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Davide Gambino'?
Flyura Djurabekova®® & Francesco Laviano®*

, Niccolé Di Eugenio®*, Jesper Byggmaistar?, Johan Klarbring', Daniele Torsello®*,

Defects in high-temperature superconductors such as YBa,CuzO; (YBCO) critically influence their
superconducting behavior, as they substantially degrade or even suppress superconductivity. With
the renewed interest in cuprates for next-generation superconducting magnets operating in radiation-
harsh environments such as fusion reactors and particle accelerators, accurate atomistic modeling of
defects and their dynamics has become essential. Here, we present a general-purpose machine-
learning interatomic potential for YBCO, based on the Atomic Cluster Expansion (ACE) method and
trained on density functional theory (DFT) data, with particular emphasis on defects and their diffusion
mechanisms. The potential is validated against DFT calculations of ground-state properties, defect
formation energies of oxygen Frenkel pairs, and diffusion barriers for their formation. Remarkably, the
potential captures the diffusion-driven orthorhombic to tetragonal transition at elevated temperatures,
atransformation that is difficult to describe with empirical potentials, elucidating how the formation of
oxygen Frenkel pairs in the basal plane governs this order-disorder transition. The ACE potential
introduced here enables large-scale, predictive atomistic simulations of defect dynamics and
transport processes in YBCO, providing a powerful tool to explore its stability, performance, and
functionality under realistic operating conditions. Moreover, this work proves that machine learning
interatomic potentials are suitable for studies of quaternary oxides with complex chemistry.

Rare-earth barium cuprates (REBCOs) are subject to renewed interest'
following recent technological developments in the fabrication of high-
temperature superconducting (HTS) tapes™ and their proposed employ-
ment in compact’® and standard fusion reactors™, as well as particle
accelerators'' . Together with recent advances in the fields of synchrotron
radiation and ptychography'*", this renewed focus is likely to stimulate
further progress in the fundamental understanding of these materials.
Since their discovery”’, REBCOs have proven to be extremely chal-
lenging materials to investigate both experimentally and theoretically. The
coupling mechanism driving superconductivity in these materials remains
debated” ™, and all their properties are intimately linked with the stoi-
chiometry of the oxygen sublattice. In YBa,Cu;0;_, (YBCO), for example,

varying x drives the system from an antiferromagnetic insulator (x = 1) to a
strange metal/superconductor (x =~ 0)”. In addition, the synthesis of
REBCOs is plagued by defects: single crystals of these materials are difficult
to produce and are characterized by the presence of extended defects such as
twin boundaries” and a certain degree of disorder in the oxygen sublattice”',
with beneficial (vortex pinning) and detrimental (Cooper pair scattering)
effects depending on the type of defect” . Oxygen vacancies in the CuO
chains in the basal plane are known to introduce holes in the CuO, planes”,
and their amount governs the superconducting critical properties™. Indeed,
itis observed that annealing of irradiated samples partly recovers the pristine
critical superconducting properties even at cryogenic temperatures’ *’,
strongly indicating that the O defect diffusion and recombination is an
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extremely important effect in these materials®. Detailed understanding of
the defect formation process is of utmost importance for technological
applications in radiation-harsh environments, and the impact of different
types of defects on the superconducting properties should be understood to
improve HTS device design*. Because of experimental limitations in
reproducing operational conditions of, e.g,, fusion reactors*, computational
modeling with first principles and atomistic methods can guide the devel-
opment of devices by giving insights into the microscopic mechanisms of
degradation and possible recovery mechanisms™.

Disorder in the oxygen sublattice is also responsible for the orthor-
hombic to tetragonal transition occurring at high temperatures over a
broad range of stoichiometries” ™. Neutron diffraction studies of
YBCO** have shown that the mechanism governing this transition con-
sists of a rearrangement of the occupation of the O sites in the basal plane,
with O atoms from the CuO chains moving to the available sites in between
the chains. This disorder in the basal plane leads to a lack of preferential
direction in the a and b directions, driving the transition to a higher-
symmetry crystal structure.

