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Mixed halide perovskites are highly versatile semiconductors with applications in photovoltaics,
light-emitting diodes, and photodetectors. Understanding their thermodynamic phase behav-
ior is central to guiding compositional design and improving device stability. Here, we train
machine-learned interatomic potentials (MLIPs) on density functional theory reference data for
CszRb1-;PbBrsyIs_3,, Cs;Rb1_;PbBrs,Cls_3,, and Cs;Rbi_,PbCls,Is_3, halide perovskites, en-
abling large-scale hybrid Monte Carlo-molecular dynamics simulations that sample both configura-
tional and vibrational degrees of freedom. All three binary halide systems exhibit a miscibility gap,
the extent of which correlates with halide ion size mismatch. The gaps in Br—Cl and Br-I close
at low temperatures, while the Cl-I gap extends above room temperature. At temperatures above
the miscibility gap (200K to 500K), all systems show a tendency toward layered halide ordering,
with halide species preferentially occupying apical or equatorial octahedral sites. In CsPbBrayI3-3,,
this ordering occurs in a device-relevant temperature regime and is linked to the structural phase
transitions, shifting transition temperatures by up to 100 K relative to randomly mixed structures.
We attribute the strongly non-linear composition dependence of the orthorhombic-tetragonal phase
boundary observed experimentally (a linear decrease followed by a plateau) to halide ordering. In-
troducing Rb on the A-site weakens halide ordering and eliminates the non-linear behavior, while
narrowing the miscibility gap in both the Br-I and Br-Cl systems. These results establish halide

ordering as a key determinant of structural phase stability in mixed-halide perovskites.

I. INTRODUCTION

Multi-component halide perovskites are versatile ma-
terials, finding applications in optoelectronic devices as
diverse as photovoltaics [1], light-emitting diodes (LEDs)
[2], photodetectors [3], and thermoelectrics [4]. A sub-
stantial part of this success is due to the compositional
tunability of the perovskite ABXj3 structure, which en-
ables optimization of key properties for optoelectronic
performance [5] and phase stability [1]. Ion mixing on
even a single site can significantly increase the complex-
ity of a system through phase segregation and local struc-
tural variations, and correspondingly increase the com-
plexity of the resulting structure—property relationships.
Achieving and maintaining phase homogeneity is a crit-
ical challenge for perovskite optoelectronics [1, 6, 7], as
there is increasing understanding of the role local struc-
ture and dynamics play in determining optoelectronic
properties [8-10]. To maximize device performance and
stability, perovskite compositions such as the Cs-rich
mixed-halide perovskites used in multi-junction photo-
voltaics [1] and LEDs [11, 12] often utilize simultaneous
ion mixing across at least two of the three perovskite
sites, further increasing the complexity.

Gaining insight into the thermodynamic behavior of
mixed perovskites is therefore central to understanding
their stability and guiding compositional design, par-
ticularly the interplay between structural phase transi-
tions and compositional ordering. Experimentally, bulk
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phase transition and segregation behavior in halide per-
ovskites have been studied using, e.g., time-resolved op-
tical emission spectroscopy [1, 7], magnetic resonance
[1, 13], diffraction measurements [6], and thermal anal-
ysis [14, 15]. Examining local phase segregation and
the dynamic processes that drive such behavior is more
challenging experimentally, but recent work using both
neutron scattering [8, 16, 17] and magnetic resonance
methods [18, 19] as atomic-level probes has shed light on
composition-dependent processes including ion diffusion
and formation of reduced-symmetry nanodomains. Al-
though powerful, such experimental methods are time-
consuming and can typically only be conducted effec-
tively on model systems for a limited number of composi-
tions. Computational approaches offer a complementary
perspective, enabling systematic exploration across the
full composition space and allowing individual contribu-
tions, such as vibrational entropy and local structural
distortions, to be isolated in a way that is challenging
experimentally.

Cluster expansions (CEs) parametrized against density
functional theory (DFT) have been used to study halide
mixing in the Br-I, Cl-I, and Cl-Br systems [20, 21],
with one study additionally sampling chemical ordering
via Monte Carlo (MC) simulations [20]. Both studies
were restricted to a rigid lattice, and the results are there-
fore only reliable for the low-temperature orthorhombic
phase. Molecular dynamics (MD) simulations using a re-
active force field [22] and a machine-learned interatomic
potential (MLIP) based on the MACE architecture [23]
have been applied to CsPbBrs,I3_3, with random halide
occupations, with the latter also exploring customized
segregation patterns.
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Here, we construct a MLIP based on the neu-
roevolution potential (NEP) formalism and trained
on DFT reference data for compositionally mixed
CSIRbl,IPbBrgng,gy, CSIRbl,IPbBrgyCIB,gy, and
Cs,Rb;_;PbClsy I3 3, halide perovskites. The NEP for-
malism yields a strictly local and computationally effi-
cient model, which is critical for the large number of
energy evaluations required by MC sampling and an ad-
vantage over graph neural network architectures that in-
troduce explicit long-range interactions at substantially
higher cost. We use this framework in large-scale com-
bined MC and MD simulations [24] that, for the first
time in this type of system, sample both configura-
tional and vibrational degrees of freedom to investigate
composition-dependent phase transitions, ordering phe-
nomena, octahedral tilting, and mixing energies as a
function of temperature.

