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Thermal-expansion mismatch remains a major challenge for the long-term stability of solid oxide fuel-cell
and electrolysis-cell materials, particularly for chemically complex perovskite electrodes operating at
elevated temperatures. Reliable prediction of thermal expansion in these materials is difficult because
anharmonic lattice dynamics, octahedral rotations, chemical disorder, and temperature-driven structural
evolution can limit the applicability of conventional phonon-based approaches. Here, we combine
quasiharmonic phonon calculations (QHA) and on-the-fly machine-learning force-field molecular dynamics
(MLFF-MD) to evaluate finite-temperature structural behavior in LaFeO; and Lag ¢St 4Cog,FepsO5_s.
LaFeO; was used as a benchmark material, and the QHA captures the qualitative expansion trend but
overestimates the volumetric thermal expansion coefficient (TEC), giving @y = 4.08 x 107> K~! compared
with the high-temperature x-ray diffraction (HT-XRD) value of 3.52 x 107> K~!. In contrast, MLFF-MD
gives ay = 3.56 x 107> K~!, in close agreement with the experiment. For Lag ¢St 4Cop,Fe sO5_5 QHA
becomes unreliable due to phonon instabilities, while MLFF-MD provides stable finite-temperature
trajectories and captures the experimentally observed increase in linear TEC across the rhombohedral-
to-cubic transition. Specifically, MLFF-MD predicts an increase in a; from 1.31 x 107> K~! in the low-
temperature rhombohedral regime to 1.90 x 10~ K~! in the high-temperature cubic regime, consistent with
the structural evolution observed experimentally. The remaining quantitative discrepancy with HT-XRD is
consistent with the stoichiometric model used here, which isolates the intrinsic thermal expansion while
excluding chemical-expansion contributions associated with oxygen nonstoichiometry under experimental
conditions. Once trained, the MLFF reduces the cost of an individual molecular-dynamics step by roughly 2
orders of magnitude relative to direct Ab Initio molecular dynamics, enabling substantially longer trajectories
and broader sampling of thermally accessible configurations while retaining close agreement with DFT
reference energies and forces. These results show that on-the-fly MLFF-MD provides a practical first-
principles framework for predicting thermal expansion and phase evolution in disordered solid-oxide
perovskites beyond the regime where phonon-based QHA remains reliable.
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I. INTRODUCTION

The thermal expansion coefficient (TEC) plays a
central role in the mechanical stability of solid-oxide
electrolysis cells and solid-oxide fuel cells electrodes,
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where thermal-expansion mismatch between electrode
and electrolyte layers can lead to interfacial stress accu-
mulation, cracking, and long-term degradation [1-3]. As
illustrated schematically in Fig. 1(a), perovskite oxygen
electrodes such as LaggSry4Coqy,Fen30;5_5 (LSCF) are
integrated with dense electrolyte layers, such as yttria-
stabilized zirconia (YSZ), in multilayer device architec-
tures. Because these layers are mechanically coupled
during heating, cooling, and high-temperature operation,
differences in their thermal expansion can generate
stresses at the electrode-electrolyte interface. The larger
expansion of LSCF relative to YSZ can produce interfacial
stress accumulation, cracking, delamination, and eventual

Published by the American Physical Society
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Schematic illustration of thermal-expansion mismatch in a solid-oxide cell. (a) Simplified cross-sectional view of a single cell

showing the interconnect, LSCF oxygen electrode, YSZ electrolyte, and Ni-YSZ fuel electrode. The larger TEC of LSCF relative to
YSZ produces differential expansion during thermal cycling and high-temperature operation. (b) Schematic illustration of how this
mismatch can generate interfacial stress and promote debonding or delamination at the oxygen electrode-electrolyte interface.

degradation of device functionality, as illustrated in
Fig. 1(b). LSCF is a widely studied mixed ionic—electronic
conducting perovskite electrode; however, its structural
complexity, oxygen nonstoichiometry, and cation disorder
make accurate prediction of temperature-dependent lattice
behavior particularly challenging [4].

To place this challenge in quantitative context, the
apparent linear TEC of LSCF measured in air is
approximately a~1.75x 107> K~! over the range
303-1273 K [5], while common electrolyte and inter-
layer materials generally exhibit lower TEC values. For
example, yttria-stabilized zirconia (YSZ) has a=~1 x
10~ K~! [6], and gadolinium-doped ceriahas a ~ 12 x
10~® K~! [7]. Depending on the cell architecture and the
presence of intermediate or cation-diffusion-barrier layers,
the thermal-expansion mismatch between LSCF and adja-
cent cell components can contribute to thermomechanical
stress at mechanically coupled interfaces during thermal
cycling and high-temperature operation, potentially pro-
moting interfacial damage or delamination [2,8]. This
motivates accurate prediction of LSCF thermal expansion
across the relevant operating temperature range.

The quasiharmonic approximation (QHA) is the con-
ventional first-principles approach for calculating thermal
expansion [9,10]. In QHA, phonon spectra are calculated
at several volumes and used to construct a temperature-
dependent free-energy surface, from which the equilibrium
volume is obtained at each temperature. Although QHA
provides accurate results for relatively simple crystalline
solids, it treats lattice vibrations as harmonic at each fixed

