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José Pedro Rino a,d,*, Sandra Cristina C. Prado b, Edgar D. Zanotto c,d 

a Departamento de Física, Universidade Federal de São Carlos, Brazil 
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A B S T R A C T   

Details of the microscopic mechanisms and dynamics of most processes in supercooled liquids (SCL) and glasses 
remain blurred due to their complexity and the extraordinarily long or inaccessibly short timescales, depending 
on the supercooling degree. In this paper, we determined the structural relaxation times in an intermediate 
supercooling window (0.67–0.78 Tm, Tm = melting point) of barium sulfide liquid, used as a model material, 
through molecular dynamics (MD) simulations based on a reliable two-body interatomic potential. We also 
inferred these dynamics in the glassy state using extrapolated data and well-accepted models. The average 
structural α-relaxation times, <tα>, were determined via the intermediate scattering function. Relaxation ki-
netics were also estimated by the Maxwell relation via the equilibrium shear viscosity and shear modulus, ob-
tained by MD. We found that the viscosity derived (Maxwell) relaxation times are significantly shorter than the 
intrinsic α -relaxation times, corroborating two recent experimental studies of other substances. For the simu-
lated system, with 36,000 particles and average volume of 1.4x103 nm3, the structural relaxation and nucleus 
birth time curves cross at the kinetic spinodal temperature, TKS (=0.33 Tm), which is significantly below the glass 
transition temperature, Tg (=0.44 Tm). However, for larger sample sizes, the TKS occurs at higher temperatures. 
As for temperatures above TKS, crystal nucleation starts after structural relaxation, and vice-versa, to understand 
and describe crystal nucleation one must necessarily take the relaxation process into account, however, this is not 
included in nucleation theories. These discoveries shed light on some obscure aspects of supercooled liquids, i.e., 
they challenge a critical assumption of nucleation theories (that crystal nucleation always occurs in a fully 
relaxed SCL), and show that crystallization is BaS ultimate fate, corroborating studies with other substances.   

1. Introduction 

Semiconductors of the barium chalcogenide family (BaS, BaSe, BaTe) 
crystallize in a rock-salt structure. BaS, in particular, has a large band- 
gap and has been considered for several technological applications, 
such as laser diodes, light-emitting diodes, and magneto-optic devices. 
In a previous article, one of us developed and tested a two-body inter-
atomic potential to describe several properties of BaS with great success 
[1]. This interatomic potential describes very well several thermody-
namic quantities, the structural transformation under pressure to the 
cesium chloride structure [1], and the spontaneous homogeneous 
nucleation rate in a supercooled region [2]. 

In this study, we take advantage of this excellent potential and its 

ability to describe nucleation kinetics to advance a further important 
step and compare the times required for the formation of the first critical 
nuclei with the structural relaxation times. Hence, we use BaS as model 
material to unveil the relationships between these two dynamic pro-
cesses. This is an open relevant topic that has been scarcely explored. 
The key issue is to find out whether supercooled liquids (SCLs) relax 
before crystal nucleation is triggered, or if the relaxation and nucleation time 
versus temperature curves crossover at a (so-called) kinetic spinodal tem-
perature, TKS. This is a particularly relevant topic because it could shed 
light on the interplay of relaxation and nucleation. Also, if the existence 
of TKS is confirmed, it would mean that crystallization is indeed the 
ultimate fate of supercooled liquids and glasses. 

Another open question is whether the structural relaxation times can be 
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described through the viscosity via the Maxwell relation. There is signifi-
cant interest by the physics, chemistry, and materials science commu-
nities in these problems, especially in understanding whether the 
relaxation process is related to and can affect the birth of crystalline 
nuclei in SCLs. Although direct experimental observation of these 
quantities is quite difficult, computer simulations can yield valuable 
information regarding these dynamic processes. 

