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modulate halogen migration in lead-free
double perovskites
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Ionic migration plays a pivotal role in determining the performance

and operational stability of a wide range of optoelectronic devices.

Halide double perovskites (HDPs) have emerged as promising lead-

free alternatives to conventional perovskites; however, they remain

susceptible to detrimental halide ion migration. Despite this, the

fundamental mechanisms underlying ionic migration in HDPs are

poorly understood, hindering the development of effective strate-

gies to mitigate such instability. Here, we have redefined ion

migration as a continuous bonding reconfiguration process,

demonstrating that antibonding hybridization and alignment serve

as precise descriptors for governing halide ion migration. Compre-

hensive analyses of bonding characteristics, combined with migra-

tion pathway simulations, demonstrate that engineering the B-site

cations and halogens tunes the overlap of antibonding orbitals and

their energetic positions relative to the Fermi level, thereby elevat-

ing the migration barrier and suppressing halide ion motion. Based

on this strategy, we further construct features related to chemical

bond variations and establish a machine learning (ML) framework

that enables rapid prediction across the vast chemical space of

HDPs. Collectively, these findings not only advance the fundamen-

tal comprehension of ionic transport in HDPs but also furnish

practical design guidelines for achieving stable, lead-free perovs-

kite optoelectronics.

Introduction

Ionic migration is a ubiquitous phenomenon in functional
materials and plays a vital role in determining the performance,
stability, and reliability of a broad spectrum of energy and
electronic devices.1–4 Specifically, functional devices such as

solar cells,2 light-emitting diodes,5 and sensors6 are highly
susceptible to ion migration under operational conditions.
The migration of ionic vacancies and interstitials, triggered by
electric fields, thermal effects, or applied bias, induces significant
structural instabilities. These manifest as phase segregation, defect
accumulation, and dynamic disorder, posing a significant chal-
lenge to long-term performance stability.7–10 In halide perovskite
optoelectronics, anion migration triggers current–voltage hysteresis
and accelerated degradation, severely constraining device efficiency
and stability.11–15 These effects are not merely incidental but
fundamentally linked to the metastable nature of the ionic sub-
lattice, making ionic transport one of the primary limitations to
commercial deployment of halide-based technologies.

While much progress has been made in understanding and
modulating ion migration in conventional lead halide
perovskites,16–18 emerging lead-free alternatives, such as halide
double perovskites (HDPs), are now drawing significant atten-
tion for their enhanced stability, environmental benignity, and
structural tunability.19–22 Nevertheless, HDPs are not immune
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New concepts
Ionic migration fundamentally governs the performance, stability, and
durability of halide perovskite-based devices. Although extensive research
has elucidated ion migration mechanisms in conventional lead halide
perovskites, the microscopic origins in lead-free halide double perovs-
kites (HDPs) remain poorly understood. Here, by conceptualizing ion
migration as a continuous reconfiguration process of chemical bonds, we
develop a unified orbital-level framework that links halide migration
barriers to antibonding interactions between metals and halogens.
Stronger antibonding orbital overlap and reduced energy separation from
the Fermi level increase these barriers. Accordingly, we propose an
orbital-level design strategy that modulates d-orbital occupancy and
halogen electronegativity to suppress halide migration. Furthermore,
we construct a machine learning model incorporating orbital descriptors
to enable rapid prediction of migration barriers across a vast composi-
tional landscape of HDPs. This study establishes a universal paradigm for
mitigating ionic migration, paving the way for stable, high-performance,
and environmentally friendly perovskite materials.