volume and includes anharmonicity only indirectly
through the volume dependence of the phonon frequencies
[11]. As such, QHA does not explicitly account for
phonon-phonon interactions, temperature-dependent mode
renormalization, or dynamic structural disorder. These
effects become particularly important in complex oxides,
where octahedral rotations, magnetic ordering, local
chemical heterogeneity, and structural phase transitions
can strongly couple to lattice dynamics and thermal
expansion [12—15]. In perovskite oxygen electrodes such
as LSCE, the application of QHA is further complicated by
imaginary phonon modes and large supercell requirements
[16]. These issues can prevent robust extraction of a(T)
and motivate finite-temperature approaches capable of
directly sampling anharmonic potential-energy surfaces.
Recent advances in machine-learned interatomic poten-
tials (MLIPs) have enabled molecular dynamics simula-
tions with near-first-principles accuracy at substantially
reduced computational cost. Modern approaches include
Gaussian approximation potentials, graph neural network
potentials, and equivariant architectures such as NequlP,
MACE, and related models, which have demonstrated high
accuracy and data efficiency for atomistic simulations
[17,18]. In this work, we use the on-the-fly machine-
learned force-field formalism implemented in VASP,
which combines molecular dynamics with Bayesian uncer-
tainty estimation and automatic active learning of new
DFT configurations during the simulation [19]. This
integrated framework was chosen because it allows the
force field to be generated consistently within the same
DFT setup used for the reference calculations while
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avoiding the need to construct a separate training database
before running finite-temperature simulations. Similar
active-learning MLIP strategies have been successfully
applied to finite-temperature phase transitions in perov-
skites, demonstrating their ability to access length and
timescales that are difficult for direct ab initio molecular
dynamics [20]. More generally, the present results are not
specific to a single MLIP architecture but demonstrate the
advantage of well-validated machine-learned potentials for
explicitly sampling finite-temperature lattice dynamics,
anharmonicity, local structural fluctuations, and phase
evolution under thermodynamic ensembles.

In this work, we systematically compare the QHA and
on-the-fly machine-learning force-field molecular dynam-
ics (MLFF-MD) for predicting finite-temperature thermal
expansion in perovskite oxides of increasing chemical and
structural complexity. In the MLFF-MD approach, the
force field is iteratively updated during the simulation
using selected density-functional theory calculations, ena-
bling finite-temperature sampling beyond the harmonic
phonon picture. We first benchmark both methods against
high-temperature x-ray diffraction measurements for
LaFeO;, a stoichiometric orthorhombic perovskite with
well-characterized thermal expansion. We then extend the
analysis to Lag ¢St 4Cog,Fen305_s (LSCF), a technologi-
cally relevant mixed ionic—electronic conducting oxygen
electrode material for solid oxide electrochemical devices.
The broader goal of this work is therefore not only to
compute the thermal expansion of a specific perovskite
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composition but also to establish a finite-temperature
workflow for evaluating thermomechanical stability in
complex oxide electrodes. By benchmarking against
LaFeO; and then applying the approach to LSCEF,
we show how MLFF-MD can bridge the gap between
atomistic modeling and experimentally relevant high-
temperature structural behavior in energy materials.

II. METHODOLOGY

The computational workflow used to compare the QHA
and MLFF-MD is summarized in Fig. 2. Figure 2(a) shows
the QHA workflow, in which the structure is first relaxed
using DFT, phonon spectra are then calculated at multiple
strained volumes, and the resulting vibrational free ener-
gies are used to construct the temperature-dependent
Helmbholtz free-energy surface, F(V, T). The equilibrium
volume at each temperature is obtained by minimizing
F(V,T) with respect to volume, yielding V(T) and the
corresponding thermal-expansion coefficient. Figure 2(b)
shows the on-the-fly active-learning MLFF-MD workflow.
If no trained MLFF is available, an initial ab initio
molecular dynamics trajectory is used to generate the
force field. During subsequent MD, the MLFF predicts
energies, forces, and stresses, while Bayesian uncertainty
estimates are used to identify configurations that require
explicit DFT evaluation. When the uncertainty exceeds the
threshold, the configuration is added to the training set and
the MLFF is updated. After the active-learning stage is
complete, the trained MLFF is used in finite-temperature
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FIG. 2. Comparison of the QHA and active-learning MLFF-MD workflows for predicting temperature-dependent expansion. (a) In
the QHA workflow, DFT-relaxed structures are used to calculate phonons at multiple volumes. These phonons are used to construct the
temperature-dependent Helmholtz free energy, F(V, T'), and minimization of F(V,T) gives the equilibrium volume path V(7') and the
thermal-expansion coefficient. (b) In the on-the-fly MLFF-MD workflow, the force field is iteratively updated during molecular
dynamics when the Bayesian uncertainty exceeds the threshold atzhr. The trained MLFF is then used in production N pT simulations to
extract V(T), thermal strain, and a(T) directly from finite-temperature trajectories.
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NpT molecular dynamics simulations, from which V(T),
thermal strain, and a(T) are extracted directly from the
resulting trajectories. The QHA calculations were per-
formed using PHONOPY [9], while the finite-temperature
molecular dynamics simulations used the on-the-fly MLFF
formalism implemented in VASP [19].

A. First-principles calculations

All first-principles calculations were performed within
density-functional theory (DFT) [21,22], as implemented
in the Vienna Ab initio Simulation Package (VASP)
[23,24]. The interaction between valence electrons and
ionic cores was described using the projector augmented-
wave method [25,26]. Exchange-correlation effects were
treated within the generalized gradient approximation
using the Perdew-Burke-Ernzerhof (PBE) functional, aug-
mented with on-site Hubbard corrections (DFT + U)
applied to transition-metal d states. Hubbard parameters
of Ug, = 4.3 eV and Uc, = 3.32 eV were used through-
out this work, following established linear-response and
oxide-formation-energy-based DFT 4 U parametrizations
for localized transition-metal d states. [27,28]. The
spin polarized calculations were carried out with high
initial spin polarizations of Fe or Co ions. Brillouin
zone integration was performed by means of I centered
k-meshes having 2z Al reciprocal space distance of 0.05.
A plane-wave energy cutoff value of 520 eV was used
in all calculations. Structural optimizations continued
until convergence of atomic forces below 1072 eV Al
was achieved. LaFeO5 was considered in its orthorhombic
Pnma phase with G-type antiferromagnetic ordering for
the comparison of the QHA and MLFF-MD approach with
experiments on high-temperature x-ray diffraction mea-
surements. For LSCF, collinear spin-polarized DFT cal-
culations were initialized with parallel moments of 5 yp on
Fe and 3 pp on Co. Neither the total magnetization nor the
site-resolved moments were constrained. The spin density
was allowed to relax self-consistently whenever an explicit
DFT reference evaluation was invoked during active
learning. Analysis of these DFT-evaluated configurations
showed that the Fe moments remained positive and close
to 4 ug on average, whereas the Co moments were more
configuration-dependent and sometimes became antipar-
allel to the Fe moments, particularly at higher temper-
atures. Disordered cation configurations were modeled
using special quasirandom structures (SQS) generated
with the ATAT package [29,30]. For LSCF, a 120-atom
SQS supercell containing 24 perovskite formula units
was used, with 14 La, 10 Sr, 19 Fe, 5 Co, and 72 O
atoms. This corresponds to Lag 55351 417C00208F€0 79203,
which approximates the nominal Lag ¢St 4Cog,Feqg03
composition within finite-cell integer constraints. The
oxygen sublattice was kept stoichiometric, corresponding
to 6 = 0. The SQS was selected to reproduce the random
A-site and B-site cation distributions as closely as possible

