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ARTICLE INFO ABSTRACT
Keywords: Mixed-anion perovskite materials exhibit tunable properties, such as band gaps, stability, and charge transport,
Perovskite

by modulating the composition and arrangement of the anions. This tunability enables a wide range of
applications in fields such as optoelectronics, catalysis, and energy storage. The structural diversity enriches the
material properties and enhances performance; however, it also poses a significant challenge in determining
stable structures. The stability of such alloy materials depends not only on the elemental composition but also
on the arrangement of X /Y elements within the lattice. To improve the understanding of the structure-property
relationship in these alloy systems, a thorough exploration of the vast compositional and configurational space
is essential. Herein, we integrate the cluster expansion (CE) method with the atom classification model (ACM)
to efficiently pre-screen candidate structures and identify stable configurations. By considering the arrangement
of anions, which exhibit short-range ordering within octahedra and randomness between octahedra, we have
designed correlation functions for the ACM to reasonably reflect these characteristics. This approach enabled us
to identify configurations of BaTa(O,_,N,);, RbPb(F,_ O,); and CsPb(Br,_,Cl,); with higher stabilities without

Stable structures

The first-principles calculations
Cluster expansion

Atom classification model

significantly increasing computational costs.

1. Introduction

Perovskites, characterized by the general formula ABXj, are a
widely studied group of compounds due to their excellent material
properties [1-9]. The perovskite structure can be described as a three-
dimensional arrangement of BXy octahedra, where the X-site represents
the anion position and can be occupied by elements such as halides,
sulfur, oxygen, or nitrogen. The B-site is typically occupied by metal
cations capable of forming octahedral coordination (e.g., Pb%*, Sn**,
or Ta*+), while the A-site is generally filled by cations accommodated
in the cavities formed by interconnected BXy octahedra via shared
vertices. These cations may be organic (e.g., MA*, FA') or inorganic
(e.g., Cs*, Rb*, Ba?*) [7,10-12].

Despite the broad applicability of perovskites in various fields, the
number of experimentally accessible ternary systems remains limited.
Many systems encounter critical challenges in practical applications,
including high toxicity, a wide band gap for light absorption, and long
emission wavelengths [11,13,14]. Alloying is considered an effective
strategy to address these issues, offering new degrees of freedom to
explore material properties. For instance, substituting a suitable anion
Y at the X position forms a mixed-anion alloy system AB(X,_,Y,)s,
enabling precise control over the physical and chemical properties of
the material.
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Within the AB(X,_,Y,); mixed-anion perovskite alloy system, vari-
ations in the effective radii, electronegativity, and oxidation states of
the X and Y anions can lead to distinct preferences for anion arrange-
ment patterns across different systems. For example, in the ATaO,N
(A = Ca, Sr, and Ba) system [15-22], computational simulations and
experimental measurements have suggested that the cis-configuration,
where the two N atoms in the TaO4N, octahedron occupy two adjacent
edge positions, is energetically more stable. Conversely, in the StfVO,H
system, the trans-configuration, where the two H atoms in the same
VO4H, octahedron occupy opposite vertex positions, is energetically
favorable [23]. Furthermore, the anion sequence on the surface of a
mixed-anion perovskite material may differ significantly from that in
the bulk material [24,25], and strain can alter the preferred ordering of
anions in these materials [25-27]. Consequently, identifying the anion
sequence in mixed-anion perovskite compounds is highly complex.

To understand the structure-property relationships in mixed-anion
perovskite materials, it is essential to determine the stable arrangement
of anions within these materials. However, experimental characteriza-
tion methods are limited, making it challenging to fully resolve the
anion sequence experimentally. Computational simulations are thus
employed to predict crystal structures and determine stable anion
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arrangement configurations. Directly enumerating the large composi-
tional and configurational space using first-principles approaches is
impractical due to the exponential growth in the number of candidate
structures as the number of substitutable sites in the crystal structure
increases [28], resulting in prohibitively high computational costs.
Therefore, an effective strategy is needed to reduce the number of
candidate structures and identify stable configurations more efficiently.