Materials
Horizons

COMMUNICATION

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/6
/2

02
6 

7:
25

:0
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal

https://orcid.org/0000-0003-4285-7937
https://orcid.org/0000-0002-4529-874X
http://crossmark.crossref.org/dialog/?doi=10.1039/d5mh02158h&domain=pdf&date_stamp=2026-02-10
https://rsc.li/materials-horizons
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5mh02158h
https://pubs.rsc.org/en/journals/journal/MH


Mater. Horiz. This journal is © The Royal Society of Chemistry 2026

to the intrinsic challenges posed by mobile halide ions. Recent
studies suggest that despite their different crystal frameworks,
HDPs may still suffer from halide ion migration, which could
similarly degrade device performance through defect formation,
phase instability, or altered interfacial properties.15,23,24 Fortu-
nately, the structural and compositional complexity of HDPs
often involves cation ordering and a wide chemical design space,
which may introduce novel pathways for halide ion motion,
distinct from those in conventional perovskites.

Unlike conventional perovskites, the microscopic origins
and universal suppression rules of halogen transport in HDPs
remain largely elusive. Which electronic and structural char-
acteristics promote or hinder halide migration? And crucially,
how can new perovskites be designed to suppress ionic mobility
and retain favorable optoelectronic properties? A comprehen-
sive understanding of the origin of halide ion migration in
HDPs is essential to answer these questions. This understand-
ing will enable the formulation of effective suppression strate-
gies, which are critical steps toward ensuring the commercial
viability of next-generation perovskite devices.

In this study, we comprehensively investigated the behavior
of halide ion migration in HDPs with the general formula
A2BIBIIIX6 by integrating first-principles calculations with mole-
cular orbital (MO) analysis. Previous studies have mostly relied
on general ideas (e.g., covalency and octahedral rigidity), lack-
ing a unified, computable standard to explain ion migration in
HDPs.25–27 In this study, we investigate the influence of local
chemical bond reconstruction on halide ion migration. This

enables us to propose a unified mechanism rooted in the
configuration and overlap of antibonding states. Specifically,
the B-site transition metal forms ionic bonds with halogens
through antibonding orbital hybridization, and as the number
of d electrons increases, additional electrons occupy antibond-
ing orbitals, thereby weakening the overall bond strength.
During halide ion migration, enhanced antibonding orbital
overlap between the B-site cation and halogen increases the
migration barrier, while cooperative lattice distortion renders
direct inter-octahedral hopping energetically less favorable
than edge-mediated migration. We further developed a frame-
work integrating an ML model and these insights, which is
capable of predicting the migration barrier across a wide range
of the compositional space of HDPs. Specifically, HDPs identi-
fied with larger predicted migration barriers are expected to
exhibit reduced ion migration phenomena in devices and
suppressed halide redistribution.28,29

Results and discussion

An ideal HDP architecture features a three-dimensional corner-
sharing octahedral network analogous to conventional ABX3

perovskites, while exhibiting distinctive cationic ordering at the
B-site. As illustrated in Fig. 1a, BI (monovalent) and BIII (triva-
lent) cations occupy octahedral sites coordinated by six halide
anions. The inherent charge disparity between BI and BIII

cations drives spontaneous rock-salt ordering through electro-
static stabilization, which introduces new possibilities for

Fig. 1 (a) Schematic representation of the structures of simple and double perovskites showing the difference in the elemental composition in the B site.
(b) Schematic illustration of Fe(d)–Cl(p) hybridization in Cs2KFeCl6 perovskite. (c) The t2g orbital arrangement for different BIII-site 3d transition metals. (d)
The DOS and COHP of the Fe–Cl bond. (e) The integrated COHP (ICOHP) of the BIII–Cl bond for different BIII-site 3d transition metals.
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tailoring electronic properties through targeted cation substitu-
tion. In addition, K+ has an optimal ionic radius (B1.38 Å) and
matches the perovskite lattice well, which can minimize lattice
distortion. Fe3+ has a 3d5 half-filled configuration, and its
electronic state is balanced and representative, making it an
ideal reference for comparative analysis with other 3d transi-
tion metals. Therefore, we employ Cs2KFeCl6 as a prototypical
HDP to elucidate structure–property relationships. As shown in
Fig. S2, the Fe 3d orbital strongly hybridizes with the Cl 3p
orbital near the Fermi level, while the K 3p state is located
deeper in the valence band. This electron segregation confirms
that the BIII-site transition metal (TM) in HDP has a stronger
ionic bond with the halogen, which is consistent with Pauling’s
electronegativity difference (wFe–Cl = 1.33 vs. wK–Cl = 2.34). Due to
the six-coordinate octahedral environment, the valence elec-
trons of Fe rearrange, and the remaining empty orbitals parti-
cipate in bonding with the lone pair of electrons of Cl, resulting
in d2sp3 hybridization (Fig. S3a). More specifically, as shown in
Fig. S3b, the five 3d orbitals of Fe3+ split into lower-energy t2g