We find that in CsPbBrs,Is_3,, halide ordering occurs
in a device-relevant temperature regime and substantially
suppresses the orthorhombic-tetragonal transition tem-
perature by up to 100K relative to a randomly mixed
structure. Simulations with random occupation predict
a linear variation in transition temperature across the full
composition range, whereas fully equilibrated structures
reproduce this non-linear behavior but with transition
temperatures suppressed even further than observed ex-
perimentally. The experimental orthorhombic-tetragonal
transition temperature lies between these two limits, con-
sistent with an intermediate level of halide ordering. In
contrast, the cubic-tetragonal transition temperature is
reproduced well by both random and ordered structures,
indicating that this transition is largely insensitive to
halide ordering. This behavior in CsPbBrs,l3 3, reflects
broader trends: outside the miscibility gap, all three bi-
nary halide systems exhibit a tendency toward layered
ordering, with different halides preferentially occupying
either the apical or equatorial sites, and this ordering
impacts the lower orthorhombic-tetragonal transition.

II. METHODS
A. Density functional theory

For all training structures, the energies, forces, and
virial stresses were calculated using DFT as implemented
in the Vienna ab-initio simulation package [25-27]. The
projector-augmented wave method [28, 29] was used with
a plane-wave energy cutoff of 520 eV, using a Monkhorst—

Pack mesh with a maximum k-point spacing of 0.19 A
For the exchange-correlation functional, we employed
the van-der-Waals-density functional with consistent ex-
change (vdW-DF-cx) [30, 31].

B. Machine-learned interatomic potentials

We constructed a MLIP based on the NEP framework
[32, 33] for CSxRbl7be013,3y,3zBI‘3y132 fOHOWiI’Ig the
iterative training strategy outlined in Ref. 34. The train-
ing set comprised mixed-composition unit cells and su-
percells in the Pnma, P4/mbm, and Pm3m phases, en-
compassing rattled and strained structures, MD snap-
shots, and phase-separated structures, i.e., structures
with halide segregation. Structural preparation, MD in-
put generation, and post-processing were performed us-
ing the ASE [35], CALORINE [36], and OVITO [37] packages.

MD structures were generated using an initial NEP
model and selected for DFT labeling based on the un-
certainty of their predicted energies, estimated from the
predictions of an ensemble of models [34]. The final NEP
model was then trained on the complete training set, us-
ing GPUMD [33], comprising the initial reference struc-
tures and all newly selected MD snapshots. A MACE
model [38], which is more accurate but substantially more
expensive computationally [39], was trained on the same
dataset to validate the halide-ordering effects predicted
by the faster NEP model.

Further validation of the NEP and MACE models is
provided in the Supporting Information, including parity
plots (Fig. S2), the octahedral tilt angles (Table S1), and
comparison of lattice parameters to experiment [40-42]
(Fig. S4). The NEP and MACE models generated in
this study are publicly available via Zenodo at https:
//doi.org/10.5281/zenodo.22640311.

C. Molecular dynamics

All MD simulations were carried out using the GPUMD
package [43]. Temperature and pressure were controlled
using stochastic velocity rescaling [44] and stochastic cell
rescaling [45], respectively, with a timestep of 5 fs and at
ZEero pressure.

Structural phase transition temperatures were deter-
mined from heating and cooling MD simulations, using a
rate of temperature change in the range of 10K ns~! to
14K ns~!, sufficiently slow to capture the relevant struc-
tural transitions [34]. The structural phase of each MD
snapshot was identified by projecting onto the M3+ and
RI modes of the cubic structure, which correspond to
in-phase and out-of-phase octahedral tilting, respectively
[46, 47]. This was complemented by evaluation of the lat-
tice parameters (Fig. 1a) and heat capacity (Cp; Fig. 1b),
which exhibits a peak at both first-order and continuous
phase transitions and was computed as

_oU AU
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where U is the potential energy. To obtain a numerically
stable estimate, the potential energy data were smoothed
using a Hamming window of approximately 0.5 K, after
which the data were fitted with a piecewise polynomial of

Cp
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FIG. 1. Simulation approach. (a) Lattice parameters extracted for CsPbBr3 and CsPbls with MD demonstrating the three
different structural phases with three, two, and one distinct lattice parameters corresponding to Pnma, P4/mbm, and Pm3m,
respectively. (b) Heat capacity (C'p) for the same simulation. (c) Vibrational degrees of freedom in (a) and (b), with the system
coupled to an external heat bath. (d) Chemical degrees of freedom simulated via MC sampling in the canonical and VCSGC
ensembles. (e) Gibbs free energy of mixing extracted by MCMD sampling at different temperatures. (f) Final phase diagram
with structural transitions determined as in (a) and (b), and the miscibility gap determined from the free energy of mixing
in (e). The red and gray striped region in (f) shows the hysteresis in the tetragonal-cubic transition temperature between the

heating and cooling simulations.