within the finite supercell. The 120-atom cell was selected
as a practical compromise between representing cation
disorder, accommodating collective octahedral distortions,
and maintaining the feasibility of the repeated DFT
reference calculations required during MLFF construction.
To assess the sensitivity of the LSCF results to the parti-
cular SQS realization, two additional 120-atom SQS cells
with the same composition were generated and compared
with the original SQS. First- and second-neighbor pair
correlations for La/Sr, Fe/Co, and A-B cation pairs,
together with MLFF-NpT simulations at 400, 900, and
1100 K, show that the predicted pseudocubic lattice para-
meter changes by at most 0.00357 A across the tested SQS
cells (Table S1 of Supplemental Material [31]).

B. Quasiharmonic approximation

Thermal expansion within the quasiharmonic approxi-
mation was obtained from volume-dependent phonon
calculations. For each structure, a series of strained volumes
was generated around the relaxed equilibrium volume, and
phonon spectra were calculated at each volume using finite-
displacement calculations with 2 x 2 x 2 supercells of the
relaxed orthorhombic unit cell. The Helmholtz free energy
was constructed as

F(V.T) = Ey(V) + F, (V. T). (D

Representative temperature-dependent free-energy curves
and the corresponding equilibrium-volume path used to
extract V(T) are shown in Fig. S1 of Supplemental
Material [31].

For LSCF, the QHA workflow was found to be unre-
liable because the selected magnetic and structural refer-
ence states exhibited imaginary phonon modes, as shown
in the phonon density of states in Fig. S2 in Supplemental
Material [31]. Since QHA requires dynamically stable
harmonic phonon spectra over the relevant volume range,
these instabilities prevent a robust construction of F(V,T)
and motivate the finite-temperature MLFF-MD approach.

C. On-the-fly MLFF molecular dynamics

The MLFF molecular dynamics simulations were per-
formed within the on-the-fly active learning method that is
incorporated into VASP code. During the training phase,
the MLFF predicted energies, forces, and stresses at
each molecular dynamics step, and VASP estimated the
Bayesian uncertainties of the predicted forces. When
this uncertainty exceeded the threshold value ¢* > o3, ,
the corresponding explicitly calculated configuration was
included in the training set. In this way, the force field
was updated continuously throughout the training stage.
The MLFF for LaFeO; was trained using an NpT
molecular dynamics simulation at 800 K. This elevated
training temperature was chosen to sample a broader
range of thermally accessible configurations, including
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larger-amplitude octahedral distortions and anharmonic
lattice fluctuations, thereby improving the transferability
of the force field across the lower-temperature production
simulations. In the case of LSCF, the NpT training
simulations were carried out at 400 K based on the
rhombohedral structure, 900 and 1100 K based on the
cubic one. These temperatures were chosen to represent a
low-temperature tilted structure and a high-temperature
cubic-like structure associated with the rhombohedral-to-
cubic transition. Once the force fields were obtained,
production simulations were performed in a fully flexi-
ble-cell isothermal—isobaric (NpT) ensemble using a
Langevin thermostat and Parrinello-Rahman barostat.
Both the cell lengths and angles were allowed to evolve,
permitting changes in cell volume and shape during the
rhombohedral-to-cubic transition. Simulations were con-
ducted from 300 to 1100 K in 100 K increments with a
time step of 1 fs. At each temperature, 50 000 MD steps
were performed, corresponding to 50 ps of simulation
time. The first 10000 steps at each temperature were
discarded as equilibration, while the remaining 40 000
steps were used to compute average volumes, pseudocubic
lattice parameters, and structural descriptors. Statistical
uncertainties in the time-averaged pseudocubic lattice
parameters were estimated using nonoverlapping 5 ps
trajectory blocks. The average volume in each block
was converted to a pseudocubic lattice parameter, and
the standard error was calculated as the sample standard
deviation of these block values divided by the square root
of the number of blocks. The instantaneous cell-volume
distributions were characterized separately using their
sample standard deviations and are reported in Fig. S8
of Supplemental Material [31].

The MLFFs were constructed using standard radial and
angular descriptors. The radial descriptor used a cutoff
radius of 8.0 A, a Gaussian width of 0.5 A, and 12 radial
basis functions. The angular descriptor used a cutoff radius
of 5.0 A, a Gaussian width of 0.5 A, eight radial basis
functions, and a maximum angular momentum of
I max = 3. A fourth-order polynomial kernel was employed
with a radial-descriptor weight of 0.1. Energies, forces,
and stresses were assigned equal regression weights. For
both materials, the initial Bayesian force-uncertainty
threshold was 0.002 eV A™! and was updated automati-
cally during on-the-fly training.

