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Recent NASA tests have demonstrated the exceptional durability of metal halide perovskite solar cells against space
radiation; however, the atomic-level mechanisms governing this resilience remain speculative. Here, we elucidate the
self-healing capacity of CsPbI3 under energetic particle bombardment (1 eV to 1000 eV) using large-scale Molecular
Dynamics (MD) simulations and a ReaxFF reactive force field. To analyze the resulting massive trajectory datasets,
we employ a novel relational database (SQL) framework that enables scalable, query-based interrogation of defect
dynamics. Our analysis reveals that the material’s radiation hardness arises from the intrinsic softness of the perovskite
lattice, specifically the ability of PbI6 octahedra to dissipate energy through collective tilting and spinning. We observe
a strong species-dependent recovery mechanism where ≈32% of displaced halides return to lattice sites within 10
ps, effectively preventing permanent amorphization. Furthermore, we demonstrate that radiation-induced structural
disorder correlates quantitatively with classical Glazer tilt systems and matches octahedral distortions observed in
experimental nanocrystals. These results explain the material’s proven spaceflight performance and establish a powerful
computational workflow for analyzing defect tolerance in soft semiconductors

I. INTRODUCTION

Metal halide perovskites (MHPs) are a class of crystalline
semiconductors with the general formula ABX3, where A is a
monovalent cation (e.g., methylammonium, formamidinium,
or cesium), B is a divalent metal cation (commonly lead or
tin), and X is a halide anion (chloride, bromide, or iodide).
The structural stability of a given ABX3 composition is of-
ten described by two geometric descriptors: the Goldschmidt
tolerance factor t = (rA + rX )/

√
2(rB + rX ), which should fall

in the range 0.8 ≤ t ≤ 1.0 for a stable perovskite phase, and
the octahedral factor µ = rB/rX , which must exceed ∼0.41 to
ensure a stable BX6 octahedral framework. Together, these
two parameters help describe the compositional space within
which functional halide perovskites can be realized and pro-
vide a quantitative basis to help compare structural rigidity
across compositions.1

These materials have garnered substantial interest for their
exceptional optoelectronic properties, including high absorp-
tion coefficients, tunable band gaps, long carrier diffusion
lengths, and low trap densities.2–5 Combined with their so-
lution processability, low-cost precursors, and scalable fabri-
cation routes, MHPs have rapidly achieved power conversion
efficiencies exceeding 25% in photovoltaic devices.6 Beyond
terrestrial applications, MHPs have emerged as compelling
candidates for space power systems owing to their lightweight
nature, mechanical flexibility, and suitability for tandem
configurations.7 Critically, unlike conventional Si-based or
III-V semiconductors, MHPs are intrinsically “soft” materials
that exhibit defect self-healing mechanisms enabling at least
partial recovery from radiation-induced damage—a property
of clear value in the harsh radiation environment of space.8,9

Experimental evidence for this radiation resilience has

grown steadily. Stratospheric mission testing by Cardinaletti
et al.10 established early performance benchmarks, and
the landmark 10-month spaceflight test by Delmas et al.8

confirmed that MHP solar cells can sustain performance
under prolonged particle bombardment in extra-terrestrial
conditions. More recently, deposition of a micron-thick
silicon oxide overlayer has been shown to further harden
MHPs—including Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3
and CsPbI2Br—against α-radiation, water, and atomic
oxygen without sacrificing power conversion efficiency.11

Despite these advances, computational investigations probing
the fundamental atomic-scale mechanisms behind this re-
silience remain sparse.12 The properties of MHPs that make
them radiation-tolerant are intimately tied to their defect
physics: conductivity in MHPs occurs via both electronic
and ionic species, and the relatively low formation energies
of halide vacancies and interstitials generate mobile charged
and neutral species that migrate within and beyond the
perovskite layer.13,14 It remains a major challenge to connect
these atomic-scale defect dynamics to macroscopic device
behavior, yet it is precisely these processes that govern
changes in material composition, structure, and performance
over time.

A comprehensive understanding of radiation-matter inter-
actions in MHPs requires examining primary damage—the
defects produced immediately after an initial atomic displace-
ment event triggered by a high-energy particle.15 Molecu-
lar dynamics (MD) simulations offer a powerful tool for in-
vestigating these complex atomic-level processes, providing
depth-dependent defect profiles and insight into how chemi-
cal composition and incident particle energy govern radiation
tolerance.12,15–17 However, large-scale MD of radiation events
in systems of hundreds of thousands of atoms generates tra-
jectory datasets on the order of 50 GB per simulation, mak-
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ing conventional in-memory analysis workflows impractical.
Efficiently interrogating such data demands a scalable, query-
based framework—a capability that has not previously been
applied in this context.