(dxy, dyz, dxz) and higher-energy eg (dz2, dx2–y2) states under the
influence of the ligand. The weak ligand field strength of Cl�

stabilizes a high-spin t3
2geg

2 configuration (Fig. 1b),which is
consistent with the spin state prediction of the Tanabe–Sugano
plot for the d5 system.30

Furthermore, we also considered different BIII-site TMs
(V, Cr, Mn, Fe, Co, and Ni), as shown in Fig. 1c. As the number
of d electrons increases, the energy separation between the
spin-up and spin-down channels of the t2g orbital increases,
which reflects the enhanced exchange splitting caused by the
high-spin configuration. From Mn to Co, the spin splitting
gradually decreases. It is worth noting that Co exhibits nearly
degenerate spin-up and spin-down states, implying the possible
existence of a low-spin configuration. For Ni (3d8), the spin
polarization increases again, which may be ascribed to the
enhanced inter-electron repulsion and the partial occupation of
both spin channels.31 In addition, the eg orbital shows a consis-
tently higher energy distribution relative to the t2g orbital
(Fig. S4a), which is consistent with crystal field theory. To elucidate
the electron occupation and bonding strength, we further per-
formed a crystal orbital Hamiltonian population (COHP)
analysis.32 The s* antibonding orbital of the Fe–Cl bond is partially
filled (Fig. 1d), which reduces the bonding strength and may
promote Cl� migration through bond length fluctuations induced
by Jahn–Teller distortion.33 As the d orbital begins to fill (from V
to Cr), the bonding peak dominates, and the increase of orbital
overlap enhances the bonding strength (Fig. 1e). The Cr–Cl bond
reaches maximum bond strength due to the half-filled t2g orbital.
For orbitals other than Cr, the bonding strength gradually
decreases as more electrons occupy the antibonding orbital
(Fig. S4b). Importantly, the abovementioned bonding mode of
the d orbital of the B-site cation and the p orbital of the halogen
anion is also suitable for other systems with different X-site
halogens, B-site TMs, and A-site alkali metals (Fig. S5). However,
due to the difference in halogen electronegativity and the number
of d electrons, the antibonding orbital will shift, thereby affecting
the BIII–X bond strength and halide ion migration.

In perovskite crystals, the movement of halide anions and A-
site cations (such as MA+ and FA+) has been extensively studied
to gain deeper insights into ion behavior in perovskite-based
optoelectronics.34–36 Furthermore, based on defect formation
energies DEf (Table S1), we have found that halide vacancies
remain the most thermodynamically favorable intrinsic defects
for ion migration in HDPs. However, HDPs involve cation
ordering and a broad chemical design space, which may
introduce new migration pathways for the movement of halide
ions. Therefore, by elucidating the changes of bonding mode in
HDPs, we aim to further investigate the migration behavior of
halide ions along different migration paths and variations in
bonding strength.