The orthorhombic-to-tetragonal transition has also been observed in
molecular dynamics (MD) simulations by Chaplot™, using a simple
interatomic potential specifically tuned to reproduce the experimental
transition temperature’**’. A more general classical interatomic potential
was later developed by Gray et al.”” for studying radiation damage and defect
properties*>****. This potential combines Buckingham and Coulomb terms,
with parameters fitted to density functional theory (DFT) data; however, it
exhibits some limitations, for instance, it employs fixed charges, which
require overall neutrality in the system.

Machine learning potentials (MLPs)*** trained on DFT calculations
offer a powerful route to overcome such limitations. However, specialized
MLPs for systems with many elements and complex chemistry are quite
rare”™', and even further challenges are introduced by the modeling of
defects”*. YBCO, with its large unit cell, many inequivalent atomic sites,
and its diffusion-driven, order-disorder structural transition, provides a
challenging testbed for assessing the capabilities of MLPs to describe diverse
bonding in the same compound and defect dynamics. In this work, we
develop an MLP based on the Atomic Cluster Expansion (ACE) method"**
trained on DFT data, including defects of all species. The ACE potential
improves upon the classical potential of Gray et el.” across a wide range of
properties and, crucially, reproduces the orthorhombic-to-tetragonal tran-
sition at elevated temperatures. Our simulations reveal that this transition is
entropy-driven, facilitated by the decreasing formation energy of oxygen
Frenkel pairs (FPs) in the basal plane due to thermal expansion. Our results
demonstrate the capability of MLPs to capture complex defect physics in
quaternary oxide compounds, paving the way for predictive simulations of
their behavior under radiation-harsh conditions.

Results

DFT reference data set and training of the ACE potential

The training dataset was constructed to capture both equilibrium and non-
equilibrium environments relevant to defect formation and diffusion in
YBCO. Configurations were first generated from MD simulations (416
atoms) over a wide temperature range for the defect-free structure and for
structures containing all possible vacancies and interstitials, using a pre-
liminary ACE potential trained on low-accuracy ab initio MD and defect
relaxations taken from ref. 41. Additional defect-free structures over a broad
range of volumes from DFT relaxations were included, spanning com-
pressed to highly expanded lattices. To ensure representation of disordered
states, we also incorporated manually generated amorphous-like config-
urations (52 atoms) that exhibit liquid-like local environments. To better
target the orthorhombic-to-tetragonal transition, the dataset was enriched
with perturbed structures containing oxygen FPs (vacancies at each
inequivalent oxygen site combined with oxygen interstitials at the O5 site;
see Fig. 1), as well as approximate transition-state (TS) geometries for FP
formation. The diversity of these configurations, summarized visually in
Fig. 1, ensures balanced coverage of the relevant defect physics and
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Fig. 1 | Composition of the dataset. Unit cell of YBCO with its inequivalent crys-
tallographic positions and the most stable interstitial position for O atoms (O5
position), and a visual representation of the dataset with example structural models
generated with OVITO”. Y, Ba, Cu, and O are in teal, green, brown, and red colors,
respectively.

structural transitions. The data set is composed of 1368 configurations
(545,267 atoms) in total, see Supplementary Table I for further details.

As shown in the parity plots (Fig. 2), the potential achieves high
accuracy for both energies and forces, with RMSEs of 10 meV/atom and
70 meV/A, respectively, on both the training and test sets (the latter com-
prising 5% of the full dataset, randomly selected). A small set of off-diagonal
points in Fig. 2b was traced to a DFT artifact arising during fixed-volume
relaxation of the ideal structure. After recalculating the problematic con-
figuration, the ACE potential was found to predict energies and forces in
much closer agreement with the corrected DFT values (=4 meV/atom for
energies and <15 meV/A for forces). This demonstrates that the potential
remains robust and accurate, even in the presence of such a problematic
configuration in the training set.

