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ABSTRACT: The origin of the astonishing properties of
recently discovered ultrastable nanoglasses is presently not
well understood. Nanoglasses appear to exhibit density

variations not common in bulk glasses and differ
significantly in thermal, magnetic, biocompatible, and
mechanic properties from the bulk materials of the same
composition. Here, we investigate a generic model system
that permits modeling of both the physical vapor deposition
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process (PVD) of the nanoparticles and their consolidation into a nanoglass. We performed molecular dynamics
simulations to investigate the PVD process generating nanometer sized noncrystalline clusters and the formation of the

PVD nanoglass when these nanoclusters are consolidated. In agreement with the experiments, we find that the resulting
PVD nanoglass consists of two structural components: noncrystalline nanometer sized cores and interfacial regions that

are formed during the consolidation process. The interfacial regions were found to have an atomic structure and an internal

energy that differ from the structure and internal energy of the corresponding melt quenched glass. The resulting material
represents a noncrystalline state that differs from a bulk glass with the same chemical composition and a glass obtained

from nanoparticles derived from the bulk glass.
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crystalline materials such as metal, semiconductors or

ceramics, in large part because it is possible to control
their properties (e.g, mechanical strength, electric conductivity,
optical properties, efc.) by either modifying their chemical
microstructure (eg., by introducing different phases, by varying
their chemical compositions, efc.) or by the controlled
introduction of lattice defects (such as intercrystalline
interfaces, dislocations, efc.) or by both.' In most glassy
materials, comparable structural modifications are not possible.
At present, glasses are most frequently produced by cooling the
melt, and hence, they essentially inherit its atomic structure.
Nanoglasses are a new class of noncrystalline solids which are
synthesized by consolidating nanoparticles obtained by physical
vapor deposition or sputtering into a bulk material' ™ to
generate a new kind of noncrystalline solids that permit the
controlled modification of the defect and/or the chemical
microstructures of noncrystalline solids by methods that are
comparable to the methods used today for crystalline
materials.”~® Figure 1 illustrates schematically similarities and
differences between nanocrystalline and nanoglass materials. A
melt (Figure 1a) solidifies into a single crystal, which can be
processed into crystalline nanopartides (Figure 1b) that have
the same internal structure as the crystal. These nanoparticles
can be consolidated (Figure 1c) into a material with a high
density of defects in the form of incoherent interfaces (Figure
1d). In analogy, nanometer sized glassy particles obtained from

T oday’s technologies are based to a large extent on

a PVD process (Figure le) are consolidated (Figure 1f) into a
bulk material.°™® In contrast to crystalline materials, it is
presently unclear how the characteristics of the resulting
noncrystalline material (Figure 1g), called nanoglass, differ
from the corresponding bulk glass. In the crystalline material,
the difference in the lattice orientation of different grains
prevents their consolidation into a homogeneous single crystal,
but there is no corresponding long range order in glasses.
Nevertheless, studies of the atomic and the electronic structure
of a variety of metallic nanoglasses (for reviews, we refer to refs
1—4) support a structural model suggesting that nanoglasses
consist of two kinds of noncrystalline regions: glassy regions
resulting from the consolidated nanometer sized glassy clusters
(Figure 1f) and interfacial regions between these consolidated
glassy clusters (green regions in Figure 1g). The heterogeneous
granular structure of nanoglasses is accompanied by a number
of remarkable material properties, such as thermal ultra
stability,” enhanced magnetic properties,'’ improved biocom
patibility,'" and an enhanced thermal stability of the amorphous
interfaces between the amorphous regions in the nano
gasses'll,l:i
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Figure 1. Schematic analogy between the defect and the chemical microstructures of nanocrystalline materials and nanoglasses: (a) melt, (b)
single crystal nanoparticles, (c) consolidation process, and (d) the microstructure of nanocrystalline materials is stabilized by the crystal
orientation of the different grains; (e) glassy nanoparticle, (f) consolidation process, and (g) the mechanism for the stabilization of distinct

phases in nanoglasses is unknown.