To begin with, different types of ions follow distinct pre-
ferred diffusion pathways, and these pathways can be altered by
the presence of defects. Ames et al.34 found that I� migrates
along the slightly curved edge of the PbI6 octahedron, with the
lowest activation energy. This synergistic effect of ion size and
bonding strength is particularly evident in HDPs. Therefore, we
propose two distinct Cl� migration pathways in Cs2KFeCl6: (1)
direct octahedral hopping along KCl6

5� and FeCl6
3� segments,

and (2) edge-mediated migration (Fig. 2a). The migration
barriers (Eg) are adopted to describe the difficulty for an ion
to move between adjacent equilibrium sites. By performing a
series of climbing image nudged elastic band (CI-NEB) calcula-
tions between adjacent equivalent positions, we mapped the
energy distribution of these migration mechanisms. We also
compared our CI-NEB calculations with well-known Ag-based
HDPs for which ion activation energies and halide migration
barriers have been reported (Fig. S7). The calculated results
match the experimental values well and follow the same
theoretical compositional trends.37–39

For Cs2KFeCl6, the calculated Eg for the two segments of
pathway 1 are 1.578 eV and 0.29 eV, respectively (Fig. 2b). This
indicates that Cl� migration around FeCl6

3� is much easier
than that around KCl6

5�, reflecting the key role of transition
metal d orbitals in bonding. The energy barrier for pathway 2 is
1.995 eV, which is higher than that of pathway 1, establishing
pathway 1 as the energetically favorable route. The high barrier
of the direct hopping path is attributed to the fact that this
process involves the cooperative deformation of multiple octa-
hedra and the subsequent destruction of the bonding network
of adjacent FeCl6

3� units. In contrast, the edge-mediated
migration path minimizes the energy cost of structural recon-
struction through localized bond reorganization. As shown in
Fig. S6, the lattice distortion induced by the direct transition
(pathway A - C) is significantly stronger than that induced by
edge-mediated migration. In addition, comparative COHP ana-
lysis of the initial state (IS) and transition state (TS) demon-
strates that the d–p antibonding orbital occupancy of the Fe–Cl
bond increases significantly in the transition state (Fig. 2c).
This dynamic change of electronic structures during the migra-
tion process stems from the disruption of the octahedral
bonding network, inducing enhanced orbital hybridization.
The correlation between this bonding characteristic and the
migration path implies that the halogen migration barrier can
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be directionally modulated by regulating the electronic config-
urations of the B-site cation (e.g. selecting a metal with a
specific d electron configuration), providing an orbital-level
design principle for inhibiting ion migration.

To further understand the effect of different BIII-site TMs on
these migration barriers, we analyzed the local chemical envir-
onments and migration pathways around different BIIICl6

3�

octahedra. As illustrated in Fig. S8, the calculated Cl� migra-
tion barrier associated with the KCl6

5� octahedron is always
higher than that of the BIIICl6

3� octahedron. Notably, the Cl�

migration barriers in both octahedra exhibit an identical non-
monotonic dependence on the TM’s d-electron count, charac-
terized by an initial increase followed by a decrease as the
d-electron count increases. To elucidate this behavior, we
calculated the K–Cl bond length during Cl� migration in the
KCl6

5� octahedron (Fig. 2d). As the number of d electrons
increases from V to Ni, the crystal field splitting leads to
gradual distortions of the octahedron: in the d3–d6 configu-
ration (V3+ to Co3+), the gradually enhanced electron occupa-
tion of the t2g orbital induces octahedral contraction,
shortening the K–Cl bond length. The compression of the bond
length increases the migration barrier by enhancing the K–Cl
electrostatic interaction; after entering the d7 region, the occu-
pation of the eg orbital electrons induces the Jahn–Teller
distortion, resulting in axial stretching of the octahedron (the
K–Cl bond length increases again) and the weakening of the
bond causes the lowering of the migration barrier. The above
mechanism is also applicable to Cl� migration in the BIIICl6