Validation of the ACE potential

To validate the accuracy of the developed potential, we calculated the
equation of state for YBCO using our ACE potential and compared it with
results from DFT and the Buckingham + Coulomb (B + C) classical
potential of Gray et al.” (Fig. 3a). Both the ACE and the B + C potentials
closely reproduce the DFT results, although the B+ C curve has been
shifted vertically here to match the minimum with the DFT results. The
superiority of the ACE potential becomes apparent when examining the a, b,
and c lattice parameters (Fig. 3b-d): ACE accurately captures the slope of all
lattice parameters around equilibrium and closely follows the non-
monotonic trend at large volumes observed in DFT. In contrast, the
B + C potential overestimates the slope of the a lattice parameter, under-
estimates that of the ¢ parameter, and fails to reproduce the large-volume
behavior. This failure of the B + C potential is probably due to the lack of
flexibility of this model, inherited from the fixed charges assigned to each
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Fig. 2 | Statistical analysis of training. a, b Parity Training set
plots of training and ¢, d test sets of energies (a, c)
and forces (b, d), with each subset represented with —11 (a) , (b) Vil
different colors (defect-free: black; vacancies: light . & 201 2°
blue; interstitials: green; amorphous: dark blue; g —21 /' —
oxygen Frenkel pairs and transition states (O FPs S // °$ 10
and TS): orange). RMSEs are 10.8 meV/atom and Q —3- *d %
69.0 meV/A on energy and forces from the training %) o/ g 0
set, and 9.4 meV/atom and 68.9 meV/A from the ~ LLl
test set. m —4 &()
5:) > —101
= -5 Ty
AN}
—20 77
—61 RMSE = 10.8 meV/atom 7 RMSE = 69.0 meV/A
-6 -5 -4 -3 -2 -1 -20-10 0 10 20
E(DFT) (eV/atom) F&(DFT) (eV/A)
Test set
=11 (0) o Defect free (d) e
4
— Vacancies 201 e
g —2 o Interstitials | &
= o Amorphous | 101
3 —31 o OFPsandTs |2
) -4 o 07
—~ —4- 4 Q
L 2
o & < _10
S
< 5 & iy o
Ll 7 ’
& -201
—6- /' RMSE = 9.4 meV/atom 7 RMSE = 68.9 meV/A
-6 -5 -4 -3 -2 -1 —-20-10 0 10 20
E(DFT) (eV/atom) F&(DFT) (eV/A)
Fig. 3 | Energy and lattice parameters as a function —601 (a) 141 (d)
of volume. a Equation of state of YBCO from DFT ACE
(blue empty circles), the Buckingham + Coulomb — -—= B4C 131
potential (B + C, green dashed line), and the ACE S “
potential (yellow solid line). The B + C equation of “;_ —651 { DFT ,/" -
state curve has been rigidly shifted vertically to (0] \\ ‘;E 124 v 1g
match the DFT minimum energy. b-d Lattice ; \ : b o g
parameters a, b, and c as a function of volume at 0 K o —70+ \\ 111 L 4
from DFT, B + C, and ACE. g \‘ Ry
b s,
L \\ . ,/
—75+ Ne ‘ 10+
(b) . (c) .
RS -’
4.0 L’ 4.0 -
’ €
Z, .
- 7 4
< 3.8 < 3.8 s
: 7
© /// o 7
3.6 7 3.67 &7
/ /’
4
R4
3.44 , 3.4
125 150 175 200 125 150 175 200
Volume (A) Volume (4)

npj Quantum Materials| (2026)11:41



www.nature.com/npjquantmats

https://doi.org/10.1038/s41535-026-00891-7

Article

Fig. 4| O FPs formation energy barriers. a Energy (a) 0O1v-05i (b) 04v-05i
barrier for the formation of the oxygen FP O1v-O5i 1.25T i
from DFT (blue empty circles), ACE (yellow solid ACE
line), and the B 4 C potential (green dashed line). —-—= B+C
The final energy corresponds to the formation 1.00 DFT i
energy of the FP. The figure inset shows the migra- ;
tion path within the YBCO cell, with the migrating 9 0.75 E !
atom going from initial (dark violet) to final (yellow) >
position. b The same for the oxygen FP O4v-O5i. > 0.501 l
G) .
c
18]
0.251 1
0.00 rep=—" = Final "'r. Final I =