There is presently no conceptual framework or model to
explain these unusual properties of nanoglasses. Simulations of
model systems which permit detailed characterization of each

step of the process may offer insights into the mechanism that

are presently difficult to obtain experimentally. However,
molecular dynamics simulations of nanoglasses with realistic

interatomic potentials struggle with the long time scales and
have, to date, not been able to reproduce the experimental
results reported above, in particular with regard to the existence
of a second, stable glassy phase in the interfacial regions
between the grains.'”"> It has been a fundamental assumption
of previous simulation studies that samples derived from bulk
glasses have been used as a source of material for the glassy
grains. In this study, we go beyond this assumption and
investigate a model that incorporates the preparation process of
the nanoparticles and their consolidation into the bulk
materials. As will be shown below, both the properties of the
amorphous nanoparticles from which the PVD nanoglass is
formed and the interfacial regions differ from those of bulk
glasses of the same composition. Our model is motivated by
recent studies of ultrastable bulk glasses,16 which suggest that
enhanced surface mobility in the physical vapor deposition
(PVD) process may change the properties of the nanoparticle
cores in comparison to bulk glasses with the same composition.
When these cores are consolidated into a bulk material, the
large surface to volume ratio of the nanoparticles results in
fundamental changes in the properties of the consolidated
material.

RESULTS AND DISCUSSION

In the following, we investigate a Kob—Andersen model
system,'” with a computational protocol that mimics the
preparation processes of PVD nanoglasses: (i) condensation of
nanoparticles from a gas phase and (ii) consolidation of the
nanoparticles into the nanoglass in order to study structure and

thermal stability of the nanoglass. To simulate the PVD
condensation of nanoparticles from the gas phase, a molecular
dynamics deposition protocol is applied in which new atoms of
the Kob—Andersen AB mixture with a ratio of 80/20 are
continuously added to the simulation box at random positions
to represent the gas phase (for details see Methods). The atoms
subsequently attach at the free surface of a spherical
nanoparticle (formed at early stage of the deposition process)
until the resulting nanoparticle has achieved a size of ~30 000
atoms. This size corresponds to cluster radius ~20 in
dimensionless units or roughly 44 nm when converted to a
comparable physical system. For comparison, we also prepared
with the same composition the atomic structure of a bulk glass
consisting of 10000 atoms. Figure 2 shows the average
potential energy per atom of the nanoparticles as a function of
the deposition temperature and potential energy per atom of
bulk glass as a function of the final temperature of the cooling
process. Due to a strong segregation of the A atoms at or near
the cluster surface, the chemical composition of the nano

particles in the central region is roughly A;,B,; and hence
differs from the AgyB,, composition of the gas phase. In
addition, Figure 2 also displays the data for a bulk glass
prepared with a composition A,B,;. This composition
corresponds roughly to the composition of the interior of the
nanoparticles at temperatures above the glass transition
temperature. Figure 2 shows that the nanoparticles have
lower potential energy per atom in comparison to the
corresponding bulk glass.

Typical radial profiles of composition and potential energy
per atom in the nanoparticles are shown in Figure 3. We
observe a monotonic increase of the potential energy from the
center of the nanoparticle to the outside. The central region of
the cluster is characterized by a nearly constant potential energy
which is below the potential energy of the corresponding bulk
glass (cf Figure 2). In the vicinity of the cluster surface, a steep
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Figure 2. Potential energy for bulk glass at different final
temperatures of the cooling process in comparison to PVD
nanoparticles at different deposition temperatures.

increase of the potential energy is observed. This increase is
accompanied by a compositional change. In fact, the fraction
ca(r) of A atoms approaches 100% at the free surface. We use
the onset of the increase of the potential energy to define a
radius R that divides the nanoparticle into a core region with r
< R, and a surface region with r > R.. As may be seen from
Figure 3, the increase of c,(r) consists of two slowly varying
regions with a crossover in the first half of the surface region (r
> R..) followed by a saturation in the outermost shell.