3�

octahedron (Fig. S9). This non-monotonic change echoes the
strain regulation mechanism in MAPbI3: lattice compression
inhibits ion migration by enhancing the covalency of the Pb–I
bond, while tensile strain reduces the activation energy by

forming defect states.40 Additionally, our previous analysis
suggests a strong correlation between the migration barrier of
halide ions and the strength of anti-bonding orbitals. Hence,
we also analyzed the ICOHP of the K–Cl bond for different BIII-
site transition metals, as shown in Fig. 2e. Clearly, as the
number of d electrons in the TM increases (from V to Ni), the
antibonding orbitals gradually shift toward the Fermi level
(Fig. S10), while the bonding strength is only slightly enhanced.
This accounts for the fact that the Cl� migration barrier
primarily depends on the energy difference between the anti-
bonding orbital energy level and the Fermi level. The anom-
alous behavior of the Ni system originates from the ligand field
destabilization caused by its electronic configuration: the
strong s* antibonding leads to the weakening of the Ni–Cl
bond (Fig. S10b), while the partial occupation of the antibond-
ing orbital causes transient Ni–Cl bond rupture in the transi-
tion state, thereby reducing the migration barrier. This effect of
orbital-configuration coupling demonstrates that, by selecting
a transition metal with a specific number of d electrons (such
as a d5 configuration), the octahedral rigidity and antibonding
orbital distribution can be simultaneously optimized, thereby
achieving precise regulation of the halogen migration barrier.

To validate the broader applicability of previous orbital
design principles, we also investigated effects of different X-
site halides (F, Cl, and Br) and BI-site elements (Na, K, and Rb)
(Fig. 3a and b). For X-site halides, the regulation of the migra-
tion barrier by the electronegativity of the halogen originates
from the difference in the orbital hybridization pattern with the
B-site metal. The substitution of F with Br at the X-sites elevates
the energy level of the halogen’s p orbital. This shift enhances
the matching between the p orbital and the B-site d orbital,
resulting in a change in the distribution of the Fe–X

Fig. 2 (a) Schematic diagram of ion migration paths, where path 1 is divided into two parts A - B, B - C and path 2 is A - C. (b) Migration barriers of
Cl� along the above two paths. (c) COHP analysis of the initial (IS) and transition states (TS) of K–Cl and Fe–Cl bonds. (d) The bond length of the TS of the
K–Cl bond for different BIII-site 3d transition metals. (e) The ICOHP analysis of the TS of the K–Cl bond for different BIII-site 3d transition metals.
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antibonding orbital near the Fermi level. COHP analysis shows
that, compared with Cl and Br, the antibonding orbital overlap
of F is stronger, whereas its antibonding peak position is far
away from the Fermi level, which reduces the probability of
electrons occupying the antibonding state through thermal
excitation during the migration process, leading to a high
migration barrier for F� migration. In contrast, for Cl and Br
systems, although their orbital overlap is weak, their antibond-
ing peak position is closer to the Fermi level, which promotes
the transient occupation of the antibonding orbital during the
transition state of migration, thereby effectively reducing the
migration barrier. For BI-site elements, the increase in the ionic
radius from Na+ to Rb+ induces lattice expansion. This struc-
tural relaxation weakens the orbital overlap between the BI-site
and the X-site, resulting in a significant decrease in the anti-
bonding orbital intensity, while the energy gap changes very
little. Based on these observations, we propose a universal
mechanism linking halide ion migration barriers to antibond-
ing orbitals (Fig. 3c). Low barriers arise from either a larger
energy gap between antibonding orbital and Fermi level or
weaker antibonding orbital overlap between BI-site elements
and halide anions. Strategies to enhance barriers include: (1) B-
site substitution and (2) X-site doping. This mechanistic insight
advances the understanding of ion migration in halide perovs-
kites and facilitates the development of stable optoelectronic
devices.