In this study, we integrate the cluster expansion (CE) method
with the atom classification model (ACM) to classify configurations in
mixed-anion perovskite alloy systems without relying on prior first-
principles computational data. This approach enables us to employ a
step-by-step calculation process to pre-screen ground-state configura-
tions efficiently. Our strategy has been successfully validated in mixed-
anion perovskite materials, including CsPb(Br,;_,Cl,)3, RbPb(F,_,0,)3,
and BaTa(O,_,N,);

2. Theoretical methods
2.1. CE method

The core of the CE method involves representing the original system
within an ideal lattice framework using a set of cluster functions. These
cluster functions allow the properties of interest, which depend on the
configurations within the original system, to be expressed as a linear
combination. Further details on these cluster functions can be found in
previous studies [29-32].

To describe structural stabilities, the locally relaxed energy of a
specific configuration, ¢, in a binary alloy A;_,B, can be expressed as
the sum of the interactions of clusters:

E(0) =N Y mJ, 1T ,(0) (€]

Here, the cluster a refers to a collection of sites within the lattice
structure. N represents the number of lattice sites occupied by a
mixture of elements. The multiplicity m, is the number of symmetry-
equivalent clusters per site. J, represents the effective cluster inter-
action (ECI) coefficients. IT, signifies the lattice-averaged cluster cor-
relation function, obtained by multiplying the pseudo-spin variables
(denoted as —1 for A atoms and +1 for B atoms) at the corresponding
lattice sites and averaging these values over all symmetry-equivalent
clusters.

o) = —
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where g represents the number of sites in the a-cluster. When all pos-
sible clusters are included in the summation, the expansion in Eq. (1)
becomes exact [31]. However, in practice, it is typically truncated to
include only a limited number of short-range clusters for computational
feasibility. The ECIs are determined by fitting data obtained from den-
sity functional theory (DFT) calculations for several tens or hundreds of
ordered supercell structures. The performance and predictive accuracy
of the truncated cluster expansion model are assessed using the leave-
one-out cross-validation (LOOCV) method [33], which is defined as

Ecy = ‘/Nis Z (E, - Eg)’ 3

Here, N, represents the number of structures, E; is the energy of
the ith structure as directly calculated by DFT, and E([) is the energy of
the ith structure predicted by a cluster expansion model that excludes
the ith structure from the training dataset.

2.2. Special quasi-random structure (SQS) method

The SQS method, originally proposed by Zunger et al. [34,35],
is designed to simulate the structure and properties of randomly
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substituted alloys using a small unit cell. In general, the probability
of a particular structure appearing is influenced by multiple factors,
including its degrees of structural freedom, energy, and temperature.
At the high-temperature limit, this probability becomes proportional to
the structural degrees of freedom. The primary goal of the SQS model is
to construct a specialized small unit cell under periodic boundary con-
ditions that closely replicates the atomic spatial distribution of random
alloys in their ideal state. This allows the random alloy structure to
be effectively simulated through an organized supercell. The approach
of the SQS model relies on the near-neighbor recurrence principle to
generate structures that closely mimic the nearest, next-nearest, and
other short-range atomic arrangements present in a perfectly random
alloy state. This method prioritizes interactions between neighboring
atoms, as these are more significant than interactions between distant
neighbors. Consequently, periodic errors are shifted to interactions
with more distant neighbors, thereby improving the accuracy of the
simulation [31,36].

In the SQS method, the key quantity is the cluster correlation
functions (CCFs), which are defined as the ensemble average of the
cluster function introduced in Eq. (1).
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For completely random situations, corresponding to the limit as
T approaches infinity, the occupancies at different positions become
uncorrelated, and the CCFs can be determined analytically [37].

M) = <1‘[ S,-> = [es=@x-1¢ (5)
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Here, g represents the number of sites in cluster «, while x repre-
sents the substitution rate. Eq. (5) provides a quantitative measure of
organization, enabling the characterization of orderliness. Smaller de-
viations of the CCFs from Eq. (5) indicate a higher level of randomness,
while larger deviations suggest a greater degree of orderliness.

