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ABSTRACT: While accurate measurements of MgO under extreme high-pressure conditions
are needed to understand and model planetary behavior, these studies are challenging from
both experimental and computational modeling perspectives. Herein, we accelerate density
functional theory (DFT) accurate calculations using deep neural network potentials (DNPs)
trained over multiple phases and study the melting behavior of MgO via the two-phase
coexistence (TPC) approach at 0—300 GPa and <9600 K. The resulting DNP—TPC melting
curve is in excellent agreement with existing experimental studies. We show that the mitigation
of finite-size effects that typically skew the predicted melting temperatures in DFT—TPC
simulations in excess of several hundred kelvin requires models with ~16 000 atoms and >100
ps molecular dynamics trajectories. In addition, the DNP can successfully describe MgO
metallization well at increased pressures that are captured by DFT but missed by classical

9
&

Pressure

o
L

Downloaded via UNIV OF PITTSBURGH on October 12, 2023 at 00:04:37 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

interatomic potentials.

To discern the planetary behavior of Earth and other
planets within and beyond the solar system, it is
important to understand magnesium oxide (MgO), one of
the most abundant components in the interiors of these
heavenly bodies.'~® Of particular interest are the high-pressure
and -temperature conditions that mimic the planetary interior
and provide a fundamental understanding of geoscience and
astrogeology.”® Under Earth’s mantle condition, MgO exists in
a rock salt structure.”'® The melting temperatures of MgO
under these extreme conditions are utilized to build accurate
models related to the mineralogy of the Earth’s crust and its
relation to seismic activities.”'' "

Few experimental studies have focused on the melting
behavior of MgO."*™"” Even though these studies investigated
only a limited range of pressures compared to what exists in
the interior of the Earth and other planets, the experimental
results are not in full agreement. For instance, while the shock
experiments explore temperatures of >5000 K and pressures of
>300 GPa,'* the resulting melting curve is inconsistent with
the experimental results utilizing the more conventional laser-
heated diamond anvil cell (DAC)."® Similarly, melting curves
gained from laser-heated DAC and resistance heating measure-
ments yielded contrasting results.'”'” The inconsistencies in
these studies underscore the experimental challenges under
extreme conditions, which is likely to be a general finding with
other systems.

Computational modeling based on first-principles density
functional theory (DFT) calculations is advantageous for
understanding the behavior of materials under extreme
temperature and pressure conditions. For instance, a recent
study has examined the anharmonicity and phase diagram of
MgO in the megabar pressure regime.'® Also, the melting
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Melting Temperature

curves of MgO under relatively high pressures have been
calculated in several studies.>'*™>° However, analogous to the
experimental case, there is significant variability in the
computed melting temperatures, particularly at increased
pressures,””*> underscoring the complexity of these studies.
Mainly melting temperature calculations are “large” in two
domains: the number of atoms in the simulation models and
the number of time steps to be propagated along the molecular
dynamics (MD) trajectory to determine the equilibrium
configuration under given temperature and pressure con-
ditions. Standard DFT calculations are computationally
expensive and do not scale well in these “large” regimes.
Other factors, such as the use of different computational
frameworks, could also be a factor in the variability of the
results. While methods based on classical atomistic force fields
can, in principle, replicate DFT energies and forces at a
fraction of its cost, such efforts are nontrivial and require
significant tailoring and human consideration. Indeed, it is
argued that free energy errors of 0.01 eV/atom may produce a
corresponding error of 100 K in the melting temperature.”’
Importantly for MgO, a potential challenge for classical atomic
force fields is the change in the electronic structure from
insulating to metallic behavior at high pressures and temper-
atures.”™” Thus, not surprisingly, there is appreciable
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Figure 1. (a) Overall workflow in generating the data set for the DNP that encompasses the solid and liquid states of MgO at finite temperatures
and pressures. (b) Adaptive-learning process employed in this study.
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Figure 2. Partial radial distribution functions for (a and d) Mg—Mg, (b and e) Mg—O, and (c and f) O—O bonds. Panels d—e zoom in on the first
peak of the liquid profiles. Panels a—c display the contrast of the profile between solid (1000 K) and liquid configurations.
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variability of the data reported using classical atomistic
potentials, particularly at high pressures of >50 GPa™~*'
(see also Figure 4). Therefore, there is a need to develop
robust and accurate atomistic potentials to enable large-scale
simulations in both size and time domains beyond what can be
done with first-principles methods.

