Anion Ordering and Phase Stability Govern Optical Band Gaps in BaZrS;, Se; ;.
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Chalcogenide perovskites have emerged as promising lead-free materials for photovoltaic and ther-
moelectric applications. Among them, BaZrSs; has attracted particular attention due to its thermal
and chemical stability, favorable optoelectronic properties, and low thermal conductivity. Here, we
combine molecular dynamics and Monte Carlo simulations based on a machine-learned interatomic
potential with scanning transmission electron microscopy to investigate mixing thermodynamics
and phase stability in the BaZrS;,Ses 3, system. We identify an unusual ordered structure that
persists at room temperature, most prominently at 33 % S, where S and Se atoms form alternating
layers within the crystal. Free-energy calculations yield the temperature—composition phase dia-
gram, including a non-perovskite § phase in the Se-rich limit and a perovskite phase in the S-rich
limit, separated by a broad two-phase region. Analysis of the dielectric function and the absorption
coefficient demonstrates that composition, crystal structure, and anion ordering jointly control the
optical band gap. Selenium alloying enables tuning between approximately 1.6 and 1.9eV, while
anion ordering within a given composition reduces the gap by about 0.12eV. Lastly, variations

between structural polymorphs give rise to band gap differences of up to 0.4eV.

I. INTRODUCTION

Perovskites with the general formula ABX; constitute
a versatile class of materials for optoelectronic applica-
tions. Hybrid lead—halide perovskites, in particular, have
enabled record-breaking single-junction and tandem pho-
tovoltaic efficiencies [1]. However, their long-term chem-
ical instability and the presence of toxic lead remain sig-
nificant barriers to large-scale deployment. These lim-
itations have motivated the search for alternative per-
ovskite chemistries that retain favorable optoelectronic
properties while improving chemical robustness and sus-
tainability.

Chalcogenide perovskites (X = S, Se) provide one such
platform. These materials combine strong optical ab-
sorption with improved environmental stability and are
composed of earth-abundant, non-toxic elements [2-7].
Among them, BaZrS; has emerged as a model system,
exhibiting strong band-to-band photoluminescence and
favorable defect physics [8-11]. However, its band gap
of 1.9eV [12, 13] lies above the ideal range for single-
junction photovoltaics, as the Shockley—Queisser limit
places the maximum theoretical efficiency at 1.3eV to
1.4eV. Band gap engineering through alloying is there-
fore a natural strategy to enhance its photovoltaic poten-
tial. Partial substitution on the B-site with Ti [14, 15] or
on the X-site with Se [16] reduces the band gap into the
optimal range [13, 16-19]. An additional benefit is that
Se incorporation is predicted to weaken electron—phonon
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coupling, potentially suppressing non-radiative recombi-
nation in BaZrS;,Se; 5, alloys [18]. While alloying thus
improves optoelectronic properties, it also modifies bond-
ing and lattice energetics, raising fundamental questions
about phase stability and anion ordering.

The structural stability of the perovskite sulfide end
member is well established. At ambient conditions,
BaZrS; adopts the corner-sharing perovskite structure
with orthorhombic Pnma symmetry [20]. Upon heating,
it undergoes displacive phase transitions to tetragonal
and cubic polymorphs [21-24].

In contrast, there are conflicting structures reported
for the perovskite selenide end member. An early experi-
mental attempt to synthesize stoichiometric BaZrSe; via
a solid-state reaction yielded off-stoichiometric, needle-
like structures composed of face-sharing octahedra,
rather than the corner-sharing perovskite network [25].
More recently, stoichiometric BaZrSe; in a closely re-
lated face-sharing hexagonal phase has been reported
for nanocrystalline samples prepared by hot injection
[26]. First-principles studies constrained to the 1:1:3
stoichiometry instead predict a different edge-sharing
polymorph with Pnma symmetry [27, 28]. Se-rich
corner-sharing perovskite phases, including stoichiomet-
ric BaZrSe;, have been realized using non-equilibrium
methods [16, 19]. Although these perovskite phases
are likely metastable, they exhibit long-term stabil-
ity at ambient conditions. For the mixed-anion series
BaZrS;,Seq 5., powder synthesis studies indicate phase
segregation above approximately 40 % Se [9], also imply-
ing limited stability of the perovskite framework a high
Se content under near-equilibrium conditions.
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Collectively, the available evidence suggests that the
perovskite form of BaZrSe; is not the equilibrium ground
state under ambient conditions, but that it is kineti-
cally stable. However, a unified thermodynamic descrip-
tion capable of reconciling equilibrium phase segregation,
metastable perovskite formation, and possible anion or-
dering across composition and temperature has not yet
been established. Developing such a description is es-
sential for the optimization of mixed-anion chalcogenide
perovskites and their optical properties.

