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ABSTRACT: Machine learning interatomic potentials powered by neural networks have been
shown to readily model a gradient of compositions in metallic systems. However, their
application to date on ionic systems tends to focus on specific compositions and oxidation
states owing to their more heterogeneous chemical nature. Herein we show that a deep neural
network potential (DNP) can model various properties of metal oxides with different oxidation
states without additional charge information. We created and validated DNPs for Ag,O,,
Cu,0, Mg,0,, Pt,0,, and Zn,O,, whereby each system was trained without any limitations on
oxidation states. We illustrate how the database can be augmented to enhance the DNP
transferability for a new polymorph, surface energies, and thermal expansion. In addition, we
show that these potentials can correctly interpolate significant pressure and temperature
ranges, exhibit stability over long molecular dynamics simulation time scales, and replicate
nonharmonic thermal expansion, consistent with experimental results.

C omputational modeling of materials provides a unique
insight into materials phenomenon at a granular level,
which can be leveraged to explain trends seen in experiments
or help guide experimental approaches. Density functional
theory (DFT) is the tool of choice to model materials at an
atomistic level due to its accuracy over traditional molecular
dynamics (MD) approaches driven by interatomic potentials.
However, for large system sizes and/or longer time scales, i.e.,
scales that approach experimental observation, DFT method-
ologies are challenging due to the significant increase in
computational cost and system scaling. Bridging this gap is
where interatomic potentials prevail due to their capability to
compute atomic interactions much more rapidly.

The development of interatomic potentials for various
materials is an ongoing continuous effort that has spanned over
six decades. Each interatomic potential model typically focuses
on a specific type of atomic interaction and generally follows
the bond order." Developing models for ionic solids, such as
metal oxides, is nontrivial as the electronic polarization, and
charges in the material must be described. While many-body
potentials such as reactive force field (ReaxFF)” and charge
optimized many-body (COMB)? potentials have shown some
success in describing ionic systems, these potentials do not
exist for a wide variety of systems, partly because of the
considerable effort needed to construct them. Therefore, there
is a need to rapidly develop interatomic potentials for ionically
bonded materials to model large systems efliciently.

The application of machine learning has fueled the recent
creation of transferrable and efficient machine learning
interatomic potentials."~ In contrast to conventional force
fields, these potentials differ in that they do not use parametric
functional forms, but instead, the interatomic interactions are
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inferred from a given data set. There have been several variants
of these potentials. For instance, the Gaussian approximation
potential® uses Gaussian process regression to model the
potential energy surface. Similarly, the moment tensor
potential’ combines invariant polynomials and linear regres-
sion. Both methods have been shown to model various
material aspects successfully.” An alternative to using
regression-based processes is leveraging neural networks as a
statistical processor, whereby the weight for any given input is
inherently interconnected to all others, akin to how the brain
works; these potentials are known as neural network potentials.

There are various approaches to using neural networks to
represent potential energy surfaces.'”'" Behler and Parrinello'
proposed a generalized form that uses a neural network to fit a
given functional form with atomic coordinates as inputs to
describe the system more generally. Similarly, Schiitt et al."
created a deep tensor neural network that utilized a vector of
nuclear charges and an interatomic distance matrix as inputs.
Han et al."* used multilayered neural networks where each
atom is represented by a small subnetwork, which scales with
the number of atom neighbors with a prescribed cutoff radius;
potentials generated with schemes involving multiple neural
network layers are more commonly known as deep neural
network potentials (DNPs). Previous studies have shown that
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Figure 1. Parent structures included m the original training data sets for each DNP shown with their composition and space group. Structure

images were generated using VESTA.*

DNPs replicate DFT values reliably."*™>° For instance, DNPs
have been applied to elemental metals'®™"® and binary metal
alloys, e.g., Cu—7Zr,'° Au—Ag,17 and Al—Mg,18 as well as higher
metal alloy systems such as Al-Cu—Ni'" and even for high
entropy alloys.”® Also, DNPs have been successfully applied to
sevggal systems with covalent bonding, such as water”> > and
Ga.