Recent advancements in machine learning and deep learning
have enabled rapid simulations of materials for different
applications.”” ™’ In particular, deep neural network potentials
(DNPs) allowed for the development of transferable and
efficient machine-learned interatomic potentials that have
accuracy similar to that of DFT but are orders of magnitude
computationally faster.**”*® For example, it has been
previously demonstrated that DNPs can reliably replicate
DFT values across different systems, including elemental*” and
binary***’ metals, supported metal nanoclusters,® hybrid
perovskites,”' and metal oxides.’> We posit that DNPs can also
be successfully applied at extreme temperature and pressures
spanning the different phases for MgO and can successfully
describe the changes in electronic structure from insulating to
metallic behavior as pressure increases to mantle conditions.

In our study, the MgO DNP was trained through an
adaptive-learning loop building on the low-temperature and
low-pressure database published previously.”” Our recent study
showed that DNPs can describe with high fidelity a variety of
solid metal oxides, including MgO, each having different
polymorphs and with different oxidation states for the metal.>”
Notably, the DNP described the thermal expansion of solid
MgO well, yielding results in agreement with DFT and
experimental results.”” Extending the DNP in the melting
regime and for high pressures requires augmenting the
database, mainly in the liquid phase and at the solid—liquid
interface (see Figure 1). However, compared to that in the
solid phase, DNP validation in these disorderly phases is more
complex because of the high likelihood of encountering a
configuration with a low degree of similarity to any
configuration in the training data set, especially at increased
pressures and temperatures. Thus, it is anticipated that
simulating the liquid and the solid—liquid interface with a
high degree of fidelity requires a significant increase in data set
size and pushes the extrapolation regime of the DNP. This
systematic enhancement approach we took is depicted in
Figure la. See Methodology for further details.

First, we applied the DNP on the liquid phase of MgO by
computing at finite temperatures the partial radial distribution
function (RDF), g(r), which describes the likelihood of finding
another atom within a distance r of a given atom.” See
Methodology for details. Figure 2 shows the RDF at
temperatures ranging from 1000 to 3800 K at zero pressure.
These contrasting temperatures were intentionally set up to
test and verify the capability of the DNP to correctly describe
MgO under solid (e.g, T = 1000 K) and liquid
conditions' #*315%59 (eg, T = 3000 K), as any failure
would be readily apparent. The sharp peaks of the RDF at
1000 K, as shown in Figure 2b, indicate a long-range order
consistent with the solid phase. The first peak located at 2.08 A
is comparable, albeit not the same due to thermal effects, to the
Mg—O nearest neighbor distance for solid MgO of 2.1 A. At
the highest temperatures of >3000 K, the RDFs in Figure 2a—c
display a uniform broadening, indicating a liquid phase. These
results point to the undiminished capability of the potential to
model solid and liquid MgO phases, while validating our
process of obtaining the partial RDF profile.

8743

Thermal effects on the liquid phase can be closely
scrutinized in Figure 2d—f, which shows a close look at the
prominent peaks of Figure 2a—c. Namely, the increased
broadening of the first peak with temperature reflects an
increasing level of disorder in the systems; ie., the peak
becomes flatter at higher temperatures as the level of short-
range order decreases. The broadening of the peaks is also due
to the thermal expansion of the system, evidenced by the
increase in the nearest neighbor distances; all of this was
captured well by the potential. Karki et al.* reported a first
peak at 3000 K to be at 1.963 A using ab initio molecular
dynamics, which compares well to the first peak in panels b
and e of Figure 2 of 1.925 A. The slight difference may be
attributed to the different ensemble [constant volume and
temperature (NVT)] employed in the previous study, while
our study employs constant pressure and temperature (NPT),
which does not restrict the liquid’s changes in volume. This
comparison demonstrates that the DNP captures the liquid
MgO behavior like DFT does.

Thermal changes in the bond distances extracted from the
MD trajectory are summarized in Table S1. We note that Mg—
O, Mg—Mg, and O—O bonds are unbroken even at the highest
temperature investigated, 3800 K, consistent with the stability
of MgO observed in experimental studies.”* Interestingly, as
the temperature increased from 3000 to 3800 K, the average
Mg—O bond was shortened by —0.72%, while the average
bond between the same types of atoms we lengthened (1.72%
and 2.53% for Mg—Mg and O-O, respectively). Similar
observations are reported in the simulation of liquid NaCL>
Thus, we posit that the lengthening of average distances
between like atoms is the main contributor to the thermal
expansion of the system. In addition, the bond length can be
correlated with binding free energy AF, which can be
approximated from the pair distribution function for different
species as AF = —k, T log[gy,_o(r)]"” for a given bond length
r. The change in the Mg—O bond distance in Figure 2e reflects
the strengthening of the bond’s binding free energy from
—0.14 eV at 3000 K to —0.17 eV at 3800 K. Also, in contrast
with NaCl, the Na—Cl binding free energy becomes stronger
by ~10% as the temperature increases by 150 K,*® while the
Mg—O binding free energy is less strengthened with an
increase in temperature.