Here, we establish the temperature—composition phase
behavior of the mixed BaZrS;,Se; 5. system combin-
ing atomic scale modeling and scanning transmission
electron microscopy (STEM) analysis. Building on our
previously developed dataset for BaZrS; [24], we train
a machine-learned interatomic potential (MLIP) with
density-functional theory (DFT) data. This approach
enables large-scale sampling of the configurational and
vibrational degrees of freedom while retaining close to
hybrid-functional accuracy. Using molecular dynamics
(MD) and Monte Carlo molecular dynamics (MCMD)
simulations, we explore anion configurations and compet-
ing structural motifs over a broad range of temperatures
and compositions, keeping the Ba:Zr:(S+Se) ratio fixed
at 1:1:3. We predict the emergence of an unusual trans-
ordered S/Se arrangement at 33% S content, which we
confirm experimentally by STEM. Furthermore, we con-
struct a temperature—composition phase diagram that ra-
tionalizes the experimentally observed stability limits of
the perovskite phase and clarifies the thermodynamic ori-
gins of metastability in Se-rich compositions. Together,
these results provide quantitative thermodynamic guide-
lines for stabilizing Se-rich perovskite phases and tuning
anion order to optimize band gap and phase stability in
lead-free chalcogenide absorbers. Lastly, we analyze the
dielectric function as well as the absorption coefficient,
and demonstrate that composition, crystal structure, and
anion ordering jointly control the optical band gap.

II. RESULTS AND DISCUSSION
A. Mixing energies and ordered structures

The MLIP model developed in this work is based on
the neuroevolution potential (NEP) framework [30-35]
(Supp. Note 1) and accurately reproduces the small en-
ergy differences predicted by DFT calculations [36] using
the HSE06 hybrid functional [37] (Supp. Note 2) be-
tween the perovskite, needle-like (§ Pnma), and hexago-
nal (P63/mmc) phases for the end members BaZrS; and
BaZrSe; (Supp. Note 4 and Table S1). In addition, the
MLIP yields mixing energies in quantitative agreement
with the corresponding DFT results across the full com-
position range (Supp. Note 4; Figure S2 and Figure S3),
demonstrating the reliability of the model for thermody-
namic analysis. We note that throughout this study the
mixing energy is defined relative to the pure needle-like

end members (Supp. Note 7).

The relative 0 K stability of the phases within the 1:1:3
stoichiometry was further assessed using simulated an-
nealing in supercells containing several hundred atoms,
which are computationally inaccessible at the DFT level
(Supp. Note 4). This analysis identifies the § needle-
like phase as the lowest-energy structure across nearly
the entire composition range up to approximately 95 %
sulfur (Figure 1). These results indicate a two-phase co-
existence region separating the perovskite and needle-like
phases at low temperature, which we analyze in more de-
tail below (Sect. IIC).

For both the perovskite and needle-like structures, the
mixing energy exhibits a pronounced local minimum near
x = 1/3, corresponding to layered anion ordering pat-
terns commensurate with the respective primitive unit
cells (Figure 1b,c). In the perovskite case, this trans-type
ordering is analogous to arrangements previously iden-
tified in mixed-halide perovskites [38]. However, such
layered ordering appears to be uncommon in oxychalco-
genide perovskites; oxysulfide and oxynitride perovskites
typically favor cis-configurations, in which identical an-
ions occupy adjacent sites rather than opposite vertices
of the octahedron [39-42]. Studies of oxysulfides further
demonstrate that anion ordering can strongly influence
electronic properties, underscoring the importance of un-
derstanding the origin of the ordered structures identified
here [40] (see Sect. IID).

We propose that layered ordering is energetically fa-
vored in BaZrS;, Se; 5, because it enables octahedral
tilting to adapt to the local chemical environment. In the
orthorhombic Pnma structure with tilt pattern a—a=c™,
layered ordering leads to the ¢t rotation acting predomi-
nantly on Se anions, while the a™ tilts involve both S and
Se. Consistent with this interpretation, the relaxed Zr—
Se—Zr bond angles are smaller than the corresponding Zr—
S—Zr angles (155° versus 156°), reflecting a slightly larger
tilt amplitude associated with the larger ionic radius of
Se. Although layered ordering can induce significant in-
terlayer strain in oxysulfide and oxynitride systems with
large ionic-radius mismatch [40], the smaller size differ-
ence between S and Se likely mitigates such strain here,
stabilizing the observed trans-type ordering.