The final LaFeO; training database contained 139 DFT
reference configurations and 2601 selected local atomic
environments, comprising 623 La, 478 Fe, and 1500 O
environments. The final combined LSCF database con-
tained 626 DFT reference configurations and 6590
selected local atomic environments, comprising 867 La,
973 Sr, 955 Fe, 795 Co, and 3000 O environments. A DFT
reference configuration corresponds to a complete atomic
snapshot for which the energy, forces on all atoms,
and stress tensor were calculated using DFT. The local

reference environments are atomic neighborhoods selected
from these DFT-labeled configurations for use as the
MLFF basis and therefore do not represent additional
DFT calculations.

The larger LSCF database reflects its broader chemical
and configurational complexity. LaFeO; is an ordered
three-element system sampled primarily within a single
orthorhombic structural regime. In contrast, LSCF con-
tains five elements, chemically disordered La/Sr and Fe/Co
sublattices, and both low-temperature rhombohedral-like
and high-temperature cubic-like configurations. Its train-
ing data therefore span a wider range of local chemical
environments, octahedral distortions, lattice volumes, and
thermally accessible structures. The database size itself
was not used as a measure of MLFF accuracy. Predictive
performance was evaluated separately using configura-
tions excluded from training.

For analysis of octahedral tilt distributions in snapshots
obtained from MLFF-MD, Python scripts utilizing
PYMATGEN [32] analyzed all octahedra across time and
space in the postequilibration trajectories, with time-
sampling over 100 fs intervals to reduce autocorrelation.
For each sampled configuration, B-sites (Fe or Co) were
identified, and their nearest B-B neighbor vectors were
used to define an orthonormal pseudocubic basis. The six
nearest oxygen neighbors around each B-site were then
assigned to ideal +x, £y, and £z octahedral directions in
this pseudocubic frame. A best-fit rigid rotation was
obtained between the ideal and observed B-O direction
sets, and the resulting rotation vector was decomposed
into signed tilt components ¢,, ¢, and ¢,. The distribu-
tions in Fig. 8 were obtained by pooling these signed
per-octahedron tilt components over all sampled configu-
rations and B-sites at each temperature, followed by
histogram binning of the resulting angle populations.

D. Thermal expansion analysis

The thermal expansion was quantified using the nor-
malized volumetric strain,

V(T) -V,

Vo 2)

ey(T) =

where V|, is the reference volume at the lowest temperature
considered. The volumetric thermal-expansion coefficient
was obtained from linear fits to ey (7),

dey

~ T 3)

ay

For LSCF, pseudocubic lattice parameters were calcu-

lated as
V(T)\ /3
ap(T) = <—N(f )> , 4)
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where N, is the number of formula units in the simulation
cell. The linear thermal strain was then defined as

an(T) — ap.,
er(T) :%OPO, 5)
pe,

and the linear coefficient was

obtained as

thermal-expansion

d€L

~ T (6)

ag,

E. Materials characterization

Variable-temperature x-ray diffraction measurements
were used to determine the experimental temperature-
dependent lattice parameters used for comparison with the
computational predictions. Commercial LSCF powder
(Fuel Cell Materials, High Grade Powder) was measured
in its as-received state while LaFeO; was synthesized
following the procedure reported by Gholam and Wang
[33]. In situ powder x-ray diffraction measurements were
performed at beamline 2-1 of the Stanford Synchrotron
Radiation Lightsource (SSRL) in transmission geometry,
using an incident wavelength of 0.729 A. The absolute
wavelength for the measurements was refined using an
NIST 660 c LaBg standard. Angle-dispersive XRD data
were acquired stepwise using a Pilatus 100 K area detector
in portrait orientation. Two-dimensional diffraction images
were normalized to the incident beam, stitched, and inte-
grated into one-dimensional diffraction patterns using a
Python script developed specifically for SSRL beamline
2-1. XRD measurements were performed using a capillary
sample cell [34] equipped with Nichrome coil heaters.
Powders were prepared in 1.0 mm outer diameter (o.d.)
quartz capillaries (Hilgenberg) with a 0.01 mm wall
thickness and an internally mounted type K thermocouple
for regulating and measuring sample temperature.
Measurements were performed in air between room temper-
ature and 800 °C, with approximately 4 min equilibration

(@) (b)

.. V ’/ )/ 2
AIERE |
.

i

times and temperature holds during data acquisition.
Sequential Rietveld refinements were performed using
TOPAS-Academic [35] to quantify structural evolution as
a function of temperature. Refined parameters included
lattice parameters, unit cell volumes, and phase fractions,
enabling analysis of temperature-dependent phase trans-
formations and structural changes.

III. RESULTS AND DISCUSSION

A. Structural description and model representation

To make the comparison between simple and complex
perovskites, the structures of LaFeO; and LSCF are
depicted in Fig. 3. LaFeO; crystallizes in an orthorhombic
Pnma structure featuring cooperative octahedral tilts,
whereas LSCF shows a temperature-induced structural
transition starting from the rhombohedral R3¢ structure at
low temperatures and reaching the averaged cubic Pm3m
perovskite structure at higher temperatures. For LSCF
calculations, the supercell was set up based on a pseudo-
cubic approach. Even though the actual atomic configu-
ration still reflects the octahedral tilt pattern of the
rhombohedral structure, the lattice vectors of the simu-
lation cell are set in a pseudocubic convention. The benefit
of such treatment lies in the possibility of describing the
lattice parameters in a similar manner to experiments using
a pseudocubic picture. Most importantly, the pseudocubic
approach can reflect a dynamic transition of the system
between the rhombohedral structure and the cubic one
during molecular dynamics runs. Specifically, as temper-
ature increases, the average octahedral rotation amplitude
decreases, and the long-range tilt order is progressively
suppressed, leading to an effectively cubic average struc-
ture while local dynamic octahedral fluctuations remain
present.