2.3. ACM

In our recent study [38], we proposed an ACM to describe multi-
component materials based on structural recognition. To illustrate this,
consider a simple system with nearest-neighbor (NN) interactions. The
Hamiltonian for the lattice gas model (LGM) [39] is expressed as

Hygym = — Z(MAP,-A +ugPP)
7

= > UaapP (6)
<NN>
+ Jap(PAPP + PEPY) + Ty PPPP]

where u, and ujp represent the chemical potentials of atoms of types A
and B, respectively. J, 4, J45, Jpp denote the strengths of NN interac-
tions for A-A, A-B, and B-B bonds, respectively. P and PP indicate
the occupation status of A and B atoms at the ith lattice site, with
1 representing occupation and 0 representing non-occupation. After
normalizing the coefficients, the correlation functions can be expressed
as follows:

o= (S X883 ptep 3 e
i i

<NN> <NN>
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<NN>

)

Here, N denotes the number of lattice sites, which serves as a
normalization constant.

Introducing the variable S;, where .S; = 1 (or —1) denotes an A (or
B) atom being occupied at site i, we have:

1
PA = FA+5)

1
PE= 7A=5)
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Using this substitution, formula (6) can be rewritten as

N 1
Higm = _7(”’4 +pupg) — E(”A — Hp) Z S;
i

- iJAA[ Y a+SS5)+ay s
<NN> i 9)
_1

2

- %JBB[ Y a+58)+ay S

<NN> i

Tagl D) (1+.8,8))]

<NN>

Here, a depends on the number of NN atoms and varies based on
the lattice and dimensionality. The resulting Hamiltonian can then be
expressed as the ACM.

HACM=J1(/4A5JAA’(X)U[](ZSi’ Z S;S))

i <NN>
+ (g g I 07 (Y, S DL SiS) 10)
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The correlation functions of the ACM can be represented as

1
Hyem = ﬁ(“ilv"iz"’?) an

Here, new parameters J;, J,, J; are introduced as functions of y,
ugs Jaas Jap> Jpp> @, respectively. These correlation functions can
be calculated as a function of }},S; and Y \ys S;S;, ensuring non-
negative values after the transformation. Additionally, if the selection
of the largest multi-body clusters within a truncated radius is exhaus-
tive in the LGM, terms corresponding to smaller clusters can be linearly
represented by these largest multi-body clusters. Thus, the informa-
tion from smaller cluster terms becomes redundant. Consequently, the
Hamiltonian of the system can be fully expanded using only multi-body
clusters.

Generally, various interaction parameters influence the stability
of alloy systems, and stable structures often depend on the alloying
composition. Notably, the convex point vectors in the vector space of
correlation functions correspond to the extrema of the Hamiltonian,
thereby guiding the selection of stable configurations. Consequently,
possible configurations under different substitution systems can be gen-
erated using convex point templates within the same lattice structure.
It is important to highlight that an ACM template configuration, which
may not represent a true convex point in one system, could indeed serve
as a true convex point configuration in another system. This approach
proves useful for identifying stable configurations in structurally similar
systems and strategically prioritizing calculations based on the number
of non-zero components in the correlation function vector, enabling an
efficient step-by-step search for stable configurations.

To identify the most stable configurations in alloy systems, ACM sig-
nificantly reduces the number of candidate structures while providing
a systematic strategy to accelerate the determination of stability. This
method establishes a direct structure-stability correlation, revealing
the predominant influence of geometric symmetry on structural stabil-
ity. Specifically, structures with fewer components in the correlation
function are more likely to emerge as ground states.

2.4. Computational details

The workflow for identifying stable configurations is illustrated in
Fig. 1(a), and the detailed computational procedures executed in this
study are outlined below. First, we used the CsPbBr,Cl system as an
example to explore the ordering of anions within the perovskite lattice.
The energies of a set of non-equivalent configurations of CsPbBr,Cl
were calculated using first-principles methods. A cluster expansion
model was then constructed to estimate the ground-state energy, and
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Monte Carlo sampling was employed to evaluate CCFs at finite tem-
peratures to analyze anion ordering. Based on the observed ordering
characteristics, the ACM was applied to design rational correlation
functions, categorizing non-equivalent configurations and identifying
potentially stable configurations. Finally, a comparative validation of
the stability of the identified configurations was performed within
several commonly reported perovskite alloy systems.