To study MgO under melting conditions and determine the
melting temperature, we utilized the two-phase coexistence
(TPC) approach that stipulates the equality of the free energy
of the solid and liquid phases at the melting temperature by
employing a contiguous system containing both phases.”>”
See Figure S2 for a visual description of the system and
process. TPC is particularly well suited to MD techniques due
to how total energies are conserved in conventional MD
schemes. Namely, for temperatures outside the melting curve,
the excess or lack of latent heat will melt or solidify,
respectively, the entire system as it approaches equilibrium.
In addition, the two phases interfacing with each other will
mitigate issues that may originate from nucleation barriers of
either phase.”

The practical application of TPC involves multiple factors
that significantly increase the number of different calculations
and their respective costs. First, the TPC approach, by design,
utilizes a trial-and-error method to determine the melting
curve: it commences with an “informed” guess of the
temperature (T, ge55), Which is then increased or decreased
in the subsequent iterations if the solid—liquid equilibrium is
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not achieved until a temperature is found that leads to the
coexistence of the solid and liquid phases. Second, fluctuations
in the system must be minimized to obtain accurate results.
This can be readily appreciated given that temperature and
pressure fluctuations in the NPT ensemble decrease slowly as

1/~/N with the number of atoms (N) in the system.
Furthermore, the atomic equations of motion within the
molecular dynamics simulations must be propagated for a long
time, approximately tens of picoseconds, ensuring the system
has minimal fluctuations. Third, there is statistical uncertainty
in the obtained melting temperature due to the stochastic
nature of the TPC approach, instigated with random
initialization of atomic velocities consistent with a given
temperature. These uncertainties can be quantified using only
an ensemble approach. In summary, these complications
strongly motivate the use of an accurate atomistic approach,
as enabled by DNP, instead of direct DFT calculations to
obtain accurate melting temperatures.

The variations of the TPC results with the model setup are
examined first to assess the finite-size effects in the space and
time domains. Figure 3a shows the change in the kinetic
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Figure 3. (a) Changes in the kinetic energy per atom during thermal
equilibration of the TPC simulation for different system sizes at 0
GPa. (b) Average thermal fluctuations for different system sizes at
different pressures.
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energy for four different model sizes ranging from 3 X 3 X 6
(432 atoms) to 20 X 20 X 40 (128 000 atoms) as a function of
the total propagation time with each at zero pressure. We use
the change in the kinetic energy or atom to determine when
the TPC has reached equilibrium, as indicated by its
convergence as a function of simulation time. We also visually
inspect simulation trajectories to ensure the two phases are
present, which could be achieved using RDFs, densities, or
polyhedral template matching approaches. As shown in the
figure, for the smallest system size of 432 atoms, we observe
large thermal fluctuations that inhibit the establishment of the
two phases; hence, smaller system sizes require more
simulation time to equilibrate the liquid and solid phases. In
contrast, the larger supercells reached convergence within the
simulation time, as shown in the figure.

Simulations at finite pressures also increase the fluctuations
in the system compared to that at ambient pressure. We tested
the four supercells with pressures of <300 GPa to elucidate
this behavior, as shown in Figure 3b. The smallest supercell
size, 3 X 3 X 6, exhibits a significant deviation in temperature,
especially at increased pressures. We note that the thermal
fluctuations of ~120 K for individual simulations were too
large to have a stable TPC with a 3 X 3 X 6 supercell (432
atoms!). At 0 GPa, the fluctuations are reduced by less than
half, ~25 K for a 6 X 6 X 12 supercell, an order of magnitude
~12 K for a 10 X 10 X 20 supercell, and ~5 K for the 20 X 20
X 40 supercell. Overall, it is clear that an increasing pressure
(temperature) correlates to increasing fluctuations in the
system. The thermal fluctuations increase ~2.5 times as the
pressure increases from O to 300 GPa. Thus, high-pressure
TPC simulations necessitate larger supercells as opposed to
lower pressures to mitigate these fluctuations.