B. LaFeQO; benchmark for thermal expansion

To establish a controlled baseline for evaluating first-
principles approaches to thermal expansion, we first
consider LaFeO3, a prototypical orthorhombic perovskite

»
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b 4
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{ ¥

r
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FIG. 3. Crystal structures considered in this work: (a) LaFeO; in the orthorhombic Pnma phase, (b) rhombohedral LSCF with R3¢
symmetry, and (c) ideal cubic LSCF with Pm3m symmetry. These structural models provide a basis for comparing the behavior of a
stoichiometric tilted perovskite with the more complex temperature-dependent structural evolution of LSCF.
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with well-characterized structural and thermophysical
behavior. Its temperature-dependent crystal structure
and thermal expansion have been studied using high-
temperature x-ray diffraction and dilatometry, including
reports of anisotropic expansion in the orthorhombic phase
[36] and an orthorhombic-to-rhombohedral transition at
elevated temperature [37]. In contrast to chemically com-
plex oxygen-electrode materials such as LSCF, LaFeO; is
stoichiometric and does not contain A-site disorder, mixed
transition-metal chemistry, or significant oxygen nonstoi-
chiometry. It therefore provides a useful reference system
in which differences between QHA and MLFF-MD can be
isolated without additional complications from chemical
disorder.

The magnetic ground state of LaFeO; was determined
by comparing the energies associated with different spin
configurations. The spin configuration with lower energy
is that corresponding to the G-type antiferromagnetic
(AFM) order, which agrees with experimental data [38]
and theoretical calculations reported earlier [39]. The
G-type AFM ordering is energetically favored due to
antiferromagnetic superexchange through Fe—O-Fe bonds
in tilted-perovskite structure.

The optimized lattice parameters are a = 5.57 A,
b=791A, and ¢ = 5.63 A. These values are in good
agreement with experimental measurements reported in
the literature. For example, Dixon et al. [40] report
a~5565A, b~7852 A, and ¢ ~5.555 A from powder
neutron diffraction data at 275 K. The slight overestima-
tion observed here is consistent with the known tendency
of the PBE + U functional to overestimate lattice con-
stants [41] and remains within approximately 1% of the
experimental values.

From a crystallographic perspective, LaFeO; consists of
a network of corner-sharing FeOq octahedra with co-
operative a~b*a~ tilts in Glazer notation. In tilted per-
ovskites, thermal expansion is governed not only by bond
dilation, but also by the temperature-dependent evolution
of octahedral rotation modes [36,37]. These rotational
modes are strongly anharmonic and couple directly to
lattice strain, leading to anisotropic and temperature-
dependent structural responses. As a result, LaFeO;
provides an appropriate reference system for TEC calcu-
lations, because accurately reproducing its thermal expan-
sion requires capturing both conventional vibrational
expansion and anharmonic lattice dynamics associated
with octahedral tilting.

Rietveld refinement of the variable-temperature
HT-XRD data confirms that LaFeO; is well described
by the orthorhombic Pnma structural model, as shown by
the representative refinement in Fig. 4. Using the volu-
metric strain definition described in the Methodology
section, the temperature-dependent expansion of LaFeO;
was extracted from QHA, MLFF-MD, and HT-XRD data.
The comparison was restricted to the 300-1000 K range to

300
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_4? 200 A * Impurity phases
c Rup = 11.73%
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o
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L 100
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I NN N
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FIG.4. Representative Rietveld refinement of LaFeO5 from the
variable-temperature x-ray diffraction dataset using the ortho-
rhombic Pnma structural model.

remain within the orthorhombic phase of LaFeO; and
avoid the orthorhombic-to-rhombohedral phase transition
reported to be at ~1228 K [36]. Rietveld refinement of the
experimental HT-XRD measurements over the 300—1000 K
range (Fig. S3 in Supplemental Material [31]) yields
a volumetric thermal-expansion coefficient of aj’ =
3.52 x 107> K~!, which serves as a quantitative reference
for evaluating the computational predictions. This value
is also consistent with reported pseudocubic thermal-
expansion coefficients for orthorhombic LaFeO; [37].
The temperature-dependent volume expansion obtained
from QHA, MLFF-MD, and HT-XRD is shown in Fig. 5.
All three approaches follow the expected trend of increas-
ing volume with temperature; however, quantitative and
qualitative differences are evident from the slopes of the

A
0.0251 At
0.020 -

. 4.08 x 10° K™

> 0.015-

2 3.52x10~° K"
0.010 3.56 x 10° K™
0.005 o— QHA

—t— HT-XRD
0.000 —e— MD-MLFF
300 400 500 600 700 800 900 1000 1100
T (K)
FIG. 5. Temperature-dependent volumetric strain of LaFeOj;

obtained from QHA,MLFF-MD, and high-temperature x-ray
diffraction (HT-XRD). Lines indicate linear fits used to extract
the volumetric thermal expansion coefficients.
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curves. This allows LaFeOj; to serve as a benchmark for
thermal expansion within a single structural phase, rather
than testing the ability of the methods to describe a phase
transition. Within this temperature range, QHA predicts
a volumetric thermal-expansion coefficient of aSHA =
4.08 x 107 K~!, corresponding to an overestimation of
approximately 17% relative to the experimental HT-XRD
value. This discrepancy becomes more pronounced above
~700 K, where the QHA curve shows a steeper temper-
ature dependence than HT-XRD. Because solid-oxide cells
operate at elevated temperatures, accurately capturing
high-temperature lattice dynamics is essential for predict-
ing thermomechanical behavior under realistic operating
conditions.

In contrast, the TEC wusing MLFF-MD is
aLFEMD — 356 x 1075 K7!, in close agreement with
the HT-XRD result. The MLFF-MD expansion curve
follows the experimental trend across the full temperature
range, capturing both the magnitude and temperature
dependence of the volumetric strain. This behavior con-
trasts with QHA, which increasingly overestimates the
expansion at higher temperature due to its steeper temper-
ature dependence.