In the subsequent step of the simulation, the nanoparticles
(prepared at the deposition temperature T = 0.32) were
consolidated at a pressure of p = 1.5 into a nanoglass, which
corresponds to the consolidation procedure used in the
experimental studies to prepare PVD nanoglasses. The
simulation box before and after consolidation is shown in
Figure 4. For visualization of the simulation results, the atoms
in the core and the surface regions of the nanoparticles are
labeled in red (core atoms in Figure 4) and blue or green
(atoms in the surface regions, Figure 4). As may be seen from
Figure 4, no significant diffusion occurs between the core and
surface regions during or after the consolidation process.
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The density and the volume fraction of the nanoparticle
cores and of the interfacial regions formed during consolidation
were computed by means of a Voronoi tessellation. Figure 4
shows the density within the cores and within the interfaces
during the consolidation process. In fact, as far as the evolution
of the densities in the core and the interfacial regions during
consolidation are concerned, three stages (labeled sy, s,, s; in
Figure 4) may be distinguished. In the first stage, s;, when the
pressure increases linearly from p = 0 to p = 1.5, the outer shells
of the nanoparticles start to form amorphous interfaces. The
average density of these interfaces rapidly increases, while the
density of the cores increases far less. In the second stage, s,,
when the system is equilibrated at a pressure of p = 1.5, the
density of cores remains unchanged, and the density of the
interfaces increases slightly by atomic rearrangements that close
the small holes that have remained after the stage s;. However,
at all times, the density of the interfacial regions remained lower
that the density of the cores. In stage s;, the pressure is relaxed
linearly to p = 0 and the densities of cores and the interfaces
decrease uniformly by approximately the same amount. Finally
(after the relaxation of the stage s;), the system was equilibrated
for 10 times the simulation time of the entire consolidation
process. The difference in the density between the amorphous
grains and the amorphous interfaces remains stable throughout
this phase of the simulation.

To investigate the thermal stability of the bulk glass in
comparison to the PVD nanoglass, both structures were
incrementally heated mimicking the experimental differential
scanning calorimetry process. The resulting enthalpy data were
fitted to an analytical expression (see Supporting Information)
to obtain the heat capacity shown in Figure S. When the
temperature was increased, a phase transition was observed, as
indicated by a peak in the heat capacity (Figure S). Table 1
shows the onset temperature T,, the peak temperature T, the
width 6, of the temperature range in which the phase transition
takes place, and the enthalpy AH, defined as the integrated
specific heat over the peak region, of the phase transition.
Clearly, the onset temperatures and the temperatures of the
peaks of the heat capacity of the bulk glass and of the PVD
nanoglass differ. In fact, the bulk glass is found to be less stable
than the PVD nanoglass. At the same time, the highest value of
AH , accompanied by the largest width o, of the transition
temperature, of the PVD nanoglass is almost two times wider
than the one of the bulk glass. To unequivocally demonstrate
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Figure 3. Radial profiles of potential energy and composition in a nanoparticle prepared by vapor deposition (in the right panel: blue circles/
green triangles correspond to the concentration of A/B atoms, respectively). Inset in the left panel shows a cross section of the nanoparticle
with red atoms representing the core and blue atoms representing the shell.
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Figure 4. Consolidation of nanoparticles into a nanoglass and evolution of the density of core (grains) and shell (interfaces) groups of atoms
during consolidation and during the subsequent equilibration. The red atoms show both A and B atoms in cores. The blue color indicates the
A atoms within the shells, and green color corresponds to the B atoms within the shells. The right panel shows the density of the central
region and interface region in red/blue, respectively. The density of the bulk glass is given by the dashed line for reference.
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Figure 5. Left: enthalpy of the glass cooled from the melt (red), the bulk derived nanoglass (green), and the PVD nanoglass (blue). The inset
shows the deviation of the ratio of the enthalpy of the bulk derived nanoglass and the PVD nanoglass relative to the bulk glass (positive
deviations indicate a lower energy). Right: heat capacity of bulk glass, PVD nanoglass, and bulk derived nanoglass as a function of

temperature.

Table 1. Transition Temperature T, Heat of Transition AH
(See Definition in Text), Width 6, of the Temperature
Range, and the Onset Temperature T,

T, AH [ T,
bulk glass 0.418 0.066 0.017 0.343
bulk-derived nanoglass 0.425 0.103 0.015 0.361
PVD-nanoglass 0.442 0.194 0.027 0.371

that these features arise as a result of the PVD process, we have
prepared nanoparticles of the same size and composition by
cutting the bulk glass into fragments, which were then
subjected to the same consolidation process as the PVD
nanoparticles. Figure S2 shows the evolution of the densities
during the consolidation of amorphous particles derived from
the bulk. The resulting material, called bulk derived nanoglass,
features a variation in density of 0.86% that is more than 10
times smaller than in the case of PVD nanoparticles where the
variation is 10.9%. The existence of the small density variation
in the bulk derived nanoglass can be attributed to a limited
reorganization of atoms at the surface of the nanoparticles