three segments connected at the transition temperatures,
enabling better characterization of first-order transitions
that are difficult to resolve from smoothed data alone.
Numerical differentiation of the resulting fit then yielded
Cp as a function of temperature. Note that first-order
transitions generally cannot be sampled using heating
and cooling simulations. In this specific case, however,
it is possible because the latent heat is extremely small
[48].

D. Monte Carlo-Molecular dynamics

To account for both configurational and vibrational de-
grees of freedom (Fig. 1c and d), a combined MC and MD
approach was employed. Simulations alternated between
MC and MD segments, with each MC segment consist-
ing of one MC cycle, i.e., N MC trial moves, where IV
is the number of atoms included in the sampling; in the
heating and cooling simulations N = 61440. The length
of each MD segment was adjusted as a function of tem-
perature to maintain an approximately constant number
of accepted MC trials per kelvin, with one MC cycle ev-
ery 500 MD steps at the lowest temperature. In the case
of CsPbBrs,l3 3y, a partially equilibrated variant was
also investigated, in which the setup was identical to the
equilibrated case except that the MC sampling rate was
held constant (one MC cycle every 5000 MD steps). To

determine the miscibility gaps, we performed MC sam-
pling in the VCSGC ensemble, which couples the sys-
tem to a chemical reservoir [49, 50]. While the constant-
volume MC trials sample the Helmholtz free energy, the
interspersed NPT MD segments also include cell fluctu-
ations, so that the combined scheme effectively samples
the Gibbs free energy across the full concentration range
of the relevant species, including regions of non-ideal mix-
ing.

In the VCSGC ensemble the relation between concen-
tration and free energy is given by

oG bi — 2
6—% = —2kpTk ( 5 + 202) )

where G is the Gibbs free energy per atom, c¢; is the
concentration of species i, ¢; and x are parameters that
constrain the concentration mean and variance, respec-
tively, and T is the simulation temperature. We write
this constraint in the form implemented in GPUMD, which
differs from the original VCSGC formulation [50] and the
ICET[51] implementation: GPUMD adopts a symmetric
convention in which ¢; = 0 corresponds to ¢; = 0.5 for a
symmetric free energy landscape, rather than ¢; = —1.
We point this out to avoid ambiguity when comparing the
values of ¢; and k across different implementations. The
acceptance probability for each MC trial is given by the
Metropolis criterion, modified by an additional term in
the exponent AE — AE + kgTk (Ad; +2Ac; + 1/N).




When sampling the miscibility gap, a system size of
25920 atom was used.

For miscibility gap sampling, one MC cycle was per-
formed every 500 MD steps, allowing the system to equi-
librate and accommodate the new configuration before
the next MC cycle. Simulations were run for 100000
MD steps (0.5 ns), resulting in a total of 200 MC cycles,
ensuring convergence (Fig. S5). For systems with mixing
on both A (cation) and X (halide) sublattices, MC moves
were alternated between sublattices, with the active sub-
lattice switched every 4000 MD steps.

For simulations at fixed composition (i.e., heating and
cooling runs), MCMD sampling was performed in the
canonical ensemble. Each heating or cooling run spanned
1K to 700K over 50ns, corresponding to 10000000 MD
steps. Each canonical MC trial consisted of swapping
two atoms on the same sublattice, accepted according
to the Metropolis criterion. Initially, these systems were
equilibrated at the starting temperature for 2000000 MD
steps (10ns), with a MC cycle every 500 MD steps. In
heating simulations, one MC cycle was performed every
500 MD steps at the lowest temperature and increasing
logarithmically with temperature to 10000 MD steps at
700K. For systems with mixing on both A and X sub-
lattices, the active sublattice was alternated every 10000
MD steps, and the sampling rate was constant with 5000
MD steps between every cycle.

Concentrations throughout the paper are defined
with respect to the sublattice of interest (e.g., in
Csp.sRbg.oPbBry 511 5 the Rb and Br site percentages are
20 at.% on the cation sublattice and 50 at.% on the halide
sublattice, respectively).

E. Phase diagram construction

To construct the phase diagram from the Gibbs free
energy obtained from the MCMD simulations, we com-
puted the free energy of mixing, defined as

Gnix(z,T) = G(z,T) — (1 —2)G(0,T) + 2G(1,T)),

where x is the fraction of the considered species, T' the
temperature, and G(z,T') the Gibbs free energy obtained
from the MCMD sampling described above. Using a
convex-hull construction, regions of excess free energy
were identified from gaps in the convex hull, which in-
dicate a miscibility gap. By repeating this procedure at
multiple temperatures (Fig. 1e), the complete miscibility
gap was determined. Finally, combining the miscibility
gap boundaries with the structural transition tempera-
tures from heating and cooling runs, the full phase dia-
gram was constructed (Fig. 1f).