The origin of the QHA overestimation can be under-
stood from several limitations of the approximation.
Although QHA includes anharmonicity implicitly through
the volume dependence of phonon frequencies, it does
not explicitly account for phonon-phonon interactions,
temperature-dependent mode renormalization, or dynamic
fluctuations of octahedral rotation modes [11]. In ortho-
rhombic perovskites such as LaFeO;, these rotational
modes are strongly coupled to lattice strain and can
contribute substantially to the finite-temperature structural
response. As temperature increases, dynamic fluctuations
and mode-mode interactions can modify the effective
lattice response in a way that is not fully captured by a
static harmonic phonon description.

An additional limitation arises from the treatment of
strain in the QHA workflow. In the present calculations,
the equation of state was constructed by applying the
same relative strain along all three lattice directions,
corresponding to an isotropic volume-expansion path.
However, orthorhombic LaFeO; exhibits anisotropic
thermal expansion, with distinct expansion behavior
along each crystallographic direction [37]. As a result,
isotropic equation-of-state sampling can reproduce the
overall volumetric expansion trend but does not fully
capture the directional lattice response. This approxima-
tion may therefore contribute to the overestimation of
the volumetric thermal-expansion coefficient obtained
from QHA.

Additional contributions may also arise from magneto-
structural coupling. LaFeO; is a G-type antiferromagnet
at low temperatures, and coupling between magnetic
order and lattice degrees of freedom can influence the

equilibrium lattice parameters. Because the QHA calcu-
lations are performed using a fixed magnetic reference
state, they do not capture temperature-dependent magnetic
disorder or spin-lattice fluctuations, which may further
contribute to deviations at elevated temperatures.

The reliability of the trained MLFF for LaFeO; was
evaluated using an independent validation set. Specifically,
100 structures were randomly selected from a separate
400 K molecular dynamics trajectory that was not included
in the training dataset. The corresponding MLFF-predicted
energies and forces were compared with DFT reference
calculations, as shown in Fig. S4 of Supplemental Material
[31], yielding energy, force, and stress errors of 0.247 meV/
atomand 0.0138 eV/ A, and 0.0290 GPa, respectively. This
validation confirms that the trained force field accurately
reproduces the DFT potential-energy surface for configu-
rations outside the training set, supporting its use for finite-
temperature production simulations.

By construction, MLFF-MD samples the finite-
temperature potential-energy surface directly and allows
the lattice to explore anharmonic configurations during
the trajectory. This includes local structural distortions,
dynamic fluctuations of octahedral tilts, and correlations
between different vibrational modes. The close agree-
ment between MLFF-MD and experiment therefore
demonstrates that explicit finite-temperature sampling
is important for quantitatively accurate prediction of
thermal expansion in tilted perovskites.

Taken together, the LaFeO; benchmark establishes a clear
methodological distinction. The QHA workflow required 27
method-specific DFT calculations, comprising 18 finite-
displacement phonon calculations and nine strained-volume
calculations, whereas MLFF training retained 139 DFT
reference configurations. MLFF training therefore required
112 additional DFT evaluations or approximately 5.1 times
the QHA count. Although QHA had a lower initial cost and
captured the qualitative expansion trend, MLFF-MD
yielded closer agreement with experiment, consistent with
its direct sampling of finite-temperature anharmonic lattice
dynamics. This capability is particularly important for
LSCF, where mixed cation chemistry, oxygen nonstoichi-
ometry, magnetic complexity, structural phase evolution,
and imaginary phonon modes prevent reliable construction
of the QHA free-energy surface.

C. Thermal expansion of LSCF

Having established the performance of both QHA
and MLFF-MD in the controlled LaFeO; benchmark
system, we now consider the technologically relevant
mixed ionic—electronic conducting oxygen electrode
material Lag ¢Sty 4Coq,Feq303_5 (LSCF). In contrast to
LaFeO;, LSCF contains several simultaneous sources of
structural and thermodynamic complexity, including
mixed A-site and B-site chemistry, oxygen-vacancy dis-
order, and a temperature-driven rhombohedral-to-cubic
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phase transition. These effects generate a strongly anhar-
monic free-energy landscape characterized by local dis-
tortions, fluctuating octahedral rotations, and substantial
coupling between lattice, charge, and magnetic degrees of
freedom.

Phonon calculations for LSCF reveal widespread imagi-
nary frequencies, as shown in Fig. S2 in Supplemental
Material [31], particularly within low-energy rotational
branches associated with octahedral tilting distortions
and local symmetry breaking. These imaginary modes
indicate that the nominal reference structure is dynami-
cally unstable within the harmonic approximation, pre-
venting construction of a physically meaningful Helmholtz
free-energy surface F(V,T). As a result, equilibrium
volumes and thermal-expansion coefficients derived from
QHA become highly sensitive to the choice of magnetic
ordering, structural representation, and supercell size. In
practice, obtaining converged QHA predictions for LSCF
would require extremely large disordered supercells and
explicit averaging over multiple magnetic and configura-
tional states, leading to computational costs that rapidly
become prohibitive.

In contrast, MLFF-MD avoids the need for harmonic
phonon expansions entirely by directly evolving atomic
trajectories at finite temperature within the NpT ensemble.
Because the machine-learned force field is iteratively
refined during the simulation through on-the-fly active
learning, the method remains robust across a wide range
of local structural environments encountered during thermal
evolution. This framework naturally incorporates anhar-
monic fluctuations, local distortions, thermal disorder, and
phase evolution, enabling stable prediction of thermal
expansion even in regimes where phonon-based approaches
become not well defined. The accuracy of the trained
LSCF MLFF was evaluated by comparing MLFF-
predicted energies and forces with DFT reference calcu-
lations for low- and high-temperature configurations, as
shown in Fig. S5 of Supplemental Material [31]. The
validation gives an energy MAE of 3.15 meV/atom, force

MAEs of 0.095-0.117 eV/A, and stress components of
0.181 GPa supporting the use of the trained MLFF for finite-
temperature production simulations.