B. Order-disorder transitions

To assess the finite-temperature ordering behavior of
BaZrS;,Se; .., we performed heating simulations start-
ing from the ordered ground states identified at 0K
(Supp. Note 5 and Supp. Note 6) [31, 43-46]. We focus
on the composition & = 1/3, which exhibits the strongest
ordering tendency in the mixing energies. The tempera-
ture evolution of the potential energy, heat capacity, and
Warren—-Cowley SRO parameter [47] reveals an order—
disorder transition near 210 K for both the ¢ and ~ phases
(Figure 1d—g). The transition appears broad, consistent
with a continuous loss of long-range order rather than a



T T T T
.'o\.“ ~ (perovskite)
’g‘ 20 \ § (needle-like)
1Y
E 15 ‘Mh i
> 10 "‘&\ i
=y
g L/
S 51 4
(@]
£
x 0
=
-5 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
b it S concentration
rovski .
)geo S oe ® c) needle-llkeO )
e ®® 0,0 ° ® o0 o
0®0 ® o P ® 0‘ o 2,
0 o0 %0, o.oﬁo.c.o
o ® 00 o g © ® o
o ® ¢ 0 o ®® ® . .’ o
® o ° o ©
@82 @27 @S OSe
FIG. 1.

U (meV/atom) Lat. Param. (A)

Cp (kg/3/N)

__.______L ________ J B ——— T
52 1 m ___——__'_::::::::::::::::::
McMD

—— MD random

—— MD ordered
5.0 [rmmm—— — e I _
g @ e ——————
20 | © ]
10 v x=1/3 |

— 5 x=1/3
0 ; : : i

f)
15 _
‘_\/ ]
1.0 . . . .
T T }
0.00 9

—_0.25 ___________“~F,,~F~’~ﬂ“~‘~w i
~0.50 , , . |
0 100 200 300 400

Temperature (K)

Mixing energies and order-disorder transition from simulations. (a) Comparison of the mixing energies of

the perovskite () and needle-like (§) phases obtained from MCMD cooling simulations. The structures in (b) and (c) display
the ordered structures at z = 1/3 with Ba atoms shown in red, Zr atoms in blue, S atoms in green, and Se atoms in orange.
The Zr-centered coordination polyhedra are shown in gray. Structures were visualized using ovITO [29]. (d—g) Thermodynamic
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Change in potential energy after removal of the Dulong-Petit contribution (3ksT), (f) heat capacity Cp, and (g) nearest-

neighbor Warren—Cowley SRO parameter.

first-order discontinuity. Accordingly, no sharp jump in
the energy is observed.

To demonstrate the impact of ordering, we addition-
ally performed MD simulations of the perovskite phase
with fully ordered and fully randomized anion occupa-
tions (Figure 1d,e). In these simulations, the system re-
mains trapped in the imposed configurations, prevent-
ing equilibration between ordered and disordered states.
In contrast, the combined MCMD approach enables ex-
change of S and Se on the X-site sublattice and produces
a smooth crossover from the ordered to the disordered
regime as temperature increases. Above the transition
temperature, the SRO parameter decreases continuously
toward zero, reflecting progressive randomization of S
and Se on the X-site sublattice. Similar order—disorder
behavior is observed across the composition range, but
the transition is particularly pronounced at = 1/3,
where ideal commensurate ordering patterns are possi-
ble.

To provide experimental evidence for this unusual an-
ion ordering and its associated order—disorder transition,
we carried out STEM characterization of BaZrS;,Ses 5,
thin-film cross sections with compositions near x = 1/3
(Supp. Note 9-11) [12, 19]. Atomic-number-sensitive

HAADF imaging along the pseudocubic (100) direction
reveals an atom-column arrangement consistent with the
perovskite structure of BaZrS,,Se; 5. (Figure 2a,b). Sig-
nificant intensity variations are observed at the anion
columns, with columns along projected (110) directions
exhibiting alternating low and high intensity. To quan-
tify these variations, peak intensities extracted from two-
dimensional Gaussian fits were mapped onto the pro-
jected structure (Figure 2c), revealing spatial patterns
consistent with layered anion ordering.

To enable a direct comparison between experiment and
simulation, we evaluated the Moran’s I nearest-neighbor
autocorrelation statistic for both experimental images
and simulated STEM images generated from MCMD
snapshots (Figure 2d,e; see Eq. (8)) [48]. As a function
of increasing anion neighbor shell along (110) directions,
the order parameters extracted from simulated images
exhibit an order—disorder transition consistent with that
obtained directly from the atomistic simulations. The
experimentally determined order parameters at approxi-
mately 300 K fall between the simulated values at 200 and
300K, indicating partial ordering at room temperature.
These results confirm that the anion ordering predicted
by simulations is observed experimentally at comparable
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temperature and composition.