0.00 0.25 0.50 0.75 1.00
Reaction coordinate

0.00 0.25 0.50 0.75 1.00
Reaction coordinate

species. ACE is able to capture local rearrangements occurring at volumes
far from equilibrium, demonstrating its ability to reproduce the physical
behavior of this challenging system.

We further validated the potential on defect energetics relevant to the
orthorhombic-to-tetragonal transition, focusing on FPs formed by diffusion
of oxygen from the O1 and O4 sites to the O5 site (see Fig. 4). The ACE
potential reproduces the migration energies of both processes with high
accuracy, within 20 meV of the DFT reference, substantially improving
upon the B+ C potential, which underestimates these barriers by
0.3-0.4 eV. Formation energies are similarly well captured: for O4v-O5i,
ACE predicts 0.77 eV vs. 0.81 eV from DFT, while B4-C incorrectly stabi-
lizes this defect relative to the pristine structure. The O1v-O5i formation
energy is slightly underestimated by ACE (0.62 vs. 0.79 eV from DFT), but
remains significantly closer than B + C (=0.5 eV below DFT). This defect is
intrinsically difficult to reproduce, as the local oxygen coordination with its
copper first nearest neighbors is nearly identical to the defect-free envir-
onment. Nonetheless, errors of =0.2 eV in defect formation energies are
typical for MLPs**, and the high accuracy in reproducing migration
barriers underscores the reliability of the potential for the investigation of
oxygen diffusion in YBCO. Additional validation on lattice dynamics,
mechanical properties, and oxygen FPs energetics is shown in Supple-
mentary Tables II and III, and Supplementary Figs. 1 and 2.

The orthorhombic to tetragonal transition

Capturing the orthorhombic to tetragonal transition in YBCO is particu-
larly challenging for interatomic potentials, since it is driven by subtle
diffusion processes and disorder in the oxygen sublattice. Here, we show
that the ACE potential is able to reproduce this transition by carrying out
NPT simulations over a wide temperature range (200-1400 K) with large
simulation cells (=25,000 atoms) up to 75 ns. The transition occurs spon-
taneously at approximately 800 K (see Fig. 5a), with signs of a disordered
orthorhombic phase already at 700K, in reasonable agreement with the
experimental transition observed at 1000 K”. Although the simulations
were run for unusually long times compared to typical MD studies, the
structures at 700 and 750 K still exhibited incomplete convergence (see
Supplementary Figs. 3 and 4 for details on the lattice parameters).

The transition can be identified as an order-disorder transition, in
which the linearity of the CuO chains in the basal plane of the ordered,
orthorhombic structure is progressively broken by migration of oxygen
from the O1 sites to the O5 sites, leading to the tetragonal phase (Fig. 5d-h)
where these sites are randomly occupied and the chains lose long-range
order. The degree of disorder can be visually estimated by the length of the
chains in the snapshots, with an apparent decrease in length with increasing
temperature. In partially disordered structures Fig. 5f, g, it is clear that at
700 K chains are mostly in the b direction, whereas at 750 K this preference
is already decreased, with longer chains forming in the a direction. At

1200 K, the chains do not show any preferential direction, with chains of
similar length in both a and b directions. At the transition, we observe an
occupancy of the Ol and O5 positions slightly higher than 0.5 atoms/f.u.,
where the additional oxygen atoms come from the O4 lattice position (see
Fig. 5¢). With increasing temperature, the occupancy of the O1 and O5
positions steadily increases and the O4 occupation conversely decreases.