Following guidance on the appropriate simulation parame-
ters obtained from the aforementioned convergence tests, we
performed production calculations using a 10 X 10 X 20
supercell with 16 000 atoms for pressures ranging from 0 to
300 GPa. The MD equations of motion are propagated for 120
ps, where we used the first 100 ps for the TPC to reach
equilibrium and the last 20 ps to generate the melting
temperature and standard deviation. In addition, we assess the
statistical significance of the results by carrying out five TPC
simulations with different initial velocities and using the
ensemble approach to compute the mean and standard
deviation of the melting temperature. Figure 4 depicts the
melting behavior obtained from our simulations and previous
studies. As shown in the figure, the overall trend shows an
increase in the melting temperature with pressure, consistent
with other rock salt systems such as NaCl°' and LiH,"* albeit
these compounds melt at appreciably lower temperatures.

The comparison of our results to those obtained from
classical interatomic potentials shows mixed results, as
depicted in Figure 4. At lower pressures of <50 GPa, the
DNP results generally match well with those of Belonoshko et
al. using an interatomic potential based on empirical results for
MgO—Si0255 and Belonoshko et al. with the Matsui model.””%*
In contrast, we did not find agreement with Strachan et al,
likely because their classical force field®" was trained on only
the solid phase. For high pressures of >50 GPa, we have less
agreement likely because classical interatomic potentials
cannot capture well both the insulating behavior at low
pressures and the metallic one of liquid MgO at high pressures
(>50 GPa).”®**° DFT and, by extension, DNP can capture such
changes well. Hence, the slopes of the two former studies with
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Figure 4. Melting curves for MgO from this work compared with that
from an experimental study by Kimura et al,"> DFT results from
Alfé,” the Matsui model from Belonoshko et al,”’ and classical
potentials from Strachan et al.®> and Belonoshko et al.” Statistical
uncertainties in the DNP results are represented as the error of five
TPC simulations with different random seeds. They are smaller than
the symbols and are not visible in the plot. The DNP equation
matches well what is expected from the Simon equation.

classical potentials are found to diverge from our results at high
pressures.

In addition, Figure 4 shows good agreement between the
DNP and the DFT results with the PBE exchange-correlation
functional performed by Alfé'” using a similar TPC approach.
At zero pressure, the melting temperature from Alfé of ~2530
K appreciably underestimates our value of 2644 K, as well as
that of another recent DFT®* study, ~2750 K,°* obtained from
the free energy method that used the same exchange-
correlation functional. These underestimations may be due
to the finite-size effect, as discussed above, or the use of the
NVT ensemble in the DFT simulations rather than the more
computationally demanding but more accurate NPT ensemble.
We note that the DFT values at zero pressure all underestimate
the experimental results of 3098 + 42 K from Kimura et al."”
and ~3050 K* from Zerr and Boehler. We posit that this
discrepancy is due to intrinsic errors in the employed
exchange-correlation functional (PBE) that generally under-
estimates the melting temperature.®®”

Figure 4 also shows the experimental results of Kimura et
al,"> who determined MgO melting at finite pressures through
laser-heated DAC at pressures of S50 GPa. As shown in the
figure, the DNP results are in excellent agreement with the
experimental results in this relatively low-pressure range. To
gain more insight, we also employ the Simon model®®

1/c
T, = TO(%‘“ + 1) that empirically describes the increase

in melting temperature T, as a function of pressure P . Here,
T, is the melting temperature at zero pressure, and A and C are
empirical constants. From the fit using pressures of <50 GPa,
the A and C values are 12.0 and 2.5, respectively, which
compare well to the corresponding experimental values' of
11.1 + 4.0 and 2.7 * 0.5, respectively. Using the complete
melting data at pressures of <300 GPa, we found good
agreement with the Simon model (Figure 4, red line) with an
R* fit of 0.99. The respective A and C values of 5.9 and 3.4 are
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appreciably different than the corresponding values obtained in
the lower-pressure regime, which is not surprising owing to the
change in the curvature of the melting curve at higher
temperatures and pressures.

In conclusion, we have performed large-scale simulations at
increased pressures and temperatures for MgQO’s solid, liquid,
and liquid—solid systems. While MgO can be considered a
simple system, creating a melting curve and observing its liquid
properties add significant complexities, given the high melting
temperature. Despite DFT being able to perform these
simulations, we have observed that at the scale even with
~1000-atom models, there are significant fluctuations in the
system exacerbated by high pressures that affect the accuracy
of the results. Conversely, trends such as the changing nature
of the material electronic structure from insulating to metallic
with an increase in pressure, which DFT readily captures, may
be missed by classical interatomic potentials typically used as a
supplement or substitute to surpass DFT-scale limitations.
Hence, the rapid development of potentials that can overcome
the computational cost barriers while staying DFT-accurate,
such as DNPs, would be essential to such studies. In addition,
such a cost reduction can also be leveraged to investigate
factors such as finite-size effects and to quantify statistical
uncertainties. Finally, this study demonstrated that an existing
DNP database could be utilized as a launchpad to rapidly
generate a DNP specialized for a detailed study involving
multiple phases and yield results comparable to those of DFTs.
As the generation of melting curves at high temperatures and
pressures is explored for other materials, such approaches that
can save real and computational time in both the potential
preparation and simulation itself would allow acceleration of
the development of the field.