To the best of our knowledge, only a few studies have been carried 
out on this particular problem. For instance, in pioneering work, Saika- 
Voivod et. al. [3] performed molecular dynamics simulations of high- 
density liquid silica in a range of supercooling, in which both the crys-
tallization and characteristic dynamics of the liquid were detectable. 
They found that the supercooled liquid could not be observed at tem-
peratures smaller than TKS, below which the crystal nuclei formed 
before relaxation to a metastable state. 

Ingebritsen et al. [4] have unveiled a mechanism of crystallization in 
multicomponent systems. They found that the supercooled liquid of a 
toy model glass former (Kob-Andersen model) is inherently unstable to 
crystallization, i.e., nucleation is unavoidable on the structural relaxa-
tion timescale, for system sizes of 10,000 particles and larger. This is due 
to compositional fluctuations leading to regions composed of one species 
that are larger than the critical nucleus of that species, which rapidly 
crystallize. They have also shown that the same mechanism relates to the 
metallic glass former copper zirconium (CuZr). Their simulations of the 
KA model and CuZr supercooled liquid indicate that their flaw as a glass 
former, could be active in other mixtures. Local compositional fluctua-
tions lead to regions populated only by one species, which can be larger 
than the critical crystal nucleus size of the one-component system under 
similar conditions. Nucleation in these regions is fast on the timescale of 
these deeply supercooled liquids, apparently requiring little rearrange-
ment of the particles. The same behavior was reported for hard spheres 
at deep supercooling [5,6]. 

At least two other MD simulations of metallic systems have been 
reported on this particular problem. Zhang et al. [7], using an embedded 
atom model for Ni, showed that in a supercooling range of 160 K, 
crystallization of the liquid only occurs after relaxation. In the second 
study, Pang et al. [8] worked with supercooled liquid Cu. They also 
concluded that, in a window of 150 K in the supercooled region, struc-
tural rearrangements were a leading factor before incipient nucleation. 
Hence, both studies obtained similar results showing that, in the 
supercooling regime accessible to their MD simulations (above Tg), these 
systems relax before the beginning of crystallization. 

Regarding experimental studies, in two related projects, Zanotto and 
Cassar [9] and Gupta et. al. [10] using a large thermodynamic and ki-
netic dataset, together with a well-established theoretical model, 
calculated the kinetic spinodal temperature and the Kauzmann tem-
perature, TK (where the entropy of the SCL would be equal to the crystal 
entropy) for the oxide glass-forming systems Li2O.2B2O3 and Li2O.2-
SiO2. They showed that TKS exist for these systems and are significantly 
higher than the predicted TK. Hence, the temperature of entropy catas-
trophe cannot be reached by these supercooled liquids; they would 
crystallize first. Their finding corroborated the simulations results for 
silica of Saika-Voivod et al. [3]. 

Hence, this relevant topic in glass science has not been extensively 
studied and calls for further research to extend, generalize or not the 
findings of the above reported articles. 

To understand and describe the structural relaxation process, it is 
necessary to analyze a massive number of atomic configurations of the 
system as a function of time. An appropriate way to perform this task is 
by evaluating the “intermediate self-scattering function”, which char-
acterizes the density fluctuations of all particles at different times. This 
function can be obtained experimentally, using time-of-flight neutron 
scattering, or by computer simulations. An alternative way to obtain 
details of the relaxation process is through viscosity. The shear viscosity, 
η, and instantaneous shear modulus, Goo, which can also be obtained 
experimentally or by simulations, are connected by the average 

relaxation time through the classical Maxwell relation (τη = η /Goo). 
In this article, we use a successful pair potential to describe barium 

sulfide for determining the intermediate scattering function and the 
shear viscosity as a function of temperature. We aim at evaluating the 
structural relaxation times for this system, used as a model material due 
to its reliable interatomic potential. Then, we compare the average 
relaxation times with the average times needed to form the first critical 
nucleus (determined in our previous publication [2], using the same 
potential) in the same supercooling range. Finally, we extrapolate these 
times to test whether they cross at any temperature range defining a TKS. 