Comparison of the computational transition temperature with
experiments is complicated by oxygen degassing in the experimental sam-
ples. In our bulk simulations, which conserve the number of particles, the
orthorhombic-to-tetragonal transition is observed at lower temperatures
than in experiments, consistent with the lower O1v-O5i FP formation
energy of the ACE potential as compared to the DFT reference. However,
the onset of basal-plane disorder observed in the present simulations at
700 K closely matches the experimental onset of oxygen loss”, indicating
that the ACE potential accurately captures the temperatures at which
oxygen diffusion becomes significant. This suggests that increased oxygen
mobility below the transition might initially deplete more effectively the
newly occupied O5 sites, maintaining the orthorhombic structure up to
higher temperatures as compared to our model with a conserved number of
particles, explaining part of the present underestimation of transition
temperature.

In contrast to the more complex comparison with the experimental
transition temperature, the difference observed in the ¢ lattice parameter
between theory and experiment can be unambiguously attributed to oxygen
degassing. The sharper rise of ¢ observed experimentally in the transition
region (Fig. 5b) is due to the known increase of ¢ with decreasing oxygen
content”, not accounted for in our simulations. A complete investigation of
the interplay between oxygen stoichiometry and the structural transition
would require a potential capable of handling variable oxygen content and
simulations in the grand-canonical ensemble or with open surfaces, which is
beyond the scope of this work.

Inspection of Fig. 5h suggests that the disordered state is not, in fact,
completely random. To examine this more closely, we calculated the
Warren-Cowley short-range order (SRO) parameter® for first-nearest-
neighbor oxygen sites (O1-05) and second-nearest neighbors (O1-O1
and 05-05) as a function of temperature, as shown in Fig. 6a. At low
temperatures, all O1 sites are occupied and all O5 sites are vacant, giving
an SRO parameter of 1 for the first shell, consistent with ordering
between occupied and vacant sites, and —1 for the second shell, con-
sistent with clustering within the O1 and O5 sublattices, respectively. At
650 K, the SRO begins to decay toward 0 for both shells, although sig-
nificant correlations persist even at the highest temperature, particularly
for first-nearest neighbors. This residual correlation arises because a Cu
atom in the basal plane typically has only two O neighbors, which
constrains the configurational freedom and prevents truly random
occupation of the O1 and O5 sites.
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Fig. 5.| Orthorhombic to tetrag(?nal transition .as a (a) (d) T = 600 K
function of temperature. a a (circles) and b (dia- 4.05
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The hopping rate I'of O atoms in the tetragonal phase is on the order of
10'°-10" hops per second per oxygen atom and follows Arrhenius behavior,
with an activation energy of 0.34 eV (see Fig. 6b). We define a hop as a
change of site by an atom between two saved simulation frames. The frames
are recorded every 1000 timesteps, and the sites are determined using the
Wigner-Seitz analysis implemented in OVITO”. This elevated mobility
with a low activation barrier is to be expected in the disordered phase, given
the availability of vacant sites to jump in. It should be noted, however, that
the present simulations were carried out in the NpT ensemble, and the
thermostat may therefore influence the diffusion behavior of the atoms.
Additional investigation is required to obtain deeper insight into the
dynamics of YBCO.

To elucidate the thermodynamic origin of the order-disorder
transition, we calculate the formation energy of the O1v-O5i FP at 0 K
using the expanded lattice parameters obtained from NPT simulations
and relaxing only atomic positions (see Fig. 6¢). The formation energy
decreases with expanding lattice parameters (i.e., increasing tempera-
ture), finding that it is energetically favorable to generate at least one FP

for lattice parameters corresponding to temperatures of 1000 K or
higher. Importantly, around 800 K, the system is already tetragonal, but
the formation energy is positive, indicating that the formation of FPs is
driven by entropic effects around the transition temperature rather than
purely energetic ones. To verify the reliability of the ACE potential, we
recalculated the formation energy with DFT at 3 different expanded
lattices corresponding to 600, 1000, and 1400 K and observed a similar
decrease in formation energy. The data point at 1400 K in Fig. 6¢ should
be taken only as an indication of the trend in the formation energy, since
the structure with one FP at this expanded lattice is not stable in DFT,
with the interstitial atom inducing a heavy deformation of the neigh-
boring CuO chains.