Based on our previous analysis and insights, we further
employed an ML model to accurately predict ion migration

barriers. Fig. 4a comprehensively illustrates this entire data-
driven workflow and key outcomes. The feature engineering
within this ML framework was closely integrated with prior
microscopic mechanistic studies on bonding properties and
electronic structure. As depicted in the initial stages of the
flowchart, potential BI, BIII, and X-site elements were selected
from the periodic table (Fig. S11), generating 576 initial mate-
rial combinations. However, not all these combinations were
found to be thermodynamically stable or structurally suitable
for double perovskites. To ensure dataset feasibility and relia-
bility for subsequent modeling, stability criteria based on Gold-
schmidt’s tolerance factor (t), the tolerance factor (t), and the
octahedral factor (m) were applied. This systematic screening
process eliminated unstable candidates and refined the initial
pool into a curated dataset. Subsequently, the halide ion
migration barriers for these curated materials were calculated
using the computationally intensive CI-NEB method, a widely
accepted technique for determining ion migration energy bar-
riers in solids. Materials with calculated migration barriers
below 0 eV or those with non-convergent NEB calculations were
meticulously excluded, ultimately yielding a final, high-quality
dataset of 150 double perovskite materials with reliable barrier
values for ML. The dataset was randomly split into training and
test sets (80% and 20%), with a fixed random seed to ensure
reproducibility.

With the curated dataset, feature engineering was per-
formed using the matminer package41 to enhance model
performance. Elemental features for the BI, BIII, and X sites,

Fig. 3 (a) The migration barrier and COHP analysis with different halogen ions. (b) The migration barrier and COHP analysis of halogen ions with
different BI cations. (c) A novel general mechanism linking halide ion migration barriers to anti-bonding orbitals, elucidating the origin of low migration
barriers.
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including electronegativity, atomic radius, covalent radius,
ionization energy, and electron affinity were extracted. To
address unit discrepancies and scale variations, the BI and BIII

features were subsequently normalized with respect to the
corresponding X-site. For example, the BI/X covalent radius
ratio was specifically introduced as a key physically informed
descriptor. This parameter directly relates to the antibonding
orbital at the transition state by quantifying the degree of
orbital overlap between the B-site metal and the halogen (e.g.,
a larger radius ratio corresponds to weaker d–p hybridization).
Similarly, electronegativity was considered, as it reflects the
energy level of the halogen p orbital and its influence on
antibonding orbital occupation. To ensure feature indepen-
dence and reduce redundancy, we performed a Pearson corre-
lation analysis, as shown in Fig. 4b. This heatmap shows the
correlations between different features, rather than the direct
relationship between individual features and the migration
barrier. Descriptors with high collinearity (Pearson correlation
coefficient 40.9) were excluded to ensure the robustness of the
subsequent ML model.

Following the feature engineering and selection phase, the
predictive performance of several regression models—XGBoost,
Support vector regression (SVR), random forest, linear regression,
and CatBoost—on ion migration barriers was systematically

assessed. As shown in Fig. S12b, XGBoost, random forest, and
CatBoost exhibited significant overfitting, as evidenced by the
pronounced discrepancies between their training R2 (e.g., 1.00 for
XGBoost) and testing R2 (e.g., 0.72 for XGBoost) scores. This
overfitting was likely attributable to their sensitivity to local
electronic structure variations within the training data. The
R2 E 0.68 obtained from linear regression using the same feature
set confirms that a nonlinear model is crucial for capturing the
orbital-level physical mechanisms controlling ion migration.
Conversely, SVR demonstrated superior balanced performance
and generalization capability, establishing it as the optimal
model for our limited dataset. The predictive accuracy of the
optimized SVR model is explicitly demonstrated in the scatter
plot of Fig. 4d, which shows strong agreement between the SVR-
predicted migration barriers and the DFT-calculated actual bar-
riers, achieving R2 values of 0.87 on the training set and 0.82 on
the test set. We also performed a 5-fold cross-validation to
validate model stability (Fig. S12c). Such performance thereby
validates the effectiveness of our feature engineering strategy.