derived from the bulk glass. Along with the small density

variation, the reorganization has an effect of decreasing the
enthalpy of the bulk derived nanoglass compared to the bulk
glass. We have investigated the bulk derived nanoglass only to
demonstrate that the enthalpy of the PVD nanoglass cannot be
reached when bulk derived glass fragments undergo the same
process that we used to simulate the consolidation of the PVD
glass particles to the bulk material (see Figure S). To our
knowledge, there is no experimental protocol to break the bulk
glass into nanoparticles while preserving its structure, and
therefore, the bulk derived nanoglass has no experimental
counterpart. Table 1 shows that the consolidation at the high
pressure leads to an increase in the heat of transition AH, as
defined above, but does not lead to the thermal ultrastability as
the transition temperature T, only slightly differs from the
value of the bulk glass. These finding demonstrate that both the
interior of the cores and the interfacial regions in PVD
nanoglasses differ from their bulk glass counterparts.

Using molecular dynamics simulations, we have investigated
(1) the mechanism by which nanoparticles are formed during a
PVD process and (2) the processes that result in the formation
of a PVD nanoglass when these nanoparticles are consolidated.



In agreement with the experimental observations, our results
indicate that the resulting PVD nanoglass materials comprise
two structural components, cores resulting from PVD process
(high density region) and interfacial low density regions
separating the cores. We stress that the label high and low
density refer to the relative density of the two regions in the
nanoglass. In our study, the density of the high density regions
in the nanoglass is higher than that of a bulk glass with the same
overall composition as the nanoglass, but it is possible that this
order of densities is different in experimental realizations of the
system. However, both in our model and experiment, the low
density phase has a lower density than bulk glass to the same
overall composition. This low density phase delocalizes during
consolidation to fill all the available volume in the interstitial
regions (see movie in the Supporting Information). The results
of the simulations reported here thus agree with the results of
recent studies on nanometer sized glassy clusters as well as with
studies on several metallic nanoglasses. Mapping of the
chemical composition of Sc;sFe,s nanoparticles by means of
STEM indicated (see Figure $4 in supplementary information
to ref 12) the surface regions were found to be enriched in Sc.
The reduced density and the width of the interfacial regions of
nanoglasses have been studied by SAXS and HRTEM, as well
as PAS for ScFe and for AuCuSiAIPd nanoglasses.g']3 In fact,
the observed reduced interfacial density'” and interfacial widths
agree well with our model.

In our model for the PVD nanoglass, both the nanoparticle
cores and interfacial regions differ from their bulk equivalents:
Figures 4 and 5 indicate that the PVD growth process of
nanometer sized clusters results in a noncrystalline structure
which differs from the structure obtained by quenching the bulk
melt. It is presently not known whether this is the case for the
experimental realizations of nanoglasses. In the model, this
effect results from the deposition procedure, which is not
accessible by quenching the melt. The packing of the
nanoparticle cores is analogous to recent PVD experiments,
which create glassy materials of organic molecules with
extraordinary thermodynamic and kinetic stability. The elastic
moduli of these so called ultrastable organic glasses exceed
those of ordinary glass by up to 19%.'® Matrix assisted pulsed
laser evaporation has been used to form ultrastable, nano
structured glassy polymer films which, relative to the ordinary
glass, are 40% less dense, have a 40 K higher glass transition
temperature, and exhibit a 2 orders of maggnitude enhancement
in kinetic stability at high temperatures.'””” These exceptional
properties are not limited to organic materials. Recently, also
ultrastable metallic glasses with an enhanced thermal stability, a
higher glass transition temperature, and an enhanced elastic
modulus were created by vapor deposition.”’ Numerical
simulations'® using binary model system'” confirm the
hypothesis that the ultrastability of these systems results from
the enhanced surface mobility of the constituents during
deposition. The same seems to apply to the different thermal
stability of nanoglasses in comparison to melt quenched glasses
with the same chemical composition. DSC studies of
AuCuSiAIPd nanoglasses™ revealed an enhanced thermal
stability of the nanoglass. For example, the crystallization
temperature of the nanoglass was about 25 K higher.