Alternatively, the free energy of mixing can be ex-
pressed using the Brage—Williams approximation [52], in
which the 0 K mixing energy is combined with the ideal

configurational entropy of a randomly mixed system,

Foix(z,T) = Unix(z,0)
+ kT (zln(x) + (1 —2)In(1 — 2)),

where Upix(,0) is the mixing energy at 0 K for random
mixing and kp is the Boltzmann constant.

F. Structural order parameters

As a further measure for determining the extent to
which atoms on the two sublattices mix or segregate, we
used the Warren—-Cowley short-range order (SRO) pa-
rameter [53], defined for an atom 7 of type A as

ZB
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where Zg is the number of B neighbors in the first neigh-
bor shell, Z; is the total number of first-shell neighbors,
and xp is the total fraction of B atoms in the structure.

In the orthorhombic (Pnma) and tetragonal
(P4/mbm) phases, the reduced symmetry compared to
the cubic (Pm3m) phase allows layered halide ordering
along the crystallographic ¢ direction, where the B-site
atoms form layers separating the X sites into distinct
apical and equatorial positions (Fig. 1d). To quantify
the degree of layering, we used a second order parameter,
defined analogously to Ref. 20 but with an additional
normalization factor,

n= A=t
Tmax

where zoq and z,, are the compositions on the equato-
rial and apical halide sites, respectively, and 7myax is the
value of the unnormalized order parameter for complete
segregation of one species to a single site type and can
be expressed as

"ma":z‘”<1—@<x—§>>+3(1—x)@<x_§>,

where O is the Heaviside function and x the total fraction
of the same species as in 7.

III. RESULTS
A. Phase diagrams

The phase diagrams of all binary halide mixtures
were determined using the combined MCMD approach
(Fig. 2a—c). First, in CsPbBr3,Cls_3, (Fig. 2a) we iden-
tify the cubic Pm3m phase for all compositions at tem-
peratures above 350 K. At lower temperatures (150K to
350K), only the M (z) mode is active, corresponding
to the tetragonal P4/mbm phase. Finally, at tempera-
tures below 250K, the M; (z), Rf (x), and R} (y) modes
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FIG. 2. Full phase diagrams for (a,d) CsPbBrs,Cls_3,, (b,e) CsPbBrs,I3_s,, and (c, f) CsPbClz,Is_3,. In (a—c),
the three colored regions indicate the Pnma (blue), P4/mbm (red), and Pm3m (gray) phases. The red and gray striped region
shows the hysteresis in the tetragonal-cubic transition temperature between the heating and cooling simulations. White dashed
regions indicate miscibility gaps, as shown in the inset in (¢). (d—f) Layered ordering parameter and structural phase transition
temperatures from heating and cooling runs. Insets in (d) show the positive and negative layered ordering extremes.

all become active, indicating the structure is in the or-
thorhombic Pnma phase. At temperatures below 125K,
there is a halide miscibility gap.

Second, in CsPbBrs,Is 3, (Fig. 2b), both structural
transitions are shifted to higher temperatures than in Br—
Cl, consistent with the higher transition temperatures
of CsPbl3 compared to CsPbClz. The P4/mbm-Pm3m
transition occurs between 350 K to 500 K, depending on
halide composition, and the Pnma-P4/mbm is in the
region of 200K to 410K. As in CsPbBr3,Cls_3,, there
is a miscibility gap. However, this gap closes at a higher
temperature, approximately 200 K.

Finally, in CsPbCls,I3-3, (Fig. 2c), only small regions
of Pnma and P4/mbm are present, and only for Cl
concentrations below 25at.%, with transition tempera-
tures of 400K and 420K to 510K for the lower and
upper transitions. Comparing the extent of the halide
miscibility gap at room temperature with experiment,
neither CsPbBr3,Cls_3, nor CsPbBrs,I3_3, exhibit any
segregation [54] in agreement with our simulations. For
CsPbClsyI3_3, the extent of the miscibility gap indicated
by our simulations at 300K aligns well with the exper-
imentally determined boundaries, where mixing occurs
only for Cl concentrations below 15at.% Cl. Moreover,
the transition temperatures of both the Br—Cl and Br—I
systems in the orthorhombic (Pnma) structure agree well
with previous simulations using CEs [20]. In contrast, re-
stricting the comparison to the orthorhombic phase, the
Cl-I system exhibits a miscibility gap extending to 600 K,

considerably higher than 410 K reported in Ref. 20. This
discrepancy may stem from the inclusion of vibrational
degrees of freedom in our MCMD simulations, which cap-
ture the corresponding entropy contribution that is ab-
sent in a CE approach and raises the predicted critical
temperature in this system. Additionally, the CE model
limited to an orthorhombic structure while the MCMD
approach allows for structural phase transitions, which
is relevant in this case as the structure transitions to a
cubic phase at these elevated temperatures. To evaluate
this effect, we compare against two CE models trained on
the NEP and MACE mixing energies, the construction of
which is detailed in the Supporting Information. The re-
sulting CE critical temperatures, 500 K and 550K, are
closer to the previously reported 410K than the NEP
MCMD result, although full agreement is not achieved
(Fig. S8).