2. Molecular dynamics details 

The present work is partly dedicated to studying the temperature 
dependence of the Self Intermediate Scattering Function. We use mo-
lecular dynamics simulations based on a two-body interaction potential, 
which has been previously proposed by Rino [1]. The model was vali-
dated by successfully comparing some simulated properties with 
experimental values: crystal lattice constant, cohesive energy, bulk 
modulus, and the C11 elastic constant. A more robust validation was 
provided by the experimental agreement of the melting temperature, 
vibrational density of states, and the adequate description of a phase 
transformation induced by hydrostatic pressure: rock-salt to cesium 
chloride structure. Hence, the used potential seems to be quite solid. 

Initially, our BaS was organized as a rock-salt (B1) structure con-
taining 36,000 particles at the experimental density. Periodic boundary 
conditions were applied in all directions. The velocity Verlet algorithm 
was used to integrate the motion equations with a time step of 1.5 fs. The 
initial RS structure at low temperature (50 K) was heated up to 3400 K 
with a heating rate of 20 K/ps. The system was cooled down to 50 K 
using two cooling rates, 20 K/ps and 50 K/ps, from a well-thermalized 
liquid. At each temperature, the system was allowed to thermalize for 
50,000-time steps before computing the average values of the physical 
quantities of interest over additional 50,000-time steps. All simulations 
were done using the LAMMPS package [11] in a NPT ensemble. The self- 
diffusion coefficient, viscosity, and the intermediate scattering function 
were computed for two system sizes, 36,000 and 64,000 particles, and 
no effects were detected for these two box sizes. 

The specific methods and theoretical models used to obtain the 
properties of interest to this research, melting point and relaxation times 
(Tm, τα, τη), are described in the next section jointly with the results. 

3. Results and discussion 

3.1. Melting point 

The melting temperature knowledge is a necessary step to determine 
the supercooled region and calculate crystal nucleation rates. Fig. 1 
shows the volume fraction (V0 is the volume of the system at 0 K) for 
both heating and cooling procedures. Depending on the cooling rate, we 
obtained a recrystallized or a vitreous sample. The melting temperature 
was obtained through the two-phase coexistence method, resulting in 
Tm = 2450 ± 20 K [1]. 

4. Relaxation 

The incoherent intermediate self-scattering function is defined as 

Fs(q, t) = N − 1
α

∑Nα

j=1
〈exp(i q→∙

[

r→α
j (t) − r→α

j (0)
])

〉 (1)  

where Nαis the total number of particles (Ba and S) and r→α
j (t), the 

atomic position of all j particles of species α. The MD trajectories give the 
r→α

j (t) for all particles in the supercooled region at several temperatures. 
Fig. 2(a) and 2(b) show the time dependence of the intermediate- 

scattering function for Ba and S, respectively, for several 
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temperatures. The wave-vector q corresponds to the first sharp diffrac-
tion peak position in the static structure factor, in our case, 3 Å− 1. For 
the barium atoms at temperatures above 1650 K, all intermediate- 
scattering functions decay exponentially. However, for sulfur correla-
tions (Fig. 3), this function shows different behavior. Even at 1700 K, a 

plateau appears around 0.1 ps. As discussed in other publications 
[12,13], this plateau is related to the “cage effect”, that is, in that time 
scale, the S atoms are trapped by their neighbors. Hence, the sulfur 
atoms become ensnared somewhat earlier than the barium atoms. This 
conclusion could be observed more explicitly through the mean squared 
displacement in a log–log scale [14], as shown in Fig. 4. 

At 1550 K, sulfur correlations display a minimum at around 0.1 ps, a 
little earlier than for Ba. For the other two temperatures, 1550 and 1500 
K, the intermediate-scattering functions do not reach zero due to the 
short time scale considered, and the system starts to crystalize. 

The incoherent intermediate-scattering function allows us to deter-
mine the characteristic structural relaxation time, τKWW

α through a 
stretched exponential equation, known as the Kohlrausch–Willian–-
Watts (KWW) function, which provides a good fit to the long-term 
behavior [15]. 