As previously reported in the literature [11,16,40], the cubic per-
ovskite structure with the space group symmetry of Pm3m was em-
ployed in this study for simulations. To construct the cluster expansion
of the energy, we generated 163 structures from the 2 x 2 x 2
supercell (40-atom) of the cubic primitive cell of CsPbBr,Cl. The
first-principles calculations were performed based on DFT using the
Vienna Ab initio Simulation Package (version 5.4.4) [41,42], incor-
porating the projector-augmented-wave (PAW) method [43] to treat
the valence-core interactions. Valence electron configurations of the
atoms are Br-4s24p’, Cl-3s23p3, Cs-5s25p®6s!, Pb-5d106s26p?, 0-2522p*,
Rb-4s24p®5s!, F-2522p>, N-2522p?, Ta-5p®5d36s?, Ba-5s25p©6s?, respec-
tively. The cutoff energy for the plane wave basis functions was
set to 520 eV, and I'-centered k-point meshes with a grid spacing
of 0.02 x 27A " were employed for Brillouin zone sampling. The
Perdew—Burke-Ernzerhof (PBE) functional was used to describe the
exchange-correlation interaction [44]. The atomic positions and cell
size were fully relaxed for each configuration. Geometric optimization
was halted when the residual atomic forces on the atoms dropped below
0.01 eV/A, and the final energies were calculated in a subsequent static
calculation. All inequivalent configurations were obtained using the
SAGAR package with the Hermite normal form matrices [45,46].

We conducted Monte Carlo simulations on a 20 x 20 x 20 supercell
using the emc2 module from ATAT [47,48]. The number of equili-
bration and sampling steps was determined following the algorithm
outlined in a previous study [49]. The target tolerance for the statis-
tically averaged energy was set to 1 x 1073 eV, which is sufficient to
ensure the numerical convergence of the CCFs.

3. Results and discussion
3.1. Cluster expansion for the CsPbBr,Cl system

To enhance the efficiency of screening stable structures, energy
evaluation can be simplified by adopting an interaction model. De-
tailed information on constructing the optimal cluster expansion model
for energy and its validation is provided in Fig. S1 (see Supporting
Information). The two-body clusters considered in the optimal model
are depicted in Fig. 1(b). Monte Carlo simulations were employed
to analyze the variations in two-body CCFs at finite temperatures
based on the cluster expansion model. The dashed lines in Fig. 1(c)
indicate the CCF values for Br and Cl in the CsPbBr,Cl system under a
completely random distribution, as determined using the SQS method
and Eq. (5). With the exception of the 3rd cluster, the CCFs for the
other two-body clusters rapidly approach values indicative of a com-
pletely random distribution as temperature increases. However, the 3rd
cluster exhibits a significant deviation from randomness, even at a high
temperature of 1000 K. This suggests that Br and Cl are not randomly
distributed but display short-range order. Furthermore, the presence of
the 3rd cluster within individual octahedra indicates short-range order
within octahedra, whereas the distribution of anions between octahe-
dra remains relatively random. This observation aligns with previous
studies on the distribution of O and N in the BaTaO,N system [51].
Considering the arrangement of anions and the characteristics of the
ACM, configuration correlation functions can be constructed based on
octahedral many-body clusters. By conducting a convex point-solving
process in the correlation function space for all configurations within
the system [38], the formation energy calculations are prioritized for
configurations where the correlation function corresponds to a convex
point. This approach significantly accelerates the search for stable
configurations.
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Fig. 1. (a) Workflow for the identification of stable mixed-anion perovskite structures. (b) Six inequivalent two-body clusters are highlighted with red lines. (c¢) Cluster correlation
function (CCF) values for the first to sixth two-body clusters of CsPbBr,Cl at different temperatures. The structural model was created using the VESTA program [50].
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Fig. 2. (a) Type-1 to type-10 inequivalent binary anion substitution patterns in octahedra. (b) Four inequivalent co-vertex matches for type-3 and type-8 octahedra. (c) Octahedra
that can be paired by sharing vertices. The symbol “o” indicates that two octahedra can be paired by sharing vertices, while the symbol «3” indicates that they cannot. The
circles denote the octahedral pairings that occur in the template configuration. A black circle indicates that both octahedra with shared vertices in the template configuration
belong to the same type, whereas a red circle indicates that they belong to different types.