To further understand the feature contributions, SHapley
Additive exPlanations (SHAP) analysis42 was employed to inter-
pret the model and identify key influencing features. The SHAP
summary plot (Fig. 4c) subsequently ranks these features,
quantifying their average contribution to the SVR predictions.

Fig. 4 (a) The flowchart for predicting the ion migration barrier with ML. (b) The Pearson correlation coefficient heatmap. (c) SHAP values for different
features of the ML models. (d) Performance of the SVR model on the training and test sets.
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Within this framework, the BI/X covalent radius ratio was
identified as the most influential descriptor. This finding is
consistent with our previous mechanistic conclusion: a greater
difference in covalent radii enhances the orbital overlap of the
BI–X bond, which increases the migration barrier. Meanwhile,
several other descriptors like atomic number, electronegativity,
and Mendeleev number also play essential roles, as they
collectively capture the energy-level alignment and orbital over-
lap that modulate the ion migration. Furthermore, to ascertain
the reliability of these feature importance rankings, bootstrap
sampling stability analysis (10 iterations; Fig. S12a) was per-
formed. The results confirmed the robustness of the key
identified features, particularly the BI–X covalent radius ratio
which consistently exhibited a selection frequency of 1.0. This
performance level underscores its utility for efficiently screen-
ing double perovskites with tailored ion migration.

Conclusions

In this study, we systematically investigate the electronic ori-
gins of ion migration in HDPs. We demonstrate that the
migration barrier is closely linked to how chemical bonds break
and reform during the process. Structurally, the formation of
more stable chemical bonds between BIII-site TMs and halo-
gens (via d2sp3 hybridization) hinders the breaking and reform-
ing of bonds during ion migration, thus reducing the migration
barrier. Electronically, the barrier increases with stronger B–X
orbital overlap and a lower energy difference from the Fermi
level. Leveraging these insights, we propose an orbital-level
design strategy: modulating the d-orbital character and halogen
electronegativity to suppress ion migration. Finally, we devel-
oped a machine learning model that leverages descriptors of
the local chemical environment to rapidly predict migration
barriers in new HDPs. A key limitation, however, is that the
model was trained and validated solely on theoretical calcula-
tions from HDPs, which may constrain its accuracy when
applied to other materials. Collectively, our findings establish
a universal framework to understand and control ionic trans-
port in HDPs, paving the way for the rational design of stable,
high-performance perovskite-based devices.

Methods

All the DFT calculations were performed under periodic bound-
ary conditions using the Vienna Ab initio Simulation Package
(VASP).43,44 To account for the van der Waals interactions
between Cs and other atoms, the DFT-D3 method45 was
adopted. For all HDPs containing 3d TM cations, spin-
polarized DFT calculations were employed to properly account
for magnetism. A kinetic energy cutoff of 450 eV was set on a
grid of 4 � 4 � 4 k-points for perovskite. Geometry optimization
was carried out under the Perdew, Burke, and Ernzerhof (PBE)
exchange–correlation functional.46 The halide anion migration
energy barriers were estimated by the CI-NEB method. To
simulate the halide ion migration, five images (excluding initial

and final states) were linearly interpolated between the initial
and final states, and the force was set to converge within
0.05 eV Å�1 during the migration process. The spring force
along the migration path was adopted during intermediate
state optimization to ensure identifying the lowest energy
paths. In order to gain insights into the local orbital interac-
tions, COHP32 analysis was performed using the LOBSTER
4.1.0 package.47 In addition, the integrated crystal orbital
Hamilton population (ICOHP) was also evaluated to quantify
the strength and contributions of individual orbitals to
chemical bonds. The defect formation energy DEf was calcu-
lated according to DEf = Edeficient � Eperfect + Evacancy,

38 where
Edeficient is the total energy of the structure containing the
vacancy, Eperfect is the total energy of the perfect structure,
and Evacancy is the total energy of vacant species in a pure
elemental solid or molecule.
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