In contrast, fewer studies have been performed on ionic
materials, such as the investigation of polymorphism in
HfO,,”” viscosity and electrical conductivity of MgSiO,,**
metal halide perovskites,” and thermal conductivity of f-
Ga,0;.” In these studies, the application of DNPs was focused
on a limited set of oxidation states. This is, in part, an
acknowledgment of the complexities that comes with the
nature of ionic bonding. Traditional force fields generally have
limited transferability when applied to ionic systems with
different oxidation states. Thus, it is unclear how DNPs fare
when applied to ionic systems in general and their capabilities
in describing multiple oxidation states for a given metal.

To address this research gap, we conduct a systematic
investigation by developing five metal oxygen DNPs: Ag,O,,
Cu,0,, Mg,0,, Pt,0,, and Zn,0,. We used an adaptive-
learning process to establish the DNPs and validate the results
with DFT values. We quantitatively demonstrate that DNPs
can describe metal oxide surfaces with near-DFT accuracy. In
addition, we demonstrate for MgO how the data sets originally
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constructed to describe periodic systems at low temperatures
can be appropriately augmented to enhance the transferability
of the DNPs toward other properties of the systems such as
thermal expansion which requires long MD simulations at
temperatures near the melting point.

The DFT calculations to generate the data sets for DNP
training were done with Vienna Ab initio Simulation Package
(VASP).>'~** The DNPs were developed with the DeepPot-
SE method®” as implemented in DeePMD-Kit. The atomistic
calculations using the DNP were performed using LAMMPS.**
See the Supporting Information for further details and
convergence checking.

The initial training structures were taken from the Materials
Project database (MPDB).”> While it is possible to include all
the available oxide structures in MPDB for each oxide, we
opted to limit the number of initial training structures to four
or five per metal, focusing on the experimentally verified and
stable structures; i.e., structures whose energy above the hull is
higher than 0.4 eV/atom are not included. The motivation
behind the selection is to develop DNPs of broader interest for
further studies.

In addition to selecting distinct symmetries to test the
capability of DNPs in describing a variety of ionic systems, at
least two different metal oxidation states are included for each
system. Namely, for Ag,O,, we include cubic Ag,O, monoclinic
Ag;0,4, and monoclinic as well as orthorhombic AgO. For
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Cu,O,, we choose the cubic Cu,0, monoclinic, tetragonal, and
orthorhombic CuO. For Mg,O,, we include cubic MgO,, rock
salt MgO, and P6;mc as well as P6m2 hexagonal MgO. For
Pt,O,, we include tetragonal, orthorhombic, trigonal, and
hexagonal PtO, along with cubic Pt;0,. Finally, for Zn,O,, we
select cubic ZnO,, rock salt ZnO, cubic F43m, and hexagonal
ZnO. The selected structures are shown in Figure 1 and will be
termed parent structures from now on. More details on these
parent structures can be found in the Supporting Information.

We want to emphasize that one of our goals in this study is
to create “starter” DNPs and versatile data sets that can
facilitate future studies. Thus, other researchers will utilize all
or part of the existing training data, e.g., based on temperature
or symmetry, to develop DNPs apt for describing properties of
their choice.

A lack of systematic study in training metal oxides makes
replicating existing studies from scratch challenging. Consid-
ering the number of metal oxides involved in this study, it
would be beneficial to establish reference points to training the
potential and augmenting it when necessary. This would
provide guidelines and information for others to train similar
systems or how to tailor the existing DNPs for future studies.

We employed the following protocol to generate the training
data set, as shown in Scheme 1. Starting from the optimized
parent structure of a given system, additional structures with
lattice distortions & of the magnitude of +1% in multiple
combinations from directions X, Y, Z, XY, XZ, and YZ for both
the unit cell and 2 X 2 X 2 supercell were generated. To
account for different atomic environments, it is recommended