3.2. Design of the ACM correlation function and template configurations

To capture the short-range order within octahedra, we first enu-
merate and distinguish the types of octahedra present within config-
urations. Ten types of inequivalent binary substitutions for octahedra
are identified, as shown in Fig. 2(a). The variations among octahedral
types within configurations are reflected in the correlation functions
composed of many-body terms in the ACM. Next, when two octahedra
share vertices, their relative random arrangement is characterized with-
out distinguishing their specific orientations. For instance, as illustrated
in Fig. 2(b), when type-3 and type-8 octahedra share vertices, there are
four inequivalent matching scenarios. We assume that all four scenarios

contribute equally to the energy because the elementary occupation of
the two-body cluster between the two octahedra does not exhibit any
ordered preference (c.f. Fig. 1(c)). Consequently, these scenarios are
assigned the same correlation function value.

According to this design, all possible occurrences of paired octahe-
dron clusters within the configuration can be enumerated. As shown
in Fig. 2(c), there are a total of 54 possible cases of paired octahedra,
excluding the one-shared-vertex matching between type-1 and type-6
octahedra, which is prohibited by the element type restriction. Based on
these pairings, the correlation functions for each configuration can be
determined by evaluating the matching of octahedra that share vertices.
Subsequently, the convex hull points within the set of correlation
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Fig. 3. BaTa(O,_,N,); system (a) The formation energy in the BaTa(O,_,N,); system. The blue points represent the lowest formation energy template structures (LFETS) at various
concentrations, while other template configurations are represented by cross symbols. The “b” symbol denotes the b-configuration, which corresponds to the lowest formation energy
template structure at 1/3 concentration. The red points indicate the lowest formation energy configurations identified in previous literature [16]. (b) The prototypical structural

model of the b-configuration. (c), (d), and (e) show projection diagrams of the orientation of the - N-Ta-N — chain sequence within the b-configuration in three directions.

functions are identified. It is important to note that configurations
with fewer non-zero components in their correlation functions are
more likely to correspond to convex hull configurations. Specifically,
if a correlation function contains only one non-zero component, it is
necessarily a convex hull vector, regardless of the cell size used to
generate the substitution configurations.

Herein, we define configurations with ACM correlation functions
containing only one non-zero component as template configurations.
According to the ACM, such configurations are likely to exhibit extreme
energy values. The results obtained from enumerated substitution con-
figurations within 8 formula unit (FU) cells indicate that the octahedral
pairing situations in template configurations can be categorized into
two groups, as illustrated by the circles in Fig. 2(c). The first group, rep-
resented by black circles, denotes configurations where both octahedra
sharing vertices in the template configuration are of the same type. The
second group, represented by red circles, denotes configurations where
the shared-vertex octahedra are of two different types. It is common for
structures to consist of only one type of octahedron; however, a correla-
tion function can contain only one component in structures comprising
type-3 and type-8 octahedra, which corresponds to an antiferromagnet-
like distribution. An illustrative diagram is provided for clarity (c.f.
Fig. S2). Compared with the number of structures analyzed using an
enumerative search, the computational cost is significantly reduced (c.f.
Fig. S3). By combining first-principles calculations with template con-
figurations, structures with lower formation energies can be effectively
distinguished, thereby improving the screening efficiency.

3.3. Applications in BaTa(O,_,N,)s /RbPb(F,_,0,)3/CsPb(Br,_.Cl )3

To validate the effectiveness of the proposed method, we con-
ducted a stability study on the BaTa(O,_,N,); system using template
configurations. The BaTaO,N system has been extensively studied, as
variations in anion sequences can result in intriguing dielectric prop-
erties. Determining stable configurations is crucial for understanding
the relationship between anion ordering and dielectric properties in
this system. Previous studies have explored configurations with “90-
degree” characteristics, and the — N-Ta-N - chain sequence in the
configuration with the lowest formation energy has been documented