Thus, the KWW function allows us to obtain the α -relaxation time, 
and the factor β is defined by [15] 

FS(q, t) = FS(q, t0)exp[−
(

t − t0

τKWW
α

)β

] (2) 

The instant of reference, t0, was chosen to be 0.54 ps when Fs reached 
the value of 0.2 for the highest temperature; hence β could be deter-
mined unambiguously [15]. Table 1 summarizes the values of α -relax-
ation time, τKWW

α , and the stretched-exponential factor, β, as a function of 
temperature for each species. 

In the whole SCL interval studied, the sulfur atoms always relax later 
than barium. This was an expected result knowing that the sulfur atoms 
become trapped for some time, Fig. 2.b. 

The α -relaxation times and the non-exponential factors, β, are shown 
in Fig. 4 as a function of temperature. As the temperature increases, the 
system relaxes faster, as expected. Even at 1900 K, the system does not 

Fig. 1. Normalized volume as a function of temperature for the heating and 
cooling procedures. This figure shows an overall map of the temperature ranges 
where relaxation and nucleation processes were focused in this research. On 
cooling at 20 K/ps the system crystallizes, whereas at 50 K/ps it vitrifies at Tg 
~ 1070 K (0.44 Tm). The yellow stripe (0.67–0.78 Tm) shows the region where 
spontaneous nucleation was observed in our isothermal simulations after fast 
quenching. Relaxation kinetics were measured in this same tempera-
ture interval. 

Fig. 2. Time dependence of the incoherent intermediate-scattering function at 
five temperatures in the supercooled liquid region for (a) Ba, and (b) S. 

Fig. 3. Mean squared displacements as a function of time for (a) Ba and (b) S. 
Around 0.1 ps, the sulfur atoms display a plateau for low temperature and a 
change in the curve slope for higher temperatures. This behavior was also 
observed for Ba atoms for longer times. 
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show a real exponential decay, the stretched-exponential factor is still 
below 1.00, i.e., β = 0.84. 

Knowing the α -relaxation time and the non-exponential factor 
computed from the KWW equation, we can evaluate the average relax-

ation time, < τα >, through the equation < τα >=
τKWW

α
β Γ

(
1
β

)

[16–18], 

where Γ is the Gamma function. These average relaxation times are 
summarized in Table 2. τKWW

α is the average obtained over seven simu-
lated samples, hence the minimum and maximum relaxation times were 
also determined. 

5. Crystal nucleation 

In a previous work [2], we computed the birth times, τ1, i.e., the 

average time needed for the first critical crystal nucleus to appear in the 
supercooled liquid at any given supercooling. These birth times were 
computed based on the detection and crystal growth process observed in 
atomic configurations in snapshots, using the standard neighbor analysis 
implemented in the OVITO software [19] The number of face-centered 
cubic structures forming as a function of time was identified, and the 
birth time was then determined. This procedure was carried out for 8 to 
15 samples, and the reported birth time refers to the average over all 
samples [2]. 

6. Viscosity 

The shear viscosity of a liquid can be calculated using the Green-
–Kubo relation: 

η =
βV
N

∫ ∞

0
〈Pαγ(0)Pαγ(t)〉dt (3)  

where β = 1/kBT, kB is the Boltzmann constant, V and N are the volume 
and the number of particles in the system, respectively, and Pαγ are the 
off-diagonal, Pxy, Pxz or Pyz, of the stress tensor. The shear viscosity is an 
average over all three off-diagonal terms η = 1

3
(
Pxy+Pxz +Pyz,

)
and 

averaged over six samples. 
The rationale behind these calculations is that average structural 

relaxation times can also be estimated by the shear viscosity, which 
relies on cooperative atomic rearrangements in the liquid. Recalling that 
the Maxwell relation states that the average relaxation time is propor-
tional to the shear viscosity, τη = η /Goo. The shear modulus for BaS glass 
is unavailable, so using MD trajectories, we computed the elastic con-
stants for the crystalline phase [1] and the corresponding elastic moduli, 
resulting in approximately 58 GPa for the shear modulus. As, the infinite 
frequency shear modulus of the isochemical glass is typically similar to 
the crystal, the magnitude of the average structural relaxation times can 
be estimated using the crystal value. This part of this work is also vital 
because many experimental studies rely on the shear viscosity to 
describe structural and stress relaxation times, however, this topic is 
currently still under debate. 