B METHODOLOGY

The DNP was developed with the DeepPot-SE method® as
implemented in DeePMD-Kit.** The adaptive-learning process
that we employed is shown in Figure 1b. We initialized the
DNP with the data set from our previous work’> that has
13390 configurations based on experimentally verified MgO
structures cubic MgO,, rock salt MgO, and P6;mc and P6m2
hexagonal MgO. We augment the data set through an iterative-
learning process focusing on the liquid and solid—liquid
coexistence regimes not investigated in the old data set. We
followed the melting curve generated through two-phase
coexistence by Alfé."” At each point of interest in the melting
curve, we ran the ensemble of five potentials and chose
configurations with force deviations between 0.2 and 1.0 eV/A
to be calculated with DFT and added to the data set.
Consistent with the original data set, the additional
configurations were calculated with Vienna Ab initio Simu-
lation Package (VASP)"0~72 using the same computational
framework, i.e., the NVT (constant volume and temperature)
ensemble at a 2 fs time step for 20 steps (more details can be
found in our previous work).”> The resulting data set
employed in the study presented here was achieved after 13
iterations, adding 31 402 configurations, leading to the data set
having a total of 44 792. The additional configurations of liquid
and solid—liquid phases consist of 27 643 configurations from
a2 X 2 X 2 supercell (64 atoms) and 3759 configurations from
a2 X 2 X 4 supercell (128 atoms). Considering the lack of
long-range order in the targeted phases at high temperatures
and pressures, we found a significant increase in the number of
configurations to be reasonable. In-depth discussion of the
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DFT calculation parameters, DNP generation, and how the
potential performed for solid MgO can be found in our
previous work.”> The atomistic calculations were carried out
using LAMMPS.”

Liquid Phase and RDF Generation. To obtain the partial
RDF, the liquid phase is generated by employing molecular
dynamics (MD) simulation with the Langevin thermostat’*
with a microcanonical ensemble (NVE) at a targeted
temperature for 50 ps with a 2 fs time step. This is followed
by equilibration with the canonical ensemble (NVT) for 100 ps
to ensure stability. The production run utilized the NPT
ensemble (constant pressure and temperature) at the targeted
temperature and pressure for 2 ns, from which we calculate the
partial RDF profile at increasing temperatures ina S X 5 X §
supercell (1000 atoms).

Accounting for the stochastic nature of the DNP, which is
determined with a stochastic optimization approach that is
highly likely to converge to different local minima, we
performed all calculations with an ensemble of five different
potentials obtained from different random seeds. All reported
values are averages from the ensemble. For instance, for the
RDFs, the maximum deviation for the Mg—O partial RDF is
0.027 at 3800 K while the corresponding deviations for Mg—
Mg and O—O are an order of magnitude smaller. We can
surmise that the potential ensemble is stable and consistent for
liquid configurations.

Two-Phase Coexistence Simulation. TPC simulations first
minimize the entire supercell at the target pressure. The entire
supercell is next heated at the melting temperature “informed
guess” Ty, oess fOor 10 ps using a 2 fs time step and the NPT
ensemble at a given finite pressure. The simulation box is
partitioned along the z-axis along MgO (001), with the bottom
half treated as the liquid section and the upper half treated as
the solid section. The liquid section is heated by increasing the
temperature to ~1.3 times the T, ., to ensure complete
melting for a S ps duration, followed by cooling to ~1.1 times
the Ty, ouess for 10 ps. These temperature ranges were adjusted
for different supercells and pressures. Finally, the isenthalpic
ensemble (NPH) is applied to the entire simulation box at a
given pressure of 120 ps using a 1 fs time step to allow for
temperature and pressure equilibration. The last 20 ps of the
equilibration was used to determine the mean T, and pressure
and the associated standard deviation. To estimate the
simulation-to-simulation variation, we changed the seed
number to generate the initial atomistic velocities in the
heating step and determined the mean T,, and pressure and
the associated deviation for five randomly seeded simulations.
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