (1060 < J0-exp < 1090

K1/2/m5) that is many orders of magnitude larger than the theoretical
value (1048 K1/2/m5) [27]. However, it should be stressed that in all
those previous analyses of experimental nucleation rates, in addition to
using a constant (fitted) interfacial energy, an extra assumption was
made about the diffusion coefficient, D(T). In the case of complex,
multicomponent materials, D(T) is indefinite, hence researchers make
use of the well-known Stokes-Einstein-Eyring (SEE) equation [D
(T)= kBT/(d0.η(Τ))] and calculate D(T) using experimental viscosity,
η(Τ), data. An alternative method is also used to infer D(T), when non-
stationary nucleation rates are available (typically for temperatures at
and below the temperature of the maximum nucleation rate, Tmax). In
this case, a few researchers have used the nucleation induction times,
tind(T), which should be related to the diffusivity. Both strategies lead to
the above-described enormous discrepancy in the pre-exponential term
[24]. In this work, however, we used the D(T) obtained directly from

Fig. 5. Calculated steady-state nucleation rates as a function of inverse tem-
perature, T. Tm is the melting point. The maximum nucleation rates could not
be reached in our simulations due to copious crystallization of the samples on
the cooling path for lower temperatures.

Fig. 6. J T D/ss (in logarithmic scale) as a function of 1/(T.ΔGv
2) using the

Turnbull and Hoffman equations for GΔ v. The dashed lines show the fits using
the classical nucleation equation.

Table 2
Estimated critical nucleus sizes and the interfacial free energies.

Temperature (K) Critical nucleus size
(Å)

σ (J/m2)
Turnbull

σ (J/m2)
Hoffman

1650 5.9 0.129 0.087
1680 6.2 0.130 0.089
1700 6.5 0.133 0.092
CNT fitting – 0.131 0.139

Fig. 7. Average number of FCC atoms (overall crystallization) as a function of
time for two temperatures.
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the simulations, which is a key difference from the above-listed ana-
lyses of experimental studies, and provides one logical reason to explain
why these previous experimental studies have not found such an
agreement between measurements and calculations by CNT.

In a LJ model simulation [1] study, the authors have used the
Turnbull approximation for ΔG, compared the pre-exponential with the
theoretical factor and found a difference of about 6 orders of magni-
tude. In another example, the temperature dependence of the nuclea-
tion rate simulated by MD for supercooled Al [4] could by approxi-
mated by the CNT by fitting two parameters. The authors found that the

kinetic factor and the critical nucleus size calculated by CNT are only
1.5–2.0 and 1.5–10 times larger, respectively, than the values obtained
by their MD simulations. In summary, in this work, we observed that
using only one fitting parameter (interfacial energy, which is very close
to the value calculated from the critical nucleus size), and the Turnbull
formula for ΔG, our MD simulations described the homogeneous nu-
cleation kinetics in supercooled barium sulfide in an impressive
agreement with the predictions of CNT.

Fig. 8. Time evolution of the pair distribution function (left side) and the coordination number (right side) for a particular sample at 1650 K. The red circles highlight
grains that dissolved or were aggregated to a bigger crystal.
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3.3. Critical nucleus size

Another test of the predicting power of the CNT can be made by
comparing the calculated and measured critical nucleus sizes. Using the
interfacial energy and thermodynamic driving force, and assuming that
the classical nucleation theory is valid, we can estimate the critical
(spherical) nucleus size by =r 2c

σ
G|Δ |v

. The volume of a critical nucleus

is then Volc= rπ
c

4
3

3 = l3.
This estimate results in the size of the critical structure being in the

range of 9 Å ≤ l≤ 11 Å and 15 Å ≤ l≤ 16 Å for Turnbull and Hoffman
models of ΔG, respectively. Recalling that the unit cell parameter of the
FCC barium sulfide is 6.387 Å, the critical nucleus to start the nuclea-
tion process consists of only a few unit cells. These values obtained from
the CNT are consistent with the direct MD results shown in Fig. 4, i.e.
approximately 6–8 atoms must be assembled in a critical nucleus before
crystal growth takes over at 1650–1700 K. Table 2 above summarizes
the estimated nucleus size as a function of temperature.