Defining the atomic relaxation time as the arithmetic average be-
tween Ba and S atoms’ relaxation times, we compare all these relaxation 
times and nucleus birth times in Table 2. Once we have all the fitted 
parameter for Eq. (2), we computed the time, τ99.9%, needed for the 
system to relax 99.9%. Table 2 also display this time, τ99.9%. 

Fig. 5 shows the average relaxation times computed from the inter-
mediate scattering function,< τα > and from Maxwell relation, τη. In the 
supercooled region studied, τη are approximately 5 to 6 times smaller 
than < τα >, and this difference increases with decreasing temperature. 
Such difference is clearly shown in Fig. 5. 

These two types of relaxation times were fitted with the Waterton 
[20] / Mauro–Yue–Ellison–Gupta–Allan (MYEGA) [21] equation: 

log10(η) = log10(η∞)+
E
T

exp(A/T) (4) 

Fig. 4. Structural relaxation time and the stretched-exponential factor, β, as a 
function of temperature in the SCL region. 

Table 1 
Average structural relaxation times, τKWW

α – and the stretched-exponential fac-
tors, β, calculated from the KWW fitting for each atomic species.  

T (K) τKWW
α – Ba (ps)  β – Ba R2 χ2 

1650 1.059 ± 0.005 0.761 ± 0.003  0.998  0.001 
1700 0.878 ± 0.004 0.763 ± 0.002  0.998  0.001 
1800 0.718 ± 0.004 0.798 ± 0.004  0.997  0.001 
1850 0.647 ± 0.005 0.805 ± 0.005  0.996  0.001 
1900 0.605 ± 0.005 0.833 ± 0.006  0.996  0.001  

T (K) τKWW
α – S (ps)  β – S R2 χ2 

1650 1.052 ± 0.004 0.766 ± 0.002  0.999  0.001 
1700 0.895 ± 0.004 0.773 ± 0.002  0.998  0.001 
1800 0.732 ± 0.003 0.800 ± 0.003  0.998  0.001 
1850 0.664 ± 0.004 0.827 ± 0.005  0.997  0.001 
1900 0.618 ± 0.004 0.852 ± 0.005  0.997  0.001  

Table 2 
Average birth times and average relaxation times for BaS estimated in two 
different ways—from Maxwell relation (τη), and from the intermediate scat-
tering function (τKWW

α ). The time for the system to relax 99.9% is also displayed.  

T(K) Average 
birth 
timeτ1 

(ps) 

α -relaxation 
timeτKWW

α 
(ps)  

Average 
relaxation 
time< τα >

(ps)  

From 
Maxwell 
relationτη 
(ps) 

Time to 
relax 
99.9% 
Τ99.9% 
(ps) 

1650 120 ± 50 1.03 ± 0.02 1.21 ± 0.02 –  7.9 
1680 170 ± 60 0.95 ± 0.02 1.11 ± 0.02 0.36 ± 0.02  – 
1700 270 ± 70 0.89 ± 0.02 1.04 ± 0.02 0.34 ± 0.02  5.6 
1800 – 0.73 ± 0.01 0.82 ± 0.01 0.30 ± 0.02  4.1  
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where E, A, and η∞are adjustable parameters obtained from the re-
gressions with equilibrium viscosity data. The MYEGA equation is likely 
to give a better estimate at deep supercooling than other viscosity 
models [16]. 

The birth times can be readily extrapolated to lower temperatures 
because in ref. [2] we have already determined the temperature 
dependence of the homogeneous nucleation rates, Jss = 1/τ1V [2]. The 
nucleation rates were fitted with the Classical Nucleation Theory (CNT) 
expression: 

Jss
̅̅̅̅
T

√

D
= AẤexp(− B*

1
TΔG2) (5)  

where Á and B are fitting parameters, which are related to the pre-factor, 
the nucleus shape and the interfacial free energy, respectively [2], and D 
is the diffusion coefficient. 