Scheme 1. DNP Training Process Utilized in This Study
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to choose relatively large values for 6. However, we found that
distortion magnitudes larger than +1% could lead to atoms
being unphysically separated, especially for larger unit cells.
Using the distorted initial structures, we conducted ab initio
molecular dynamics simulations with NVT ensemble (con-
stant-volume and temperature ensemble) for 20 steps at two
temperatures: 250 and 500 K. We chose relatively low
temperatures in consideration of the elastic constant
calculations that are run at 0 K. In the first iteration of the
potential, we utilized ~1800 configurations per parent
structure. We then applied an iterative adaptive-learning
process using an ensemble approach to improve the fidelity
of the potential.”” The process was performed by running MD
NVT simulations using 3 versions of the potential obtained
with different random seeds. In this process, we run DNP NVT
simulations for 10 at 0.002 ps per step with 0.01 ps
temperature damping at the two temperatures employed to
generate the data set. The configurations with model
deviations of the atomic forces between 0.2 and 1.0 eV/A
were selected and computed with DFT.”” We run DFT NVT
with ten ionic steps at 2 fs per step for each labeled structure to
augment the database and develop a new version of the DNP.
When this process converged and was deemed necessary, as
explained in the following paragraph, we increased the
temperature of the adaptive-learning loop to 750 and 1000 K
and repeated the adaptive-learning process. These two high
temperatures were chosen to create unique atomic environ-
ments. This process is considered converged once no model
deviations are found above ~0.2 eV/A. This cutoff was chosen
empirically based on validation steps, as we show below.

In addition to model deviations, we found that regular
examinations of physical properties, such as cohesive energies,
lattice vectors, and elastic constants, can provide additional
information in guiding the training by acting as another
indicator for configurations that need to be included.
Incorporating the comparison of physical properties in the
determination of convergence can also expedite the training,
especially if there is a specific target property, as we found
them to tend to converge before the deviation go below 0.2
eV/A.

The employed adaptive-learning process converged after six
for Ag,0,, four for Cu,O, and Pt,O,, and two iterations for
Mg,0O, and Zn,O,. The final data sets have, on average, ~3388
configurations per parent structure, with the total number for
each system listed in Table S2.

The simplest way to quantify the performance of the DNPs
is to compare the material properties at thermodynamic
equilibrium. In the comparison shown in Figure 2a,b, cohesive
energy and equilibrium volume are used as such metrics. The
reported error bars in these figures represent the deviation over
different parent structures. The DNP values are averaged over
three different potentials. The root-mean-square-error
(RMSE) values between DFT and DNP of the cohesive
energy and volume comparisons are 0.026 eV and 0.050 A%/
atom, respectively.

The most significant difference between DFT and DNP in
volume is for Ag;O,, space group is P2,/c, with a difference of
1.2 A% or 0.61%. The largest cohesive energy difference is 0.023
eV or 0.39% for PtO,, space group P6;mc. As seen in the
figures, DNP results compare well to DFT, which indicates the
versatility of the neural-network potentials, in which, once they
have been trained sufficiently, the potentials can well describe
oxides with different symmetries and oxidation states. For
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Figure 2. Comparison of DNP values vs DFT for (a) volumes, (b) cohesive energies, (c) elastic constants for all structures C11, C22, C33, C12,
C13, C23, C44, CSS, and C66, and (d) cohesive energy parity plot for structures randomly generated. (a, b) DNP values are averages over the
different parent structures. All DNP values listed are normalized combinations over the ensembles of three different potentials. The RMSEs are (a)

0.050 A3/atom, (b) 0.026 eV, (c) 14 GPa, and (d) 0.021 eV.

instance, in the Ag,O, system, the physical properties of AgO
and Ag;O, that have distinct oxidation states even though they
have the exact symmetry, P2,/c, are described well by the
potential. Similarly, the potential successfully describes the two
AgO structures with the same oxidation states yet different
lattices, monoclinic and orthorhombic. These trends are
observed across the different oxide systems.