It is important to note that the perovskite v phase is
metastable with respect to the needle-like § phase within
the 1:1:3 stoichiometry, implying the presence of signifi-
cant kinetic barriers between these structures. The per-
sistence of nonzero SRO above the nominal transition
temperature, including at room temperature, suggests
that local anion correlations can survive even after long-
range order is lost.

C. Phase diagram

We now examine the temperature-composition phase
behavior of BaZrS;,Ses 5,. We first determine the tran-
sitions among the perovskite polymorphs from MCMD
heating simulations (Figure S4)which reveal successive
transitions from the orthorhombic v (Pnma) to the
tetragonal 8 (I4/mem) and finally to the cubic «
(Pm3m) phase across the composition range. These
transitions are identified through a combined analysis
of lattice parameters, heat capacities, and symmetry-
adapted octahedral tilt mode projections [49] as functions
of temperature.

In contrast, the transition between the needle-like §
phase and the perovskite v phase is not directly accessi-
ble from MD or MCMD simulations because of the large
nucleation barrier separating these structures. We there-
fore determine this boundary from free energy calcula-
tions (Supp. Note 6).

We begin by computing the Gibbs free energy of the
pure BaZrSe; end member, G(x = 0,T), using ther-
modynamic integration to an Einstein crystal reference

(Figure 3a). The  phase is stable up to approximately
870K, above which the vy phase becomes thermodynam-
ically favored. Although the + phase is higher in energy
by about 24 meV /atom at 0K (Table S1), it possesses a
significantly larger vibrational entropy, which stabilizes
it at elevated temperature. This enhanced entropy arises
from a greater density of low-frequency phonon modes in
the « phase (Figure 3a and Figure S5).

Using G(x = 0,T) as a reference, the mixing free en-
ergy AGnix(z,T) is obtained across the full composition
range via free energy integration (Supp. Note 7). At
300K, a two-phase region is predicted between approx-
imately x = 0.2 and x = 0.95, separating the vy and
d phases (Figure 3b). At 500K, this coexistence re-
gion narrows and shifts asymmetrically to approximately
2 =0.25 and 2 = 0.65 (Figure 3c).

Free energy calculations performed over a dense
grid of temperatures then yield the full temperature—
composition phase diagram of BaZrS;, Se; 5, (Fig-
ure 3d). On the Se-rich side, the needle-like § phase is
thermodynamically stable, whereas on the S-rich side the
perovskite phase is favored, with a two-phase coexistence
region at intermediate compositions. At higher temper-
atures, the orthorhombic « phase is stabilized across the
entire composition range and subsequently transforms to
the tetragonal 8 and cubic « polymorphs upon further
heating.

When synthesized via a conventional solid-state reac-
tion at 700K [9], Se substitution up to approximately
40 % in the sulfide perovskite has been reported with-
out observation of non-perovskite precipitates at room
temperature. Our calculations predict that only about
9% Se is thermodynamically soluble in the perovskite
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phase at 300 K. However, the calculated solubility limit
increases to approximately 20% at 400K and to 40 %
at 500K, bringing the theoretical predictions closer to
experimental observations under elevated-temperature
growth conditions. Furthermore, the computed free en-
ergy differences are small, and modest uncertainties in
the underlying DFT reference data, the MLIP model, or
the sampling can shift phase boundaries. Indeed, first-
principles predictions of phase transition temperatures in
similar systems can commonly differ from experiment by
100K to 200K depending on the underlying exchange-
correlation functional [24, 50]. Finally, we note that the
persistence of the single-phase perovskite at room tem-
perature indicates kinetic limitations that suppress nucle-
ation of the thermodynamically favored & phase at low
temperature.

D. Optoelectronic Properties

Finally, to understand how the electronic and optical
properties of the material are affected by changes in com-
position, phase, and atomic ordering, we compute the di-
electric function and the absorption coefficient. All cal-
culations are performed at the PBE level, followed by two
corrections: a band gap correction derived from HSEQG
(o = 0.25) calculations and a spin-orbit coupling (SOC)
correction. The latter decreases the band gap by up to
0.17eV for Se-containing compounds (see Supp. Note 3
for further details).

The absorption coefficients of the perovskite and
needle-like phases at 300 K are calculated for all compo-

sitions (Figure 4a,b). For both phases, the onset of ab-
sorption shifts monotonically to higher energies with in-
creasing sulfur concentration. Notably, the needle phase
exhibits an extended but weak absorption tail, in con-
trast to the sharper onset observed for the perovskite
phase. A similar difference between the two phases has
previously been reported for SrZrS, [51].