Previous MD simulations [2] also yielded the diffusion coefficient as 
a function of temperature, hence the Jss(T) curve could be obtained 
(Fig. A1). Therefore, by inverting Jss(T), the birth times [τ1 = 1/ 
(VJss(T)); V = box volume], could be extrapolated to lower tempera-
tures. The parameters in the MYEGA expressions were determined using 

all MD values calculated for the equilibrium shear viscosity from 2100 K 
to 1680 K. 

Fig. 6 summarizes the main results of this article. It displays the 
average nucleus birth times for different system sizes, the two relaxation 
times (< τα >, τη) and their corresponding extrapolated curves down to 
a very deep supercooling, using the MYEGA approach. 

We provide detailed information on all the fitting parameters in the 
Appendix. 

The τη relaxation times obtained from the Maxwell relation were also 
fitted with the MYEGA equation, however, the extrapolated τη never 
crosses the τ1 curve. On the other hand, using the same equation, the 
average α -relaxation times, < τα >, crossed the extrapolated birth time 
curve at TKS = 810 K, corresponding to 0.33 Tm. In this case, a very small 
simulation box, V = 1.28×103 nm3 at 1000 K (36,000 particles), was 
used. The equation τ1 = (Jss.V)− 1 indicates that for any larger simulation 
box, τ1 would be even smaller, i.e., the two curves would cross at an even 
higher TKS, even surpassing Tg. 

It is important to mention that, in the intermediate supercooling 
range above Tg directly probed by MD, the shear viscosity (Maxwell) 
relaxation times are 5–6 times shorter than the intrinsic structural 
relaxation times, and this difference increases with decreasing temper-
ature. This finding corroborates two detailed, recent experimental studies 
on the relaxation kinetics of Jade glass [16] and lead metasilicate glass 
[17]. In other words, the use of shear viscosity and the Maxwell equation 
underestimates the actual structural relaxation times. 

However, due to the above-mentioned problem, even if we leave the 
viscosity relaxation aside, due to the long extrapolations of < τα > and 
τ1, and the volume dependence of τ1, the exact location of TKS is un-
certain. However, our results indeed indicate that the average structural 
α -relaxation times eventually cross the nucleation birth time curve. 
Therefore, only for T < TKS, crystal nucleation would take place before 
structural relaxation. At higher temperatures, relaxation takes place 
simultaneously or before the birth of the first critical nucleus. Fig. 6 
further shows that, in the supercooling range (0.67–0.70Tm) probed by 
MD, the times necessary for the birth of the first crystal nucleus are over 
two orders of magnitude longer than the average relaxation times. We 
also calculated the times necessary for 99.9% relaxation; they are only 

Fig. 5. Comparison of the average relaxation times calculated from the inter-
mediate scattering function via the KWW expression, and obtained from the 
shear viscosity and shear modulus via the Maxwell relation. 

Fig. A1. Homogeneous nucleation rates, Jss, obtained from MD simulations 
(red circles) and extrapolation using a CNT fit (open blue circles) to shallow and 
deep supercoolings. 

Fig. 6. Logarithm of the average nucleation birth times, τ1, fitted with the CNT 
(see Appendix), and relaxation times estimated via the intermediate scattering 
function, < τα >, and via viscosity, τη, and the respective fittings with the 
MYEGA equation. The vertical band depicts the glass transformation range (Tg) 
for the cooling rate used, 0.83 K/ps. The TKS, where the birth times and the 
structural relaxation times cross, vary with the system volume. It covers a wide 
range from above to below Tg. Here τ1-64 k and τ1-64000 k mean the birth time 
for a system with 64,000 and 64,000,000 particles, respectively. For a system of 
64,000 particles (V ~ 2.4x106 nm3) and above, TKS > Tg. 
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5.0–6.5 times longer than the average relaxation times and still much 
shorter than the times to form the first nucleus. 