In addition to equilibrium properties, we also examined the
elastic constants; this property measures the strength and
nature of atomic bonds in the elastic limit. Computationally
acquiring these values requires the DNPs to simulate materials
at states beyond equilibrium, which is a good test of how the
DNP copes when lattice symmetries are broken, a modeling
challenge different from cohesive energy and volume
calculations. Because elastic constants are not explicitly
included in the data set, their validation also functions as an
evaluation of the ability of the potential to extrapolate. A finite
central difference method was employed to obtain the values
from both DFT*® and DNP. This process involved distorting
the lattice in 12 directions followed by atomic relaxation. The
stress—strain relationship is then used on the information
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gained to calculate the elastic constants. With the variation of
symmetries and composition, the elastic constant values shown
in Figure 2¢ range from —25 to 579 GPa, with the RMSE being
14 GPa. The most significant difference in the elastic constant
between the DFT and DNP values is 60 GPa (13.4%) for PtO,
with Pnnm symmetry. Also, see Figure S3 comparing forces
between DFT and DNP for all structures associated with
elastic constant calculations.

We also assessed the transferability of the DNPs to
configurations that are not included in the training set. We
generated 200 random configurations using the DNP approach
discussed earlier to create training data. This is applied to all
parent structures. Figure 2d compares the energies for these
structures to those obtained from DFT; the overall RMSE of
this comparison is 0.021 eV. As seen in Figure 2, these
potentials yield similar energy values as DFT, even for
randomly generated configurations. A detailed breakdown of
the cohesive energies, volumes, and elastic constants can be
found in the Supporting Information.

The DNPs have shown good performances for bulk
configurations based on the structures in the data set. The

https://doi.org/10.1021/acs.jpclett.2c03445
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Table 1. Energy and Volume of the Mg,O, Structures as Calculated by DFT and DNP before and after Training”

structure DFT

DNP before retraining DNP after retraining

composition space group cohesive energy (eV) volume (A3/atom)

MgO, P1 —5.64 11.40
MgO Fm3m —-5.94 76.60
MgO P6m2 -5.26 19.94
MgO, Pa3 —9.06 116.84
MgO P63mc -5.79 48.54

cohesive energy (eV)

volume (A%/atom) cohesive energy (eV) volume (A%/atom)

-837 64.05 —5.61 (32.93%) 11.41 (82.19%)
-5.92 76.71 —5.93 (0.02%) 76.68 (0.04%)
-5.29 19.89 —5.29 (0.02%) 19.92 (0.18%)
—9.05 116.80 —9.07 (0.12%) 116.93 (0.11%)
-5.80 48.36 —5.80 (0.03%) 48.36 (0.01%)

“The added structure is listed first. Values inside the parentheses indicate the percent change before and after retraining.

next question is how to expand a DNP to new structures or
properties that were not explicitly included in the training
database. While it is feasible to start from scratch, as shown in
Scheme 1 and employed before, here, we augment the existing
data set with relevant configurations to extend the trans-
ferability of the DNP.

In this demonstration, the Mg,O, data set was chosen as it is
the smallest, as seen in Table S2. All Mg,O, structures (24 in
total) from MPDB not included in the training were evaluated
with DFT to get reference energy values and DNP to gauge its
performance. Of the 24 assessed structures, the DNP predicted
that the cohesive energy difference for 18 structures is <0.05
eV compared to the DFT reference values. Among the six
structures expected to be the worst, the triclinic MgO, with 12
atoms, MPDB ID of mp-1245393, was chosen for this
demonstration as the Mg, O, DNP performed the poorest for
this structure. We followed the same training protocol as
discussed before with the triclinic MgO, by using initial
structures with lattice distortions for the primitive unit cell and
2 X 2 X 2 supercell as inputs for the adaptive-learning phase.
Table 1 shows the calculated energy and volume of the newly
added triclinic MgO, and the other MgO structures initially
included in the DNP after one additional training iteration. It
is important to see that the newly added structure creates no
significant changes to the results of the old structures initially
included in the database. However, in contrast, for triclinic
MgO,, there is a substantial improvement in the performance
of the DNP. As seen in Table 1, the difference between energy
calculated by the potential and DFT improved from 0.92 to
0.01 eV. In addition, the volume difference went down to
within 0.1% of DFT.