These observations suggest a mechanism for the stabilization
of the glass—glass interfaces in Figure 1g. The interfacial regions
are formed during the consolidation process and remain stable
because the PVD process leads to ultrastable particles with a
variation of the composition. The segregation of the A atoms to

the surface of nanoparticles (see Figure 3) is a universal

consequence of the difference of interaction energies between
the different components of the glass, but this does not result in

complete demixing. In a finite nanoparticle, the overall free
energy of the particle will be lower, when strongly interacting

particles aggregate preferentially in the core (many neighbors).
This effect is a result of the deposition process creating the
particles and has no equivalent when quenching the melt into a
bulk glass. This variation in stoichiometry is the equivalent to
variation of long range lattice orientation in adjacent grains that
stabilizes grain boundaries in crystalline materials (Figure 1d).
It also explains why the stable interfacial regions observed in
this investigation differ from those of simulations starting from
bulk glasses: In the latter, only the short range order of the
glass is perturbed through the introduction of grain boundaries,
which comprise a much smaller fraction of the material than
observed in nanoglasses. In nanoglasses, the surface material
delocalizes to fill the entire free volume in the consolidation
process, in a framework provided by the nanoparticle cores (see
movie in Supporting Information). As a result, the nanoglass
consists of two regions, the high density region comprising the
former nanoparticle cores or some fraction thereof and the
novel low density region filling the interfaces. The reduced
density at the interfaces does not automatically lead to an
overall reduced density of the nanoglass, which will depend on
the consolidation condition and final volume fractions of the
low density and high density regions.

Our results explain why prior molecular dynamics
simulations could not observe the density variation character
istic of PVD nanoglasses observed in experiment. In
simulations of Cu—Zr glasses, an internal interface generated
by joining two planar surfaces derived from bulk glasses, the
interstitial material in the interface allows for shear band
formation at lower stress compared to a bulk glass sample,"” in
contrast to experimental observations. In the context of our
model, these systems correspond to bulk glass derived
nanoglasses that have different froperties than PVD nano
glasses. In these systems, the glass—glass interfaces act as
structural heterogeneities, which promote shear band formation
and prevent strain localization.”

CONCLUSION

In summary, the present model offers a mechanism for the

existence of two stable phases with different densities in
nanoglasses consolidated from nanoparticles obtained from

vapor deposition. The simulations agree with experimental
observations that indicate that the unusual properties of PVD
nanoglasses obtained by consolidating nanoparticles' seem to
result from the properties of the core as well as from the
properties of interfacial regions. According to the results
obtained (Figures 4 and $S), the density and internal energy of

the interfacial regions differ from the ones of glasses (with the
identical chemical composition) prepared by quenching the

melt. This difference may be rationalized by the boundary

conditions of the two regions: the presence of an interface to
the vacuum of the isolated nanoparticles results in a different
composition near the surface. Similarly, the cores of the
nanoparticles impose boundary conditions on the atoms
situated in the interfacial regions between these nanoparticles,
which differ from the boundary conditions in a bulk glass. Our
simulations suggest that the high surface to volume ratio of the
nanoscale environment provided by the nanoparticle cores
stabilizes a free energy minimum in the interfacial regions that



cannot be achieved when a bulk glass with the same chemical
composition is produced by quenching the melt. To
demonstrate that the interfaces of a nanoglass present a unique
thermodynamic state, we have prepared body centered, face
centered and simple cubic arrangements of the nanoparticles
with different volume fractions of interfacial regions. As
indicated by Table 2, the potential energy and density of the

Table 2. Properties of the Interfacial Regions of Nanoglasses
in Comparison to the Bulk Glass of the Same Composition

interfaces in interfaces in interfaces in AgByy
“sc” “bec” “fec” bulk
PVD-nanoglass PVD-nanoglass PVD-nanoglass  glass
potential 7.52 749 7.50 7.38
energy per
atom
density 1.09 1.08 1.09 1.07

interfacial material is the same for all three arrangements,
indicatinfg that there is a proximity effect resulting in a stable
state of the interfacial material with a unique chemical
composition. In this study, we have focused on the enhanced
thermal stability of the PVD nanoglass and the computational
results agree with the experimental data on nanoglass
ultrastability. In our model, the enthalpy of the nanoglass is
lower than the enthalpy of the bulk glass despite the added free
volume that arises through the condensation process. This is in
contrast to the expected behavior of the uniform bulk glass,
where more free volume will lead to higher energy.