Figure 6 compares the pseudocubic thermal expansion
of LSCF from MLFF-MD with HT-XRD measurements.
The error bars in Fig. 6 represent estimated block standard
errors of the MLFF-MD averages. The corresponding
instantaneous cell-volume distributions and sample stan-
dard deviations are provided in Fig. S8 of Supplemental
Material [31]. The corresponding variable-temperature
XRD heatmap is shown in Fig. S6 of Supplemental
Material [31]. In the low-temperature (300-800 K) regime,
LSCF comprises both cubic and rhombohedral phases
(Fig. 7), where the expansion is relatively smaller than in
the high-temperature cubic regime. This reduced expan-
sion is associated with the tilted octahedral framework,

0.014 4
0.0127 2.31x10° K™
0.010 4 cubic
o
g 0.008 1 1.90 x 10~° K™
©
S
8 0.006
3 1.40 x 1075 K-
0.004 +
1.31 x 10~ K~
0.002
rhombohedral == HT-XRD
0.0004 == MD-MLFF
T T T T T T T T T
300 400 500 600 700 800 900 1000 1100

T (K)

FIG. 6. Pseudocubic linear thermal strain of LSCF from
MLFF-MD compared with HT-XRD. Separate linear fits are
shown for the low-temperature rhombohedral regime and the
high-temperature cubic regime. Error bars on the MD points
represent estimated standard errors obtained from nonoverlap-
ping 5 ps trajectory blocks.

80
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FIG. 7. Representative Rietveld refinement of LSCF from the
variable-temperature x-ray diffraction dataset using the rhom-
bohedral R-3¢ and cubic Pm-3m structural models. Subtle peak
splitting from the mixed phase composition is shown in the inset.

which can accommodate part of the thermal strain through
changes in octahedral rotations. Within this regime,
MLFF-MD predicts a linear thermal-expansion coefficient
of o}~ 1.31 x 107> K71, in good agreement with the
HT-XRD value of offTXRD ~ 1.40 x 1075 K.

As the temperature increases toward the phase-transi-
tion region, the expansion becomes larger. This behavior is
associated with the reduction of octahedral tilting. As the
tilted rhombohedral framework is suppressed, the structure
becomes less able to accommodate thermal strain through
octahedral rotations, and lattice expansion becomes larger.

043005-9



IGOR EVANGELISTA et al.

PRX ENERGY S5, 043005 (2026)

Above the transition region, LSCF evolves toward an
average cubic structure with reduced rotational order and
more isotropic thermal motion (Fig. S7 in Supplemental
Material [31]). In this cubic regime (873—1100 K), MLFF-
MD predicts a larger linear thermal-expansion coefficient
of &M FF % 1.90 x 107> K™, compared with the HT-XRD
value of al!TXRD ~ 2 31 x 107> K~!. The increase in a;
from the rhombohedral to cubic regime shows that the
structural transition contributes directly to the enhanced
high-temperature expansion of LSCF.

A key result is that the simulations reproduce the exper-
imentally observed increase in thermal expansion across the
structural transition without requiring explicit symmetry
constraints or phase-specific parametrization. Instead, the
transition emerges naturally from finite-temperature sam-
pling of the anharmonic free-energy landscape. This is a key
difference between MLFF-MD and standard phonon calcu-
lations. Rather than describing the system around a single
static reference structure, MLFF-MD allows the lattice to
evolve with temperature and sample both rhombohedral-like
and cubic-like configurations.

The remaining quantitative discrepancy between
MLFF-MD and HT-XRD in the high-temperature cubic
regime is likely related to the absence of oxygen non-
stoichiometry in the present simulations. The experimental
HT-XRD measurements are conducted in air at elevated
temperature, where LSCF can develop an oxygen deficit
0 > 0 through partial reduction of B-site cations, such
as Fe*'/Co’* to Fe3t/Co?*. This fixed-stoichiometry
approximation is expected to be most appropriate in the
low-temperature rhombohedral regime, where reported
oxygen deficiencies are small under oxidizing conditions,
whereas thermally induced oxygen loss becomes more
significant at higher temperature [4,42]. This reduction
produces chemical expansion of the perovskite lattice
because the reduced cations have larger ionic radii and
oxygen-vacancy formation modifies the local electrostatic
environment. As a result, the experimentally measured
lattice expansion contains both intrinsic thermal-expansion
and chemical-expansion contributions [14,15].

In contrast, the present MLFF-MD simulations model
stoichiometric LSCF with fixed oxygen content (6 = 0)
over the full temperature range. Therefore, M reflects
primarily the intrinsic thermal component of the lattice
response, while the additional chemical expansion con-
tribution present in the HT-XRD measurements is absent
by construction. Incorporating explicit oxygen vacancies
in future MLFF-MD simulations, for example, through
vacancy-seeded NpT trajectories with defect concentra-
tions informed by experimental nonstoichiometry data,
would allow the apparent thermal expansion under
realistic operating conditions to be modeled more directly.
Nevertheless, the overall agreement demonstrates that
MLFF-MD captures the dominant structural mechanisms
governing thermal expansion in LSCF, including the

strong coupling between lattice strain and octahedral
rotational dynamics.

D. Dynamics of phase transition
and octahedral tilt

To further analyze the structural evolution captured
during finite-temperature simulations, the distributions
of octahedral tilt angles were evaluated as a function of
temperature, as shown in Fig. 8. These distributions show
how the octahedral tilts change with temperature across the
rhombohedral-to-cubic transition, providing an atomic-
scale view of the structural changes that contribute to
thermal expansion. Because the high-temperature cubic
phase is cubic in the time-averaged sense and instanta-
neous configurations retain thermally induced local dis-
tortions, these trajectory-averaged distributions provide a
more representative structural descriptor than a single
atomic snapshot.