The training process added 1578 new configurations, with
638 configurations 2 X 2 X 2 supercells and the remaining 940
configurations being unit cells of triclinic MgO,; most
configurations are unit cells consisting of 12 atoms. The
generation of the additional training data compared to the
average starting data set is lower by 14.9% and by 52.7%
compared to the average number of configurations per
structure for DNP that reached parity, thereby illustrating
that the adaptive-learning process can readily integrate new
structures. Additionally, there are likely resource savings to
consider when the adaptive-learning loop is leveraged to
augment the accuracy of the original potential training data set.

We then extended the DNP to aperiodic systems focusing
on the surface properties of MgO rock salt, which has been
well studied before, e.g., chemical reactions.”® Due to its cubic
symmetry, the MgO rock salt has three possible surface
orientations: (100), (110), and (111). On the basis of their
ionic orientation, it can be expected for the (100) surface to be
the most stable, followed by the (110) surface, with the (111)
surface requiring some level of defects or reconstruction to be
stable.”” Herein, we focus on the stable (100) and (110)
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surfaces as studying different reconstruction possibilities of
(111) surfaces would be beyond the scope of this study.
Using the adaptive-learning loop, we trained the MgxOy
potential with configurations from (100) and (110) surfaces.
This process added 2076 surface configurations to the original
data set. We used slab models with thicknesses of 10 and 20 A.
This corresponds to 6 and 12 layers for the (100) surface and
for the (110) surface 8 and 14 layers. The vacuum gap was set
to be 10 A, and it is considered to be sufficient based on the
study by Evarestov and Bandura*' which showed convergence
of MgO (100) surface for a vacuum gap of at least 6.315 A.
Consistent with the prediction from the ionic orientation,
both DFT and DNP find the (100) surface to be more stable
than the (110) surface. On the slab thickness, 10 and 20 A
return a surface energy difference of <2% for the (100) surface
and <5% for the (110) surface. These differences are less than
the error compared to the DFT results, which are 5.9% for the
(100) surface and 7.8% for the (110) surface, with the standard
deviation from the ensemble approach being 1.8 meV/A? as
shown in Figure 3. Evarestov and Bandura®' reported that the
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Figure 3. Comparison of DFT surface energy of MgO in black bars
and the average DNP surface energies from ensemble approach in
white bars.

MgO (100) surface energy starts to converge at S layers of
MgO with surface energy values of 0.0958 eV/A? for 6 and 12
layers of MgO); this is a difference of 0.016 eV/A? compared to
our DFT result and 0.020 eV/A? compared to the DNP.
Compared to the experimental value by Jura and Garland*
of 0.0649 eV/A? for the MgO surface energy, both DFT and
DNP calculations overestimate the surface energy by 41.9%.
Lazar and Otyepka™ argued that the overestimation of PBE
surface energy calculation could be mitigated using exact
exchange and random phase approximation methodology. For
this study, we limit our DFT calculations to PBE functional.
Simulating thermal expansion is an excellent test of the
transferability of the potential. The process involves running
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long MD simulations over many different temperatures and
hence is challenging with DFT simulations, particularly for
large supercell sizes. Good potentials can be expected to show
stability throughout the simulation and a steady, logical trend
over different temperatures; however, significant deviations can
be observed for potentials that fail.

In preparing the DNP to simulate the thermal expansion of
MgO rock salt, we created the training configurations starting
from the 2 X 2 X 2 supercell and running NVT MD
simulations at temperatures close to the melting point, around
3000 K. We included configurations from the high-temperature
regime as the initial database included only temperatures up to
1000 K. In addition, we adjusted the lattice parameter based on
previous DFT studies conducted at high temperatures.*”** We
also included distortions in the form of uniform contraction
and expansion of the lattice up to 5% to provide additional
information. This adaptive-learning process involved six
iterations culminating in the addition of 8125 new config-
urations.