B. Halide anion ordering

Our simulations reveal pronounced layered ordering
(Fig. 2d inset) in CsPbBrs,Is_3, and CsPbBrs,Cl;_3,,
outside the halide miscibility gap in both systems (Fig. 2d
and e). The layering order parameter (1) demonstrates
a clear preference for Br at the apical sites in Br—Cl
mixtures (Fig. 2d) and equatorial sites in Br—I mixtures
(Fig. 2e). The degree of layering reaches maximum 7
values of 0.8 and 0.5 at approximately 74at.% Br and



53 at.% Br for the Br—Cl and Br-I mixtures respectively,
corresponding to a 31 at.% and 42at.% difference in Br
concentration between the apical and equatorial sites.
Such layered ordering has previously been reported, ex-
perimentally and computationally, for both organic [55-
57] and inorganic [20, 58] lead-based Br—I perovskites. In
contrast to previous studies, we investigate both chemi-
cal mixing and structural dynamics simultaneously and
thus can directly disentangle their effect on each other.
The strongest layered ordering effect coincides with the
transition from Pnma-P4/mbm, in the range 35at.% to
90at.% Br in the Br-Cl system and 40at.% to 70at.%
Br for Br-1. No layered ordering is observed in the cu-
bic Pm3m phase, consistent with its higher symmetry. In
CsPbCl3,I3_3, only low levels of ordering are present, for
Cl concentrations below 25 at.% and temperatures below
500 K, where 7 is approximately 0.4.

In heating runs, 1 shows the same sign across the en-
tire compositional range in all systems (i.e., Br prefers
the apical sites). In contrast, cooling runs of both Br—Cl
and Br-I systems lead to i with both signs, indicating
either negative or positive ordering (Fig. 2d inset). This
suggests that positive ordering is energetically favorable
compared to negative ordering, but that the difference is
small. For example, the difference is only 2.1 meV atom™*
in the Pnma phase of the Br—I system for perfectly or-
dered structures with 67 at.% Br.

In CsPbBrs,ls 3, the regions of strongest ordering
and of the Pnma-P4/mbm transition both occur near
room temperature, making this ordering phenomenon
relevant to typical optoelectronic device operating con-
ditions. The ordering itself involves local rearrangement
of halide atoms between apical and equatorial sites, a
process that requires sufficient halide mobility. By con-
trast, in CsPbBr3,Cl;_3, the analogous region lies near
150K, well below device-relevant temperatures. There-
fore, we use CsPbBrs,I3_3, as a model system. To
assess the impact of ordering on phase transitions, we
compare the experimental transition temperatures with
simulations performed using random and equilibrated
configurations (Fig. 3a and b) [59]. For the transition
temperature from Pnma-P4/mbm, experimental results
show strongly non-linear composition dependence of the
orthorhombic-tetragonal phase boundary: a linear de-
crease from approximately 460 K to 340 K between 0 at.%
and 50 at.%, and a plateau in temperature above 50 at.%
Br. This trend suggests a suppression in transition tem-
peratures at intermediate Br compositions. Similarly
suppressed transition temperatures have been observed
experimentally in other Br-I perovskites, for example
in MAPbBr3, I3 3, at high Br concentrations [60]. This
non-linear composition dependence of the orthorhombic-
tetragonal transition is observed in the equilibrated con-
figuration, but the suppression effect is stronger than that
observed experimentally (Fig. 3a). By contrast, the ran-
dom configuration exhibits an approximately linear de-
pendence on Br concentration and is thus appears incon-
sistent with the experimentally observed trend (Fig. 3b).

We therefore suggest that the experimentally observed
trend could be due to slow kinetics, leading to only par-
tially halide-ordered states (Fig. 3a) intermediate be-
tween the random and fully ordered limits. The par-
tially ordered structure presented here clearly captures
the lower phase transition better than both the random
and fully equilibrated structures.

For the higher-temperature P4/mbm-Pm3m transi-
tion, ordering is limited even in the equilibrated struc-
tures. As a result, the transition temperature is only
slightly altered in the equilibrated configuration relative
to the random one and both adequately reproduce the
experimental trend.