At low temperatures, the tilt-angle distributions show
distinct bimodal peaks at nonzero positive and negative
rotational angles around 6°, consistent with the rhombo-
hedral tilt system reported in crystallographic studies of
LSCF [4,14,15]. These peaks correspond to cooperative
octahedral rotations that stabilize the distorted perovskite
framework through long-range rotational order, described
in Glazer notation as a~a~a~. The presence of well-
defined nonzero rotor angles therefore indicates that the
local structure sampled by MLFF-MD is consistent with
the expected thombohedral octahedral tilt pattern.

With increasing temperature, the distribution becomes
broader and gradually shifts toward a peak near zero
degrees. This evolution is already evident between 600 and
800 K and becomes more pronounced above 900 K. The
effect is due to increasing thermal motion and the partial
breakdown of the long-range octahedral tilting structure.
As the structure approaches the cubic-like regime at high
temperature, particularly above 900 K, the long-range
octahedral tilt pattern is progressively suppressed. The
average structure, therefore, becomes more symmetric,
while local octahedral fluctuations remain dynamically
active. Near the transition region, approximately over the
700-900 K range, the bimodal distributions begin to
merge, indicating that the system is no longer confined
to well-defined rhombohedral-like tilt configurations. The
broad transition range observed in the simulations is
consistent with experimental reports placing the rhombo-
hedral-to-cubic transition in LSCF at approximately
923-1023 K, [43] supporting the interpretation that
MLFF-MD captures the gradual loss of long-range tilt
order across the transition.

At high temperatures, the distributions become increas-
ingly centered on ¢ ~ 0°. This closely matches the temper-
ature range of the experimentally observed transition to a
cubic average structure [43—46]. The consistency between
local and average tilt order disappearance is significant,
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FIG. 8.

Octahedral rotor-angle distributions of LSCF obtained from MLFF-MD as a function of temperature. The bimodal low-

temperature distributions indicate rhombohedral octahedral tilting, while the progressive shift toward ¢ =~ 0° with increasing
temperature reflects the rhombohedral-to-cubic structural evolution. The broad high-temperature distributions show that local

octahedral fluctuations persist even in the average cubic regime.

indicating that the tilt order transition is at least partially
displacive in character [12,47—49], though local fluctua-
tions in the cubic phase may introduce some order-disorder
character. Indeed, the tilt angle distribution closely resem-
bles that obtained from total scattering analysis through the
canonical tilt order transition in SrTiO; [48]. The obser-
vation of this transition in an O-stoichiometric system also
indicates that the transition in LSCF-6428 is not attribut-
able to oxygen vacancies.

A central result is that the phase transformation is
obtained directly from unconstrained finite-temperature
MLFF-MD simulations. No structural symmetry con-
straints, predefined order parameters, or externally
imposed phase boundaries were introduced during the
simulations. Instead, the changes in the rotor-angle dis-
tributions arise directly from the finite-temperature lattice
dynamics sampled by MLFF-MD. This capability is
particularly important for LSCF, where the structural
response is governed by the interplay between octahedral
tilting, local disorder, and lattice anharmonicity.

The ability of MLFF-MD to simultaneously capture
thermal expansion and structural phase evolution demon-
strates a major advantage over conventional quasiharmonic
approaches. While QHA relies on static harmonic phonons
around a reference structure, MLFF-MD directly resolves
the temperature-dependent evolution of local lattice dis-
tortions and collective octahedral dynamics, providing a

physically complete description of finite-temperature struc-
tural behavior in complex oxide materials.

IV. CONCLUSION

In this work, we have established a systematic comparison
between the QHA and on-the-fly MLFF-MD for predicting
thermal expansion in perovskite oxides of increasing com-
plexity. For the benchmark system LaFeO;, QHA captures
the qualitative temperature dependence of thermal expansion
but systematically overestimates the volumetric coefficient
due to its neglect of explicit anharmonic effects. In contrast,
MLFF-MD shows excellent agreement with experimental
high-temperature x-ray diffraction measurements, demon-
strating the importance of finite-temperature sampling.

In the case of LSCF, QHA becomes unreliable due to
phonon instabilities, magnetic sensitivity, and chemical
disorder. MLFF-MD, however, provides stable finite-
temperature trajectories and captures the central exper-
imental trend observed for LSCEF, specifically the increase
in linear thermal expansion as the system evolves from
the low-temperature rhombohedral regime to the high-
temperature cubic regime. This behavior is directly
connected to the evolution of the octahedral framework.
The low-temperature rotor-angle distributions show
bimodal peaks associated with rhombohedral octahedral
tilt order, whereas the high-temperature distributions
broaden and shift toward zero angle, indicating the
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progressive suppression of long-range rotational order
and the emergence of an average cubic structure. These
results show that the enhanced high-temperature expan-
sion of LSCF is coupled to the loss of octahedral tilt
order, rather than being only a simple increase in lattice
parameter. Together, these results demonstrate that on-
the-fly MLFF-MD provides a practical first-principles
route for predicting thermomechanical behavior in chemi-
cally disordered oxide electrodes, particularly when
anharmonicity, octahedral tilt dynamics, and structural
phase evolution cannot be reliably captured by phonon-
based QHA approaches.

Beyond its ability to capture finite-temperature anhar-
monicity and structural evolution, MLFF-MD also pro-
vides a substantial computational advantage over direct
ab initio molecular dynamics. In the present calculations, a
direct AIMD step required approximately 100 s, whereas
an MLFF-evaluated step required approximately 0.4 s,
corresponding to an acceleration of roughly 250% on a per-
step basis. This reduction in computational cost enables
substantially longer trajectories and broader configura-
tional sampling while retaining close agreement with
DFT reference energies and forces. Together, these
results demonstrate that on-the-fly MLFF-MD provides
a practical and computationally efficient first-principles
framework for predicting thermomechanical behavior in
chemically disordered oxide electrodes, particularly when
anharmonicity, octahedral tilt dynamics, and structural
phase evolution cannot be reliably captured by phonon-
based QHA approaches or accessed efficiently using direct
DFT-based molecular dynamics.
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