From the absorption coefficients, we extract the opti-
cal band gap via a Tauc analysis (Figure 4c; see Supp.
Note 3 and Figure S6 for details). For both phases, the
Tauc gap increases monotonically with increasing sulfur
content, in agreement with previous experimental and
theoretical studies [16-18]. The predictions are in very
good agreement with experimental data from Ref. 16,
particularly for the end members.

Previous DFT studies have reported that the needle
phase exhibits a lower fundamental band gap than the
perovskite phase [52]. Consistently, the band gaps ob-
tained directly from the electronic eigenstates are smaller
for the needle phase than for the perovskite phase (Ta-
ble S2). In contrast, the Tauc analysis shows that the
optical gap of the needle phase is notably larger. This
discrepancy arises from the extended but weak absorp-
tion tail observed in the needle phase (Figure 4b), high-
lighting that the fundamental and optical gaps can differ
significantly.

Finally, we demonstrate that the anion ordering identi-
fied in this work (Figure 2) has a significant impact on the
optical properties. To this end, we perform three types
of simulations at 33% S and temperatures of 100, 200,
and 300 K: MD with fully ordered anion occupation, MD
with random occupation, and fully equilibrated MCMD.
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Analysis of the optical properties from MD simulations
with fixed occupations (ordered or random) reveals a con-
sistent difference of 0.16eV to 0.19eV in the Tauc gap,
independent of temperature. In both cases, the Tauc gap
increases with temperature, opposite to typical semicon-
ductor behavior but consistent with trends reported for
other perovskites [53]. The observed difference is there-
fore attributable to the ordering of S and Se atoms in
the system. The fully equilibrated structures follow the
Tauc gap of the ordered configuration up to 200 K. Be-
tween 200 K and 300 K, however, the Tauc gap increases
rapidly toward the value of the random configuration.
This behavior is consistent with the order—disorder tran-
sition identified above, occurring between 200 and 300 K.

III. CONCLUSIONS

By combining a MLIP with large-scale MD simu-
lations, we have revealed ordering phenomena in the
BaZrS;,Ses 5, perovskite system. The simulations pre-
dict the emergence of a trans-ordered configuration with
alternating layers of S and Se atoms, which is particu-
larly pronounced at « = 1/3. This ordering is supported
by STEM measurements and corresponding image sim-
ulations. In addition, we performed free-energy calcu-
lations based on MCMD simulations to construct the
full phase diagram, considering all relevant ABX4 poly-
morphs. Our results show that while the perovskite phase
is thermodynamically stable only at high sulfur content,
a wide two-phase region exists, and the perovskite phase
remains dynamically stable across the entire composi-
tion range. Finally, we demonstrate that composition,
crystal phase, and anion ordering all strongly influence
the optoelectronic properties of this prototypical chalco-
genide perovskite. In particular, the order—disorder tran-

sition occurring near room temperature leads to a shift in
the Tauc gap of approximately 0.16eV to 0.19eV. This
demonstrates that a detailed understanding of the under-
lying thermodynamic properties, such as phase stability
and ordering, is essential for the rational design of mate-
rials with tailored properties.
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Supplementary Notes

Supplementary Note 1: Neuroevolution potential construction

A machine-learned interatomic potential (MLIP) was constructed using the neuroevolution potential (NEP)
framework as implemented in the GPUMD package (1, 2). The NEP formalism was chosen for its high com-
putational efficiency relative to other state-of-the-art MLIP approaches, which is essential for the extensive
configurational and thermodynamic sampling performed here. Its local descriptor-based architecture addition-
ally enables efficient local Monte Carlo updates, providing a substantial computational advantage for hybrid
Monte Carlo molecular dynamics (MCMD) simulations (Note 7).

Training structures were generated from the relevant structural prototypes, including corner-sharing per-
ovskites (Pnma, I4/mcm, Pm3m), a needle-like edge-sharing phase (Pnma), and the hexagonal phase (P63/mmc)
using the ASE (3) and HIPHIVE (4) packages. Mixed-anion configurations were generated by enumeration using
ICET (5) following the algorithm of Hart and Forcade (6), complemented by randomly occupied supercells. The
training set was iteratively refined by adding structures generated via molecular dynamics (MD) and MCMD
simulations in the NPT ensemble between 0 and 1200 K. About 100 selected structures from the BaZrSs training
dataset of Ref. 7 were also incorporated.

The final model achieves for the train (test) set a energy root-mean-square error (RMSE) of 0.0034 ¢V /atom
(0.0049 eV /atom), a force RMSE of 0.0835eV /A (0.0843eV /A), and a stress RMSE of 0.2058 GPa (0.2093 GPa).