We also examined the effect of a small concentration of oxygen
vacancies on the rate of transformation from the orthorhombic to the tet-
ragonal phase. Simulations were performed at 800 and 1100 K with 2.5%
and 5% vacancy concentrations in the Ol sublattice, and only minimal
changes in the transition rate were observed. At 800K, a small initial
acceleration in the increase of the a lattice parameter is seen for the case with
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Fig. 6 | Analysis of simulations and transition.
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5% vacancies (see Fig. 6d), which may be consistent with experimental
reports of a lower transition temperature at lower oxygen concentrations”’.
However, further work is required to investigate this dependence more
carefully.

Discussion

In this work, we have developed an ACE potential for YBCO capable of
describing the phase transition from the low-temperature orthorhombic
structure to the high-temperature tetragonal structure. The potential has
been validated against the equation of state, lattice parameters far from
equilibrium, and oxygen FPs energetics.

We identify the mechanism driving the structural transition as the
rearrangement of oxygen atoms in the basal plane: oxygen atoms from the
CuO chains (01) and, to a lesser extent, from the apical positions (04)
migrate to the interstitial O5 positions between the chains, effectively ren-
dering the a and b directions equivalent. The transition is driven by entropic
effects that favor disordering of the oxygen occupations in the basal plane,
but it is facilitated by a reduced formation energy of oxygen FPs at expanded
lattices.

The theoretical transition temperature is in reasonable agreement
with experiments (800 K and approximately 1000 K, respectively), parti-
cularly considering that heating of YBCO is accompanied by oxygen loss,
which effectively changes the chemistry of the system. Further progress will
require extending the ACE potential to variable oxygen contents and
employing advanced simulation techniques to access experimentally rele-
vant timescales.

Overall, the developed potential enables the investigation of mass
transport in this complex cuprate system with unprecedented accuracy.
Beyond advancing our fundamental understanding of oxygen diffusion in
HTS, this potential may also contribute to practical applications, such as
optimizing annealing strategies for restoring superconductivity in radiation-

40

damaged HTS tapes™.

Methods

Dataset creation

The data set for defect-free structure, structures with single interstitials of
each species, and structures with vacancies at each symmetrically inequi-
valent crystallographic position was created by taking snapshots from MD
simulations carried out with a preliminary version of the potential. These
simulations were run with 4 x 4 x 2 supercells (416 atoms) at temperatures
of 20, 250, 500, 750, 1000, and 1250 K.

To sample disordered environments, we included amorphous-like
structures generated by randomly displacing the atoms in an ideal 2 x
2 x 1 supercell according to a Gaussian distribution (0-8 A), and
wrapping the atoms back into the box. To avoid extreme overlap of atomic
positions, these configurations were pre-relaxed for 10 steps with the purely
repulsive Ziegler-Biersack-Littmark (ZBL) potential”. Subsequently,
atomic positions were relaxed according to DFT forces for 10 ionic steps to
reduce excessively high forces.

The oxygen FPs configurations included in the data set comprised of
vacancies of each inequivalent oxygen position and interstitial oxygen atom
at the O5 position (see Fig. 1). The approximate TSs were generated as the
mid point between the defect free structure (initial) and the O1v-O5i, O2v-
051, O4v-O5i FPs (final states), and between the O4v-O5i FP (initial state)
and the O2v-05i, O3v-O5i FPs (final states). Random perturbations of
atomic positions and lattice vectors were applied to increase configurational
diversity. These FPs and T'Ss were selected based on physical intuition of the
most likely diffusion paths for oxygen atoms. Input structures were modified
with the atomistic simulation environment (ASE)’* and Atomsk”.