in the literature [16]. Based on the ACM template configurations, which
include no more than 4-FU cells, the lowest formation energies of
the BaTa(O,_,N, )3 system at various concentrations are presented in
Fig. 3(a). In the 3-FU cells, a more stable b-configuration was identified,
as illustrated in Fig. 3(b). Similar to structures reported in previous
studies [16], the b-configuration contains only one type of octahedron.
However, the connectivity between co-vertex octahedra differs (c.f.
Fig. S4), resulting in a distinct arrangement of the N anions in the
b-configuration, characterized by a unique triangular helical sequence
of the — N-Ta-N - chain (c.f. Fig. 3(d)). The extension directions of
these helical chains are parallel to each other without any crossing
between chains (c.f. Fig. 3(c)(e)). This new configuration exhibits a
lower formation energy, suggesting that the — N-Ta-N — chain sequence
prefers such triangular helical arrangements.

Previous studies have conducted a comprehensive and detailed
stability analysis of mixed-anion perovskite materials with ABX,Y sto-
ichiometry (where A and B represent any elements from the periodic
table, and X and Y are nitrogen, oxygen, or fluorine) [40]. Most con-
figurations with the lowest formation energy were successfully encom-
passed within the template configurations, including the arrangement
patterns of anions in the StTaO,N and RbBiO,F systems. However, it is
noteworthy that the configuration with the lowest formation energy in
the RbPbF,0 system does not align with the ACM convex hull template
configurations. To verify the general applicability of the ACM, we in-
vestigated the stability of the ACM convex hull template configurations
with no more than 4-FU cells for the RbPb(F,_, 0,); system. The results,
as shown in Fig. 4(c), reveal a more stable structure (b-configuration)
at a 1/3 concentration compared to the a-configuration reported in
the literature. Unlike the b-configuration of the BaTa(O,_,N, )3 system
(c.f. Fig. 3(b)), which contains only one type of octahedron, the b-
configuration of the RbPb(F,_,0,); system (c.f. Fig. 4(b)) contains
two distinct types of octahedra: type-3 and type-8. In comparison,
the a-configuration (c.f. Fig. 4(a)), which also comprises two types of
octahedra, has a formation energy 8 meV higher. Additionally, in the
b-configuration (c.f. Fig. 4(b)), there are no co-vertex pairings of type-
3 and type-3 or type-8 and type-8 octahedra. Instead, the structure
exclusively features type-3 and type-8 co-vertex paired octahedra (c.f.
small figure in Fig. 4(a)(b)). According to the correlation functions
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in Section 3.2, the b-configuration has only one non-zero compo-
nent. Additionally, there is a significant difference in the formation
energies between the lowest formation energy template structure (b-
configuration) and the next-lowest formation energy template structure
at a concentration of x = 1/3, which may be attributed to substantial
differences in bond angle distortions within the structure (c.f. Fig.

S7). Furthermore, as shown in Fig. 4(c), the RbPb(F,_,0,); system
is found to be more stable at a 2/3 concentration. At this concentra-
tion, the formation energy of the e-configuration (c.f. Fig. 4(e)) is 22
meV lower than that of the b-configuration (c.f. Fig. 4(b)) at a 1/3
concentration. This finding highlights that exploring the configuration
space at only one concentration is insufficient for a comprehensive
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understanding of stability. To gain deeper insights into the stability of
mixed-anion perovskite systems, it is necessary to evaluate the stability
of configurations across multiple concentrations. The stable structure
screening strategy using the ACM enables the identification of more
stable structures without imposing concentration-based restrictions,
thereby facilitating exploration across a broader concentration range.