The ASE (3) and CALORINE (8) packages were used to prepare the training structures, set up MD simulations
and post-process the results. Random displacements were generated using the HIPHIVE package (4).

Supplementary Note 2: Density functional theory calculations

All density-functional theory (DFT) calculations were performed with the FHI-AIMS code (9) using the HSE0G
exchange—correlation functional(10), which has been previously found to yield structural parameters and phase
transitions in good agreement with experiment (7). All computational parameters were identical to those
reported in Ref. 7. A Monkhorst—Pack k-point mesh with a minimum k-spacing of 0.2/ A was employed. The
light basis set was used throughout. Stress tensors were evaluated for small and medium-sized cells included in
the training set, but were not computed for structures containing more than approximately 50 atoms due to
memory constraints.

Supplementary Note 3: Dielectric function calculations

Dielectric functions were calculated using vAsp(11) with the PBE functional (12), using projector-augmented
wave (13, 14) setups. We use an plane wave energy cutoff of 520 eV automatically generated k-point grids with
a maximum spacing of O.Z/A.

The dielectric function e(w) = €;(w) + iea(w) is converted to the absorption coefficient via

a(w) = \/iw \/\/61(0.))2 + ea(w)? — €1 (w). (1)

The Tauc gap is subsequently extracted from the absorption coefficient by plotting (a(w) - hw)2 as a function of
photon energy and performing a linear fit to the onset region, excluding the low-energy Urbach tail (Figure S6).
The optical band gap (Tauc gap) is taken as the zero-energy intercept of this linear fit.

For each composition and temperature, 5 to 10 snapshots extracted from NVT MCMD and MD simulations
are used, with lattice parameters fixed to those obtained from the corresponding NPT runs. The dielectric
functions are averaged over these snapshots for each composition and phase.

To correct for the band gap underestimation of PBE, we compute HSE06 band gaps for a representative set
of snapshots using FHI-AIMS, obtaining a consistent PBE-to-HSEOQ6 shift of 0.63 eV, which is applied as a rigid
scissors correction to all dielectric functions.

Additionally, we assess the role of spin-orbit coupling (SOC) by computing HSE06+SOC band gaps for the
fully relaxed pure S and Se end-members in both the perovskite and needle (both Pnma) phases; results are
provided in Table S2. SOC reduces the band gap in both cases, with a larger effect for Se than for S, consistent
with the expected trend for heavier chalcogenides (15).
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Supplementary Note 4: Ground state structures

For the sulfide, the perovskite v (Pnma) phase is identified as the ground state, in agreement with experiment,
with the non-perovskite ¢ phase lying 2meV/atom higher in energy. The hexagonal P63/mmc phase is sub-
stantially higher in energy, by 72meV /atom. For the selenide, the non-perovskite ¢ phase is identified as the
ground state, with the perovskite 4 phase 24 meV /atom higher in energy (see Table S1). Again, the hexagonal
P63/mmec phase is much higher in energy at 33 meV /atom, and remains energetically unfavorable across the
full composition range. Accordingly, this hexagonal phase is excluded from further thermodynamic analysis.

Supplementary Note 5: Mixing energies

Mixing energies at 0 K were computed for relaxed structures generated by enumeration of symmetry-inequivalent
configurations based on the parent perovskite and ¢ needle-like phases, as well as from cooling MCMD simula-
tions (Figure S2 and Figure S3). The cooling simulations were performed from 1200 K to 0K over 40 ns using
supercells containing approximately 300 to 400 atoms. For nearly all compositions, the cooling simulations
yield structures with energies equal to or lower than those obtained from enumeration. The relaxed enumerated
structures themselves remain in quantitative agreement with direct DFT calculations, confirming the reliability
of the NEP model.

Supplementary Note 6: Molecular dynamics and free energy calculations

All MD simulations employed a timestep of 1fs. Constant-pressure simulations were performed in the NPT
ensemble using the stochastic cell rescaling barostat with a pressure target of 0 GPa. Equilibrium lattice
parameters at each temperature and composition were obtained by averaging over heating and cooling runs
conducted at a rate of —1K/ns.

The Helmholtz free energies of the end members (x = 0 and = = 1) were computed using thermodynamic in-
tegration (TI) with respect to an Einstein crystal reference (16), as implemented in GPUMD (2). The interpolated
Hamiltonian was defined as

H(\) = (1 — \)Hgin + \HxEP, (2)

where ) is the Kirkwood coupling parameter (17). The free energy difference between the NEP system and the

Einstein crystal reference is given by
1
OH (A
G(NEP - GEin = / < 8§\ )> dAa (3)
0 A

where (- - ), denotes an ensemble average evaluated with the Hamiltonian H()). TI simulations were performed

for 0.1 ns using a spring constant of 4eV/ A® and a supercell containing 23 040 atoms.