This result corroborates the ability of the CNT in describing the
nucleation process in BaS. This is indeed a very positive result, but
other tests with other materials would be advisable to confirm or not
the current findings. However, a more sophisticated approach will be
needed to obtain the interfacial energy directly from MD; then a defi-
nitive test of the validity of CNT, without any free parameter could be
made.

3.4. Preliminary results of overall crystallization

To complete the analysis of phase transformation in this system, we
also computed the isothermal evolution of the overall crystallization.
Fig. 7 displays the average FCC counts as a function of time over all
samples for two temperatures. An increasing number of FCC atoms
appears over time. It is noticeable that, at 1650 K, the system is com-
pletely crystallized after 400 ps (all the 15 samples crystallized).

Fig. 8 shows the atomic configuration for a particular sample at
selected instants and the corresponding pair-correlation function. The
coordination numbers were also calculated. FCC (green) grains nucleate
and grow as time goes by. The full width at half maxima of the first
peaks in the g(r) function narrows down and a second peak around
5.5 Å appears. The corresponding coordination numbers (i.e., the area
under the first peak in the g(r)) become very well-defined, resulting in a
coordination number 6, which is typical of a rock salt crystal.

3.5. Preliminary observations of crystal growth

Fig. 9a shows a representative atomistic evolution of one sample at
1650 K, whereas the grain size as a function of time is depicted in
Fig. 9b. After 450 ps, the system was completely crystallized. Some
grains nucleated very late (see grain E) and could not grow because the
previous grains blocked them. The crystal growth rate was then higher
for the first (A, B and C).

Assuming a circular shape (although this is not perfectly true), an
average radius defined as =Reff

A
π

can be calculated. In the first
100 ps after each critical nucleus appears, the growth rate is similar for
all grains ( =vA 0.462 Å/ps, =v 0.382B Å/ps, =v 0.379C Å/ps). However,
as two or more grains impinge, their speed obviously decreases. Grain D
appears only after 200 ps; later on, after 250 ps, it shows a continuous
growth, with =vD 0.400 Å/ps. For the considered sample, only grains B
and C kept growing during the simulation time, while grains A and D
stabilized after 330 ps. Grain E, instead, was entirely dissolved. Some
coarsening was also observed (see grain B and its nearby region). These
preliminary results are just to demonstrate that our simulations are
adequate to follow crystal growth kinetics. Detailed studies of crystal
growth will be continued and fully discussed in a forthcoming article.

4. Summary and conclusions

The pair potential used here for barium sulfide was quite adequate
for describing several dynamical properties of this substance. For in-
stance, the calculated pair correlation function, along with several
snapshots, allowed us to quantify the evolution of the crystal nucleation
and growth rates, and overall crystallization. Homogeneous nucleation
occurred spontaneously in the SCL after quenching from the liquid
state. From the average birth times, we computed the steady-state nu-
cleation rates, MD Jss(T), at three temperatures in the supercooled li-
quid in the range 0.78–0.82 Tm. From the MD simulations we also
obtained the diffusion coefficient, D(T), melting point, Tm, crystal vo-
lume, V(T), and the enthalpy of melting, ΔHm. Using only one fitting
parameter, the interfacial energy, the calculated (by CNT) critical nu-
cleus sizes consist of only 2 to 3-unit cells, depending on the tem-
perature and expression used for ΔG, and are consistent with the critical
sizes observed in the birth time plots, i.e., approximately 10–15 atoms
are needed to form a critical nucleus at these temperatures. This
agreement suggests the validity of CNT.

The most relevant result of this work is that the magnitudes of the
nucleation rates obtained by MD agree with the values predicted by the
CNT. This test was made by using the D(T) and thermodynamic prop-
erties from the simulation, the Turnbull expression for ΔG, and an
average (fitted value of) interfacial energy, σ. However, the resulting
value of σ is close to an estimate made from the critical nucleus sizes
obtained directly by MD. To the best of our knowledge, this positive test

Fig. 9. (a) Representative snapshots of the atomistic configuration at 1650 K
showing the beginning of nucleation and grain growth as a function of time. (b)
The evolution of the area of each grain as a function of time.
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of CNT from MD simulations for a binary material is quite original. This
analysis reinforces the validity of the CNT, which, however, warrant
further tests with other materials to validate and generalize the current
findings.
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