The performance of our DNP can be directly assessed by
comparing it to the work by Rang and Kresse** on the same
rock salt MgO system using PBE. To make this comparison,
we ran MD NPT (constant temperature, constant pressure
ensemble) at 2850 K, the same temperature in which they
investigated the pressure—volume relationship for solid MgO,
for 200 ps for pressure values from 0 to 200 kbar at 0.001 ps
per MD step. The temperature and pressure thermostat
damping was applied at 0.1 and 1 ps, respectively. We consider
the averaged pressures and volumes from the last 50 ps as the
equilibrium values at that state (Figure 4a). At the specific
point of 0 kbar and 2850 K, Rang and Kresse® found the
equilibrium volume per atom to be 11.39 A® with a system size
of 128 atoms. In comparison, the DNP found the equilibrium
volume per atom to be 11.32 A3 or 0.61% for 4 X 4 X 4 (512
atoms) and 11.34 A3 or 0.44% for 8 X 8 X 8 supercells (4096
atoms). This matching trend persists, approaching the highest
pressure in which Rang and Kresse did their study at 25 kbar.
To test the capability of the potential, we continued
investigating up to 200 kbar from which we observed DNP
to interpolate untrained states correctly and is stable with
maximum volume and pressure errors of 0.04 A* and 1.86 kbar,
respectively. It is notable that, in contrast to the DFT study,
the pressure and volume values from the DNP are direct
averages from the MD NPT simulation, while the DFT values
were from NVT simulation done at various volumes.

To investigate thermal expansion, we again ran MD NPT
simulations at temperatures from 5 to 3000 K. We evaluated
the volume and energy of the system as a function of
temperature using supercell sizes of 512 and 4096 atoms. We
show in Figure S2 that the values from 4 X 4 X 4and 8 X 8 X 8
supercells are comparable, which suggests that finite-size effects
are minimal. Moreover, no significant deviations in energy or
volume are visible, indicating that the training process is
successful and the DNP can generate stable long MD
simulations at near melting temperatures.

Previous studies have argued that MgO displays non-
harmonic behavior.**”*’ Reeber et al.*’ created a quasi-
harmonic model by fitting experimental results. Dubrovinsky
and Saxena®’ heated the MgO sample and observed nonlinear
expansion. Similar findings are also reported by Fiquet et al.*’
Aguado et al.* observed a nonharmonic trend by developing a
classical interatomic potential with a functional form whose
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Figure 4. (a) Pressure of solid phase as a function of volume at 2850
K from this study (orange) and Rang and Kresse™* (blue); the inset is
a close-up at low pressures. (b) Relative expansion of MgO from
room temperature as a function of temperature. Orange symbols are
from this study, blue symbols are from Dubrovinsky and Saxena,™
green symbols are from Aguado, Bernasconi, and Madden,”® and
yellow symbols are from Fiquet, Richet, and Montagnac.*’

terms are tailored to encompass the interactions in a MgO
system.

We have examined the thermal expansion in MgO. As
shown in Figure 4b, the DNP can replicate the nonharmonic
trend within less than a 4% difference in relative expansion
from experimental results. Likely, these underestimations are
due to intrinsic errors from DFT. Unfortunately, such
investigations are computationally very challenging using
standard DFT for validation. In replicating this trend, we
note that the DNP has interpolated correctly for a temperature
range of ~2000 K, as no information between 1000 and ~3000
K was included in the data set. These results are a compelling
show of the transferability of the DNP.

We have created versatile machine learning potentials for
five different metal oxide systems. We showed a systematic and
replicable training protocol for DNPs. The performance
validation of these DNPs proved that DNPs could account
for multiple oxidation states without explicit information about
ionic charges. To facilitate future studies, we demonstrated that
DNPs, initially trained on periodic systems and low-temper-
ature regimes, can be augmented with additional config-
urations to enhance the transferability of the potentials to
additional properties. Namely, we show that the MgO DNP
can be successfully extended to describe a new MgO
polymorph, MgO (100) and (110) surface energies, and
thermal expansion. We showed that the MgO DNP could
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interpolate a significant pressure and temperature range of
~2000 K. With increasing temperature, MgO is shown to
display nonharmonic expansion consistent with experimental
results. The systematic development of succinct DNPs for the
oxides and the demonstration of their success in describing
these systems with high fidelity open the possibility of studying
ionic systems using DNPs where multiple compositions and/or
phases are present.
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