Supplementary Note 7: Monte Carlo—molecular dynamics

To explicitly sample both vibrational and chemical configurational degrees of freedom in the mixed system, we
performed MCMD simulations (18-20), in which MD steps are interleaved with Monte Carlo (MC) trial moves.
After every 100fs of MD, Nx MC trial moves were attempted, where Nx denotes the number of X-site atoms
in the simulation cell. All MD segments employed a timestep of 1 fs.

Configurational sampling was carried out using flip trial moves in the semi-grand canonical (SGC) ensemble,
in which the chemical species of a randomly selected X-site atom is changed from S to Se or vice versa. For
a binary sublattice, we define the concentration of species A as xyx = Na/N, where N, is the number of A
atoms on the X-site sublattice and N is the total number of X-site atoms. Within the canonical ensemble, the
chemical potential is given by

oG
A = (8]\7) ) (4)
A/ Tp,Niza
which can equivalently be expressed in terms of the free energy per X-site atom, g = F'/N, as
dg

()

The concentration-dependent free energy f(xa,T) can therefore be obtained by thermodynamic integration
along the composition axis,

pa= a.%‘A.

da'y, (6)
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where the relation between ua and xa was sampled via the MCMD simulations.

Supplementary Note 8: Free energy and phase diagram construction

For each structural phase, the Helmholtz free energy F(x,T') is determined as described above, where here and
in the remainder of this paper = denotes the S concentration on the X-site sublattice, while the Ba and Zr
sublattices remain fixed. We define the mixing free energy of a given phase as

AG(mix(xajj) = F(‘T7T) - [$G5(1,T) + (1 - J?)G(;(O,T)} ) (7)

where G5(0,T) and G5(1,T) are the free energies of the pure Se and pure S needle-like ¢ phases, respectively.
The needle-like phase thus serves as a common reference state for all compositions.

Part of the temperature—composition phase diagram is constructed by mapping the convex hull of the free
energy as a function of composition at each temperature. Phase coexistence regions are identified from common-
tangent constructions, while single-phase stability corresponds to compositions lying on the convex envelope.

In addition to compositional phase separation, the perovskite phase exhibits a continuous tetragonal-to-
cubic (Pm3m) transition. Because this second-order transition does not involve a free-energy crossing between
distinct phases, its location cannot be determined from convex-hull analysis. Instead, it is identified from cooling
simulations initiated in the cubic phase and monitoring changes in structural and thermodynamic observables,
following the procedure of Refs. 7, 21.

Supplementary Note 9: Order parameters

To distinguish the cubic, tetragonal, and orthorhombic perovskite polymorphs observed in the MD and MCMD
simulations, we project the instantaneous atomic displacements onto normal modes obtained for the ideal cubic
structure corresponding to octahedral tilting distortions (21). Specifically, we evaluate the projection onto the
lowest-frequency phonon modes at the M and R points of the Brillouin zone, which correspond to in-phase
and out-of-phase octahedral tilts, respectively. The relative amplitudes of these mode projections allow us to
identify the tilt patterns characteristic of the cubic, tetragonal, and orthorhombic phases, as discussed in detail
in Ref. 7.

Chemical short-range order (SRO) on the X-site sublattice is quantified using the Warren—-Cowley parameter
(22). For an atom 7 of type A on the X sublattice, the first-shell parameter is defined as

ZB
b
ZyotCB

o = 1-— (8)
where Zp is the number of first-nearest-neighbor B atoms on the X sublattice, Zio; is the total number of
first-nearest neighbors, and cp is the overall concentration of species B. The SRO parameter is averaged over all
X-site atoms and over equilibrated snapshots of the simulation trajectory. Only first-nearest neighbors on the
X sublattice are considered. For a random distribution, o = 0; a > 0 indicates a tendency toward clustering or
phase separation, while a@ < 0 signifies preferential unlike-neighbor bonding and chemical ordering.

Supplementary Note 10: Film growth

Thin films were grown in a custom-built chalcogenide molecular beam epitaxy (MBE) system (Mantis Deposition
M500). Detailed deposition procedures are described in Refs. 23, 24. Films were deposited on 10 mm x 10 mm x
0.5mm (001)pg-oriented LaAlO3 substrates (MTI Corporation). Here, PC denotes the pseudocubic setting,
and the (001)pc orientation corresponds to the (012) family of reflections in the rhombohedral basis.