Computational details of the DFT training set and validation
calculations

All DFT calculations were carried out with the Vienna Ab Initio Simulation
Package (VASP)*” with the projector-augmented wave (PAW)
method”””* and the generalized-gradient approximation of Perdew, Burke,
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and Ernzerhof (PBE)”. Spin polarization was neglected. The plane-wave
energy cutoff was set to 600 eV, while sampling the Brillouin zone with a
Gamma-centered Monkhorst-Pack® 2 x 2 x 1 k-mesh, corresponding to
k-spacings below 0.09 A~ in all cases. These computational parameters
ensure an error below 4 meV/atom compared to a calculation with an 800
eV energy cutoff and a 4 x 4 x 2 k-mesh, while keeping the computational
effort for dataset construction feasible. Convergence thresholds were set to
10 eV in energy for the self-consistent electronic minimization, and to
0.01 eV/A on forces for structural relaxations. Gaussian smearing of 0.05 eV
was applied to the electronic states to improve convergence.

Single-point calculations were carried out for configurations with
atomic displacements in the defect-free case and for configurations with
vacancies, interstitials, FPs, and TSs. Defect-free structures over a wide
volume range were relaxed under fixed volume. Minimum energy paths for
the formation of oxygen FPs were calculated with the climbing image
nudged elastic bands (NEB) method*"*” using 5 intermediate configurations
along the diffusion path, with the same energy and force thresholds.

Parameters of the ACE potential

The final potential consists of 1000 functions per element, with a 7 A cutoff
radius for interaction with neighbors. We employed default parameters as
implemented in pacemaker™*’, using simplified Bessel radial functions, the
Finnis-Sinclair embedding function, and applying an energy-based
weighting policy on the training set, disregarding configurations with for-
ces larger than 25 eV/A. We also included the automatic core repulsion
based on the ZBL potential”'. All energies are shifted with reference to the
isolated atoms, which were calculated with non-spin polarized DFT using a
large box (edges of 30 A). We tested alternative radial functions (expo-
nentially-scaled Chebyshev polynomials) and increased the number of
functions to 1400 per element, but observed no improvement in RMSEs or
equation of state results. The chosen potential parameters, therefore, ensure
accuracy and computational efficiency.

Computational details of calculations and molecular dynamics
simulations with interatomic potentials

All calculations with the ACE and B+C potentials were carried out using
LAMMPS™. Structural relaxations for equation of state and NEB calcula-
tions were carried out using a threshold for convergence on forces of
0.01eV/A.

The equation of state for the ACE potential was calculated using ASE”
relaxing atomic positions and lattice vectors at each volume, whereas for the
B+ C potential, we employed LAMMPS and carried out structural
relaxations at finite pressures. The unit cell was used for these calculations.

The NPT simulations employed a Nosé-Hoover thermostat and
barostat with damping times of 0.05 and 1 ps, respectively, using a 1 fs
timestep. All simulations employed the 0 K relaxed orthorhombic structure
as the initial configuration. Simulated time ranged between 1.6 ns and 75 ns,
depending on convergence of the a and b lattice parameters (see Supple-
mentary Fig. 3). Lattice parameters were averaged over the last 1.5 ns of each
simulation with values recorded every 10 fs. Analysis of the O site occu-
pation was carried out with OVITO".

The SRO parameter for shell i is defined as:

SRO, =1 — —i— (1)

m.,c;

where 7; is the number of unoccupied sites among ¢; neighbors in the shell,
and m, is the concentration of unoccupied sites.

Data availability

The ACE potential, training dataset, and input files generated during this
study are available in the Zenodo repository,https://doi.org/10.5281/
zenodo.17249868.
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