Although the transition temperature for the P4/mbm-
Pm3m transition is nearly identical between the equili-
brated and random structures, there is a clear difference
when considering the heat capacity(Fig. 3c). Focusing
on 68 at.% Br, for the random configuration there is only
a single broad peak for both transitions. In the equili-
brated case, we see a clear peak for the second P4/mbm-
Pm3m transition but none for the lower Pnma-P4/mbm
transition. This is because the lower transition lies inside
the halide miscibility gap. When instead considering a
structure with fixed chemical ordering, there are clear
peaks in the heat capacity both transitions.

Ordering also affects the extent of the miscibility gap.
The miscibility gaps determined from MCMD simula-
tions (representing full equilibration with correspond-
ing ordering) and from MD simulations of fully random
structures differ in extent. The gap for the random struc-
tures closes 25 K lower and spans a larger range of halide
compositions than that obtained with VCSGC (Fig. 3).
There are multiple possible contributions to this effect.
First, the Bragg—Williams approximation can overesti-
mate the entropic term, as it describes a transition di-
rectly from a segregated to a completely random state
rather than through the partially ordered regime we ob-
serve outside the miscibility gap. Second, the Bragg-
Williams approximation excludes contributions from dif-
ferent phases. However, in this case the different phases
have only a small impact due to their second-order char-
acter. Third, vibrational entropy is also excluded from
the approximation. What this result demonstrates is the
importance of correctly modeling and considering chem-
ical ordering, phase transitions, and phonon behavior in
order to make quantitative predictions for these systems.

Next, to investigate the effect of different levels of or-
dering, we create structures with n between 0 and 0.4
run heated simulations from 1K (Fig. 4). When fixing
the level of ordering, the Pnma-P4/mbm transition tem-
perature shifts in the range 200 K to 400 K. Note that in
these simulations the chemical ordering is constant and
thus the upper transition is also impacted by ordering,
with the P4/mbm-Pm3m transition shifting from 375K
to 525 K. Experimentally, such a setup would be difficult
to reproduce, as the system prefers a random configura-
tion at the higher temperatures and is not miscible at the
lower temperatures. However, these results demonstrate
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Williams approximation in (b). Experimental data in (a) and (b) are from Nésstrém et al. [59]. The dotted line presented in
(a) is the Pnma-P4/mbm transition temperature for a partially equilibrated system.
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FIG. 4. Tunable phase transition temperatures.

Structural phase transition temperatures as a function of
the halide ordering level for CsPbBrs,lIs 3, at 68at.% Br.
The Pnma-P4/mbm transition (orange triangles) and the
P4/mbm-Pm3m transition (black squares) are shifted in the
ranges 200K to 400K and 375K to 525K, respectively, by
systematically varying the degree of halide ordering.

that there is a close connection between chemical order-
ing and the soft phonon Mgr and RI modes governing
the phase transitions in these mixed-halide perovskites.
This indicates that, to model phase transitions in these
materials, the inclusion of both chemical ordering and
vibrational effects is crucial.

C. A-site alloying with Rb

To assess the effect of A-site alloying, we replace
20 at.% of Cs with Rb in CSOA8Rb0_2PbBr3y13,3y. Intro-
ducing Rb raises both the Pnma-P4/mbm and P4/mbm-
Pm3m transition temperatures by 10K to 125K across
the entire composition range (Fig. 5b). For the P4/mbm-
Pm3m transition, the temperature increase reaches 70 K
at the pure boundary compositions but falls to only 40 K
at 40at.% Br. Within the compositional range that ex-
hibits strong layered ordering in the CsPbBrs,I3 3, sys-
tem, the Pnma-P4/mbm transition increases by 125 K.
This increase in transition temperature is consistent with
Rb-based perovskites exhibiting larger octahedral tilt an-
gles and greater stability in the Pnma and P4/mbm
phases than their Cs-based counterparts (Table S1). The
increased stability can be attributed to the smaller size
of Rb compared to Cs, which results in shorter Pb—X dis-
tances and stronger bonding [61]. Structurally, a smaller
cation will increase tilting due to the larger A-site cavity
being incompletely filled by the cations. This reasoning
can be formalized using the Goldschmidt tolerance factor
62),

. ra+rx

B \/5(7“3 + TX)’

where 74, rg, and rx are the ionic radii of A, B, and X
atoms. According to the Goldschmidt factor, the smaller
ionic radius of Rb relative to Cs favors a more stable
orthorhombic structure in which larger octahedral tilt
angles can accommodate smaller ions, in agreement with
our observations.

When Rb is introduced, the transition between Pnma
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and P4/mbm does not retain its non-linear dependence
on halide composition. Instead, the transition temper-
ature varies linearly with Br concentration, closely re-
sembling the Rb-free configuration in which halides are
randomly mixed (Fig. 3b). Moreover, when Rb is in-
troduced, halide ordering becomes substantially less pro-
nounced, with 7 decreasing to a maximum of approxi-
mately 0.1 (Fig. 5b). This maximum also occurs at lower
Br concentration than in the Rb-free system, and at con-
siderably higher temperatures. This comparison between
the Rb-free and Rb-containing systems neatly highlights
the strong correlation between atomic-level halide order-
ing and phase transition temperature suppression. The
weakening of ordering at elevated temperatures in the
Rb-containing system can be attributed to the increas-
ing role of configurational entropy, which favors a more
disordered state.