While the present model thus agrees in several important
aspects with experimental observations, it has limits in the

description of the electronic structure which may differ in the

different phases, leading to magnetism and other effects that
cannot be treated in a purely classical model. Experimental

studies on several metallic nanoglasses indicated that the core
regions and the interfacial regions of nanoglasses differ not only
as far as their atomic structure is concerned, but also in terms of
their electronic structure. In the interfacial regions, a reduced s

electron density, a different hyperfine field, differently sized
ferromagnetic clusters, an enhanced Curie temperature, ‘and an

enhanced plasticity have been observed.'”*>™° As differences
in the electronic cture between the core and the interfadal
regions modify the interatomic interactions, modeling of these

effects is bagnd the approximations used in the studies
reported in this paper.

METHODS

Molecular Dynamics Simulations. Molecular dynamics simu
lations are performed using LAMMPS™ software package available at
http://lammps.sandia.gov. Lennard Jones parameters for Kob—
Andersen mixture are €44 = 1, 05, = 1, €45 = 1.5, 045 = 0.8, &35 =
0.5, oy = 0.88. The masses of the atoms are m, = 1 and my = 1. The
Boltzmann constant is kg = 1. The length is measured in 6, and the
energy is measured in &€,. The dimensionless time unit is equal to

o= mAzr,z‘/eA Vg 1. We use cut off distance 2.5 for the Lennard

Jones potential and the time step At = 0.005. The temperature and
pressure are controlled by a Nose Hoover thermostat with damping

parameter 100At and barostat with damping parameter 1000At.
Bulk Glass. To prepare bulk glass, we simulate a rapid cooling in

NPT ensemble. After an initial equilibration at a high temperature T,
=09 for 10° time units, i.e, 2 X 10° MD steps, the system is cooled
down to final temperature T, with cooling rate 10~ followed by final
equilibration at T for 10° time units.

Vapor Deposition. The vapor deposition protocol is applied to
gow a film (Eeriodic boundary conditions are applied in x and J

rections and repulsive walls in z direction) or a nanoparticle
(repulsive walls in all direction). A number of new atoms is added
in regions which are separated from the rirowing film or the growing
nanoparticle by at least 1.2 and the width of the regions is I.3. The
positions of the repulsive walls are adjusted accordingly and the size of
the simulation box grows during the deposition. For each deposition
step, we perform 2 X 10° MD steps (10* time units) at constant
volume and temperature T, After the required total number of atoms
is deposited by the sequence of many deposition steps, we run NVT
equilibration at temperature T, for 10* time units, ie, 2 X 10° MD
steps.

Nanoglass Consolidation. Consolidation of nanoparticles into
the nanoglass is simulated in NPT ensemble at temperature T, and
includes several stg;:as at different values of the pressure. First ste
consists of 2 X 10° MD steps (10° time units) at pressure linearly
increasing from p = 0 to p = 1.5. Second step is the equilibration at p =
1.5 for 2 X 10° MD steps (10° time units). On the last step, we relax
the pressure linearly from p = 1.5 to p = 0 for 2 X 10° MD steps (10°
time units). After the consolidation is done, we equilibrate the system
for several 10* time units, .., several 10° MD steps at T = Toand p =
0.

Thermal Stability. The thermal stability of the structures is
analyzed by a sequence of NPT runs at the pressure p = 0 and
increasing temperature. First, equilibration run at temperature T, for
100 time units (2 X 10* MD steps) is simulated followed by heating
run from T, to Ty = Ty + AT for 100 time units. Then, we repeat
equilibration at T; and heating to T}, + AT with AT = 0.0125. During
the equilibration runs, we collect average value of the enthalpy per
atom. The obtained set of points T, H; is fitted to approximate
function H(T) and heat capacity C, is determined as C, = 0H/dT.

Size Estimates. The parameters of the Kob—Andersen model
system are dimensionless. To simplify the comparison of the
simulations results to the experimental data, the order of magnitude
of corresponding physical systems can be obtained with size
parameters £,, = 0.2 eV, 6,4 = 22 A, and m, = 58.69 u, which
results in a unit time of 0.4 ps. The physical temperature, pressure, and
density scales corresponding to the reduced units in the model are
then 2321 K, 2.9 GPa, and 8.8 g/cm’, respectively.
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