In our previous work [52], we determined the formation energies of
all substitution configurations within the 4-FU cells using an enumer-
ation method. The configurations with the lowest formation energies
at each concentration are represented by red points in Fig. 5(c). To
explore potential stable configurations within larger supercells, sub-
stitution configurations within the 8-FU cells were screened. With a
total of 9,324,883 substitution configurations in the 8-FU cells, per-
forming enumerative first-principles calculations for all configurations
is infeasible. It is worth noting that the template configurations based
on the ACM constitute less than 0.03% of the total. Among the multiple
concentrations covered by these template configurations, we identi-
fied some more stable configurations, represented by blue points in
Fig. 5(c), specifically the b-, f-, and g-configurations. In both the a-
and b-configurations (c.f. Fig. 5(a)(b)), the same type of octahedron is
present, and both contain only type-3 and type-8 co-vertex paired octa-
hedrons. The a-configuration (c.f. Fig. 5(a)) features type-3 octahedra
with two different orientations, while the b-configuration (c.f. Fig. 5(b))
includes type-3 octahedra with three different orientations. In the a-
configuration, the type-3 octahedra with two orientations are staggered
and stacked along the [001] direction, resulting in the octahedra within
the same layer being oriented in the same direction. In contrast, in the
b-configuration, the two orientations of type-3 octahedra are staggered
and stacked within the same layer (c.f. Fig. 5(d)(e)). Such a minor
difference between the two configurations is reflected in the — CI-Pb—Cl
— chains within the structure. A comparison of the — CI-Pb—Cl — chains
in the a-configuration of the 4-FU cells and the b-configuration of the
8-FU cells reveals that both exhibit a zigzag extension pattern (c.f. small
figure in Fig. 5(d)(e)). However, the relative extension directions of
the chains in these configurations, as illustrated in Fig. 5(d)(e), are
inconsistent. In the a-configuration, the zigzag chains (c.f. small figure
in Fig. 5(d)) are parallel to each other, whereas in the b-configuration,
the zigzag chains (c.f. small figure in Fig. 5(e)) are perpendicular
to each other. This ionic arrangement in the b-configuration further
increases the Pb-Br-Pb bond angle distortion within the structure (c.f.
Fig. S5). Notably, such anionic sequences in the b-configuration can
only be identified in larger supercell substitution configurations. For the
f- and g-configurations, it is observed that, unlike the b-configuration,
they consist of pairings of two different types of octahedra. Specifi-
cally, the f-configuration comprises type-4 and type-9 octahedra (c.f.
Fig. S6(a)), while the g-configuration consists of type-5 and type-10
octahedra (c.f. Fig. S6(b)). Based on the correlation functions discussed
in Section 3.2, it is evident that only one component is non-zero in all
these configurations.

Configurational discrepancies are reflected in the corresponding
electronic structures. Specifically, the a- and b-configurations of the
RbPb(F,_,0,)5 system exhibit the characteristics of an indirect bandgap
semiconductor, with bandgaps of 1.12 eV and 1.60 eV, respectively.
The more stable and symmetric b-configuration exhibited a larger
bandgap, with a higher electronic occupied state density of the O atom
at the band edge compared to the a-configuration (c.f. Fig. S8(a)(b)).
In contrast, the a- and b-configurations of the CsPb(Br;_,Cl,); system
exhibit traits of a direct bandgap semiconductor. However, the slight
differences in the atomic structures between the a- and b-configurations
result in an insignificant variance in their electronic structures (c.f. Fig.
S8(c)(d)).

4. Conclusion

In summary, we combined the CE method with the ACM to design
rational correlation functions. This approach enables the classification
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and ranking of candidate configurations in mixed-anion perovskite
alloy systems. To expedite the screening process for stable structures,
we prioritized the calculation of template configurations with only
one non-zero component of the correlation function. This methodology
was validated in three systems: BaTa(O,_,N,)3;, RbPb(F,_,0,)3, and
CsPb(Br,_,Cl,);. These validations identified more stable configura-
tions than those reported in previous studies. Among the newly dis-
covered stable configurations, several intriguing phenomena were ob-
served. For instance, in the BaTa(O,_,N,)3 system, — N-Ta-N - chains
exhibited a unique triangular helical arrangement. In the
RbPb(F,_,0,); system, the octahedral stacking exhibited characteris-
tics of an antiferromagnet-like distribution. Additionally, in the
CsPb(Br;_,Cl,); system, large cells revealed bond angle distortions
with a distinctive anionic sequence. Notably, our method significantly
reduces computational costs while maintaining transferability and phys-
ical interpretability across diverse mixed-anion perovskite systems. This
approach greatly enhances the efficiency of exploring stable config-
urations within extensive compositional and configurational spaces
and serves as a valuable reference for investigating anion ordering in
mixed-anion perovskite materials.
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