Notably, the introduction of Rb makes SRO on
the A-site sublattice possible (Fig. S9c). For
CSO.gRbO.QPbBrgyI;g,gy with <10at.% or >90at.% Br,
the magnitude of A-site SRO increases to approximately
0.15. At temperatures above 200 K, the SRO decreases
below 0.05 across the full compositional range. Rb also
introduces a region with oppositely layered halide order-
ing in the Br-I system (Fig. 5b), at temperatures and
compositions below 210K and 30 at.% Br. This ordering
overlaps with the region of increased affinity of Br for Rb
(Fig. S9a).

D. Halide miscibility with Rb

Ionic radii are a key property for the miscibility of
different halide species due to the contribution of local
strain to the free energy. A large radius mismatch is
expected to inhibit mixing, as observed in our results.
CsPbCls, I3, exhibits the largest halide size mismatch

and correspondingly shows the highest miscibility-gap
critical temperature. In contrast, CsPbBrs,Cl;_3, has
the smallest radius mismatch between its pure phases
and the lowest critical temperature. CsPbBrs,l3_s, lies
between these two systems in terms of the mismatch and
accordingly displays a critical temperature between the
previous two.

Introducing 20 at.% Rb on the A-site reduces the ex-
tent of the miscibility gaps for the mixed Br—Cl and Br-I
systems but not for the Cl-T alloy (Fig. S6). For Br-I and
Br—Cl, this reduction is most pronounced in the compo-
sitional range where there is negative Rb—X SRO. In the
same region, the Rb—Cs SRO tendency remains weak, in-
dicating a preference for an almost random distribution
of Cs and Rb on the A-site and thus also increasing X-site
mixing.

The decreased extent of the miscibility gap could pos-
sibly be explained with the following two effects. First,
the additional mixing entropy stemming from the A-site
sublattice could lead to an overall larger entropic contri-
bution for the mixed halide state compared to the phase
separated state, leading to a smaller more narrow halide
miscibility gap. Second, as argued in Ref. 21, is that the
smaller radius of Rb and thus shorter distances between
halide sites would increase the energetic gain of mixing.
Due to the difference in electronegativity between halide
species, the charges are redistributed, preferentially to
the halide with higher electronegativity, thus resulting in
a more stable configuration. Thus, the extent of the mis-
cibility gap for Br-I and Br—Cl can be attributed to two
possible effects: correlated A- and X-site mixing that in-
creases the configurational entropy, and smaller distances
between halide atoms due to the smaller Rb ionic radius.



IV. CONCLUSION

Our results demonstrate that all three binary halide
perovskite compositions studied exhibit pronounced
atomic-level halide ordering, even when halides are glob-
ally well mixed, with layered structures appearing in
which halides preferentially occupy either apical or equa-
torial sites. In CsPbBrs,I3_3,, this ordering occurs at
device-relevant temperatures and is closely coupled to the
soft cubic phase Mgr and Rf{ phonon modes that gov-
ern transitions between orthorhombic, tetragonal, and
cubic phases. Further, layering impacts the soft phonon
dynamics far above the transition temperature, which
is crucial for electron-phonon coupling [63]. We at-
tribute the suppression of the orthorhombic-tetragonal
phase boundary at intermediate Br compositions to lay-
ered halide ordering, but find that the reduction in tran-
sition temperature is larger in our fully equilibrated simu-
lations than observed experimentally. This points to the
role of kinetics in experimental samples, which can in-
hibit equilibration and leave them in a partially ordered
state.

By systematically varying the degree of layering in
our simulations, we can tune both the orthorhombic-
tetragonal and tetragonal-cubic phase transitions, shift-
ing them by up to 100 K. These results demonstrate that
halide ordering governs the stability of structural phases
in mixed-halide perovskites, with direct consequences for
the performance and optoelectronic properties of photo-
voltaic devices. At lower temperatures, all binary halide
compositions exhibit a halide miscibility gap. The com-
positional range over which this gap is observed is pro-
portional to the ionic radius mismatch between the com-
ponent halides. While the miscibility gaps of both the
Br-ClI and Br-I systems close well below room tempera-
ture (125K and 200K, respectively), the gap observed
in the CI-I system persists up to 600 K. Introducing
20at.% Rb on the A-sublattice suppresses the miscibil-
ity gap in both Br-Cl and Br-I systems, a suppression
we suggest is may be caused by correlated A- and X-site
mixing that increases the difference in entropy between

segregated and mixed states, as well as lattice contraction
due to the smaller Rb ionic radius. In conclusion, these
results highlight the central role of both halide ordering
and phase separation in determining the structural be-
havior of mixed-halide perovskites.
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Supplemental Notes

Supplemental Note S1: Construction of machine-learned interatomic poten-
tial

A neuroevolution potential (NEP) model was trained for 5000 generations using the GPUMD package 2.
The NEP architecture consisted of a single hidden layer containing 30 neurons, with radial and angular
descriptor cutoffs of 8 A and 4 A, respectively. Three- and four-body angular terms up to a maximum
order of 4 and 2, respectively, were included. The maximum numbers of radial and angular descriptor
components were both set to 4.