This means that the structural relaxation process does not play a 
significant role on the nucleation kinetics of the SCL in this temperature 
range, which supports the nucleation theories. Most models assume that 
nucleation takes place in a fully relaxed SCL. However, depending on the 
system size, for understanding and describing crystal nucleation at 
deeper supercoolings, we must necessarily take the relaxation process 
into account. And this is exactly what was shown in two recent studies 
[22,23]. Finally, the findings of this work demonstrate that the fate of 
this metastable supercooled liquid and its derived (unstable) glass, 
before or after relaxation, is to crystallize in a finite time [24,25], 
becoming a thermodynamically stable material. In other words, after the 
first crystal nucleus overcomes the thermodynamic barrier and forms, 
crystal growth takes place spontaneously leading to full crystallization 
after some time. For crystal growth there is no longer a thermodynamic 
barrier, only the kinetic barrier remains. 

This interplay between relaxation and crystal nucleation is an 
essential feature of the glassy state and warrants further studies with 
other systems and other approaches to generalize them. 

7. Conclusions 

We demonstrated that the relaxation times calculated from the shear 
viscosity are shorter than the structural (α -relaxation) times, confirming 
two recent experimental studies with different materials. Therefore, the 
use of shear viscosity to infer structural relaxation times, as is frequently 
done in experimental studies, only gives a lower bound. 

Another relevant finding is that the structural relaxation time and 
nucleus birth time curves indeed cross at a TKS, which can be above or 
below the glass transition temperature, depending on the system size. 
For experiments at temperatures below TKS, crystal nucleation starts 
before relaxation, whereas above it, the system relaxes (the metastable 
SCL state is reached) before the nucleation process is triggered. There-
fore, depending on the supercooling probed, structural relaxation can 

significantly affect the crystal nucleation process. Hence, TKS’ existence 
challenges a fundamental assumption of nucleation theories–that crystal 
nucleation always takes place in a fully relaxed SCL–and shows that, in 
general, relaxation should be considered in theoretical models for an 
accurate description of nucleation kinetics. 

This work sheds light on some relevant and still obscure aspects of 
supercooled liquid and glass dynamics. They show that structural 
relaxation and crystal nucleation can interplay in a wide temperature 
range and indicate that BaS glass’s ultimate fate is crystallizing, 
corroboration results for other substances. 
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Appendix 

The relaxation times calculated from the KWW function and viscosity using the Maxwell relation, were obtained at four temperatures. These 
relaxation times were fitted with the MYEGA equation, Eq. (4). Table A1 below summarizes the values of all fitted parameters for this equation. 

The extrapolation of the birth times, τ1, to deep supercoolings, was done as follows: 
Molecular dynamics simulation provided the melting temperature, nucleus birth times, τ1 (T), enthalpy, self-diffusion coefficient, viscosity as a 

function of temperature. Knowing 
τ1 (T), we computed the homogenous nucleation rates, Jss. Assuming that the homogenous nucleation rate can be described by the Classical 

Nucleation Theory (CNT), and assuming that the driving force is given by ΔG = ΔH
V

(
Tm − T

Tm

)

, Jss
̅̅̅
T

√

D was plotted as a function of 1
TΔG2. This curve was fitted 

by the CNT expression Jss
̅̅̅
T

√

D = Aexp(− B* 1
TΔG2). The fitted parameters A and B are A = 0.12805 and B = − 0.10577, with a coefficient of determination 

R2 = 0.992. 
From the fitted equation and the diffusion coefficient as a function of temperature, it was straightforward to obtain the homogeneous nucleation 

rate for all temperatures, as shown below. As Jss = 1/(τ1V), inverting it we obtained τ1for a whole supercooling range, Fig. 6. In this particular case, for 
a system with 36,000 particles, the box volume, due to thermal expansion, is in the range of 1.28×103 nm3 ≤ V ≤ 1.45×103 nm3 for temperatures 
ranging from 1000 K to 1900 K. 

Data Statement 
Any data can be provided upon request. 
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