Epitaxial BaZrS; films were first grown and subsequently subjected to selenizing anneals for anion exchange.
Prior to growth, substrates were outgassed in the MBE chamber at 1000 °C under flowing HoS. BaZrSs films
were deposited at 900 °C to 1000 °C using elemental Ba and Zr sources under a 0.8 SCCM flow of HyS. Alloying
with selenium was achieved by annealing the epitaxial BaZrS3 films at 800 °C for 60 min under a mixed chalcogen
flow of 0.2SCCM HsS and 0.2SCCM HsSe.

Cross-sectional compositions were quantified by scanning transmission electron microscopy (STEM) energy-
dispersive X-ray spectroscopy. Elemental mapping confirms a uniform distribution of Ba, Zr, S, and Se across
the film thickness, yielding an overall composition of BaZrSs,Ses 3, with = 0.27 (23).

Supplementary Note 11: Scanning transmission electron microscopy

Samples for STEM were prepared by non-aqueous mechanical polishing followed by thinning to electron trans-
parency using single-sector argon-ion milling (Fischione 1051 TEM Mill) (25). Atomic-resolution high-angle

S4



annular dark-field (HAADF) image series were acquired on a probe aberration-corrected Thermo Fisher Scien-
tific Themis Z S/TEM operated at 200kV. A probe semi-convergence angle of 18.9mrad, a detector collection
range of 65 mrad to 200 mrad, and a dwell time of 1ps were used. Image series were aligned and corrected for
distortions arising from linear drift using the revolving STEM method (26).

Supplementary Note 12: Scanning transmission electron microscopy image analysis

STEM image simulations were performed using a custom Python implementation of the multislice method
(27, 28). For both simulated and experimental HAADF images, peak intensities of anion atomic columns were
extracted by fitting two-dimensional Gaussian functions to the projected columns.

To quantify spatial ordering and directly compare simulations with experiment, Moran’s I spatial autocor-
relation parameter was evaluated for the anion peak intensities (29). For a given feature A (here, the anion
column intensity) over N atomic columns, the autocorrelation metric is defined as

yio N Sy 3 wii(Ai — A)(A; — A)
w Zi]il(Ai - A)Z

; 9)

with
N N
W = ZZwij, (10)
=1 j=1

A is the mean value of A, and w;; is a weighting factor defining the neighbor relationship between atomic
columns ¢ and j. In this work, neighbors are defined along the projected pseudocubic (110) directions. This
metric provides a quantitative measure of spatial correlations in anion intensity variations associated with
chemical ordering.
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Supplementary Figures
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Figure S1: Parity plots for the MLIP compared to the reference DFT data. The top row corresponds to the
training data the and botto tom row the test data.
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Figure S2: Mixing energies from MLIP and DFT. Left: Mixing energies based on enumerated structures for
the perovskite and needle (4) phase calculated with DFT and NEP (left). Right: Parity plot for the mixing
energies.
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Figure S3: Mixing energy of the (a) perovskite and (b) needle-like (§) phase as a function of composition.
Structures labeled “enumeration” were obtained from systematic combinatorial sampling followed by relaxation,
whereas structures labeled “cooling” were obtained from MCMD cooling simulations. The mixing energies are
referenced to respective end members of the same structure to facilitate comparison within the respective
structure family. (¢) Comparison of mixing energies of the perovskite () and needle-like (§) phases obtained
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Figure S5: Phonon dispersions for § and = phases of BaZrSs and BaZrSes at 300 K obtained from the spectral
energy density (30) computed with DYNASOR (31, 32).
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Supplementary Tables

Table S1: Comparison of the relaxed energy differences (0 K) for the relevant pure phases in units of meV /atom.
The octahedral tilt patterns of the perovskite phases are described using Glazer notation.

BaZrSes BaZrS;
NEP DFT NEP DFT
Non-perovskite phases
0 Pnma 0.0 0.0 0.0 0.0
P63/mmc 32.8 32.5 74.2 71.3
Perovskite phases
~ Pnma a"a"ct 234 244 -1.6  —2.3
B I4/mem  a%a’c™ 385  37.0 2.7 2.4
a Pm3m  a%%® 785 825 29.7 31.3

Table S2: Band gaps and Tauc gaps for BaZrSes and BaZrSs in different phases calculated with HSE06
a = 0.25. The values for the relaxed structures are calculated both without and with spin-orbit coupling
(values given in parenthesis).

Fundamental band gap (¢V) Fundamental band gap (eV) Tauc gap (eV)

relaxed MD 300K MD 300K
BaZrSes perovskite 1.35 (1.18) 1.35 1.64
BaZrS; perovskite 1.81 (1.76) 1.66 1.91
BaZrSesz needle 0.98 (0.90) 1.04
BaZrS3 needle 1.54 (1.53) 1.57
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