The model was trained using the iterative strategy described in Ref. 3. The training dataset con-
sisted of approximately 5000 structures: primitive cells of all phases subjected to strain and atomic rat-
tling, MD snapshots, and interface structures. The MD structures were generated using a preliminary
NEP model and selected based on model uncertainty, estimated from an ensemble of independently
trained models®. The final NEP model was trained on the complete dataset accumulated during this
iterative refinement procedure. A MACE model* was trained on the same dataset.

The accuracy of the NEP and MACE models is illustrated in parity plots (Fig. S2a and b) of
mixing energies (Fig. S1) against density functional theory (DFT) reference data. Training and test
root-mean-square error (RMSE) and R? values are presented for both models (Fig. S2), showing good
agreement. Further validation was done through the tilt angles for the different perovskite structures
(Table S1), which also show good agreement with previous research®. When investigating the energetics
as a function of layered halide ordering, there is again good agreement between the NEP and MACE
models (Fig. S3).

Supplemental Note S2: Convergence of MC-MD simulations

To determine the convergence of the MC in the mixed systems, multiple simulation parameters were
investigated (Fig. S5). All parameters, except lattice parameters, show clear convergence after 50 ps
for all levels of MC trials presented here. The highest level of MC trials is the level used in all MC-MD
simulations.

Supplemental Note S3: Construction of cluster expansion

Cluster expansions (CEs) were trained on mixing energies predicted from the respective machine-
learned interatomic potential model in the CsPbCl3,I3_3, system in the Pnma phase. The training set
consisted of the enumerated 40-atom unit cells and 300 supercells with random chemical occupations.
The cutoffs were determined by sweeping over second-, third-, and fourth-order cluster sizes (Fig. S7).
The optimal cutoffs were selected by minimizing the Bayesian information criterion (BIC), which
balances model accuracy against model complexity. From the sweep, the cutoffs were selected to
be 8 A and 7A for the second- and third-order terms, respectively. No fourth-order clusters were
included. Model performance is assessed through parity plots of the mixing energy (Fig. S2c and d),
demonstrating good agreement.
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Table S1: Energy difference and octahedral tilt. Energy of structures in the Pnma and P4/mbm
phases compared to the Pm3m phase, and the average octahedral tilt in the three directions.

AEc_o (meV/atom) Octahedral tilt (°) AEc_7 (meV/atom) Octahedral tilt (°)

CsPbCly  —16.29 10.51, 7.26, 7.31 —12.43 13.29, 0,0
RbPbCly —48.12 13.36, 11.02, 11.22  —30.64 16.71, 0, 0
CsPbBrs —17.24 13.23, 7.15, 7.21 —13.45 14.36, 0, 0
RbPbBrs —50.55 15.55, 11.51, 11.73  —32.28 16.74, 0, 0
CsPbls —31.86 14.84, 8.27, 8.36 —21.98 15.48, 0,0
RbPbl; —64.89 16.64, 11.62, 11.86 —41.72 17.32, 0,0
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Figure S1: Predicted mixing energies. Mixing energies predicted by the NEP model for the three
binary mixes investigated. (a) CsPbBrs,Cls_3,. (b) CsPbBrs,Is_s,. (c) CsPbCls,Iz_3,.
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Figure S2: Mixing energy parity plots. Parity plots, RMSE, and R? for all four trained models.
(a) NEP model trained on DFT, (b) MACE trained on DFT, (¢) CE trained on NEP, and (d) CE
trained on MACE.
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Figure S4: Lattice parameters. Lattice parameters for (a) CsPbCls, (b) CsPbBrs, and (¢) CsPbl;
from heating (red) and cooling (blue) simulations. Experimental data from Ref. 6, 7, and 8.
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Figure S5: Convergence of MC-MD simulations. Convergence of observables from variance-
constrained semi-grand canonical simulations for different numbers of MC trials. (a) Temperature, (b)
change in potential energy, (c¢) volume, (d) acceptance rate, (e) concentration of constituent species,
and (f) lattice parameters.
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Figure S6: Halide miscibility gaps. MC-MD miscibility gaps with (red) and without (blue) 20 at.%
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Figure S8: CsPbCls,Is_3, miscibility. Miscibility gap for X-site mixing with Cl and I, from MC-
MD simulations using the NEP model in gray, CE trained on NEP data in orange, and CE trained on
MACE data in blue.
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