In this work, we focus on CsPbI3 as our model
system—an all-inorganic MHP that is an attractive can-
didate for space photovoltaics due to its high-temperature
stability.16,18,19 From a computational standpoint, modeling
CsPbI3 is uniquely tractable: A validated reactive force field
(ReaxFF) exists for this perovskite member,20 capturing bond
-formation, -breaking, and charge transfer processes essential
for modeling irradiation conditions. Alternative approaches
are either insufficiently accurate—a semi-empirical model
such as AMOEBA,21 for instance, fails to reproduce the ab
initio preference for stabilizing lower-order lead species22—
or far too resource-intensive for the length and time scales re-
quired here, as would be the case for ab initio MD. ReaxFF
models for MHPs are currently limited to CsPbI3 and mixed
halide CsPbBr-I,23 making CsPbI3 the natural and well-
justified choice for this study.

The central question driving this work is: Which atomic-
level mechanisms enable perovskites to maintain structural
integrity under high-energy particle bombardment? To an-
swer this, we conduct large-scale MD simulations spanning
impact energies from 1 eV to 1 keV and introduce a novel
Structured Query Language (SQL)-based data framework that
enables scalable, query-driven analysis of the full multi-
hundred-GB trajectory dataset. As we shall show below, our
results reveal that the intrinsic “softness” of the perovskite
lattice—specifically, the collective tilting and spinning of PbI6
octahedra—are the primary energy dissipation pathways that
underlie radiation hardness. We shall demonstrate that ≈32%
of displaced halide atoms recover to halide lattice sites within
10 ps, effectively suppressing permanent amorphization, and
that radiation-induced structural disorder maps quantitatively
onto classical Glazer tilt systems. The latter finding is consis-
tent with experimental observations for nanocrystals.24 These
findings provide a mechanistic explanation relevant to space-
flight performance of MHP solar cells and establish a transfer-
able computational workflow for assessing defect tolerance in
soft semiconductors.

II. METHODOLOGY

This work addresses the lack of mechanistic knowledge re-
garding the effects of energetic particle impacts on MHP lat-
tices in a vacuum and their subsequent damage recovery. For
this study, we used two different but complementary com-
putational techniques: (i) Large-scale molecular dynamics
(MD) simulations using a REAX-FF intermolecular potential
model to identify primary defect structures induced by ener-
getic particle impacts. (ii) Elucidating the atomistic mecha-
nisms responsible for the defect tolerance we observed, ex-
plored using the relational database, Structured Query Lan-
guage (SQL).25 As a result, our study provides a quantitative
framework for evaluating radiation hardness in metal halide
perovskites, which is critical for their deployment in space

environments.

A. Molecular Dynamics Simulations

Molecular Dynamics (MD) simulations were designed
to capture atomic-scale dynamics of a system under non-
equilibrium conditions.26 Here, our goal is to start by model-
ing radiation damage in CsPbI3 caused by the impact of ener-
getic particles and the subsequent identification of any partial
or complete “defect healing” that occurs after the impact and
within a timescale accessible to MD.

The MD simulations that form the heart of this study were
conducted using the well-known Sandia MD software pack-
age called Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS).27 As mentioned above, the CsPbI3
system can be modeled using a ReaxFF potential.28 ReaxFF
parameterization captures bond formation, bond dissociation,
and charge transfer processes critical for describing halide
perovskites under irradiation conditions. We have used this
model recently to study defects in CsPbI3 with some success,
including validation of experimental data.14

The simulation cell contained approximately 500,000
atoms, a large system needed to contain the spread of dam-
age to the system following the impact with an energetic par-
ticle. The cubic system had dimensions of 301.21 Å, in each
of the x,y,z directions. We deployed periodic boundary con-
ditions along the x− and y− axes and non-periodic along z−
to expose two free surfaces. No explicit vacuum slab was in-
troduced; the non-periodic z− boundaries create free surfaces
where the impact occurs.

After generating an initial, perfect crystalline structure rep-
resentative of a CsPbI3 perovskite lattice, the system was ther-
mally equilibrated using an isobaric-isothermal NPT ensem-
ble at 500 K and 1 bar for 100,000 time steps of 1 f s each.
This was followed by an isothermal NVT ensemble for an
additional 10,000 time steps at 300 K to ensure thermal sta-
bility. Primary knock-on atom (PKA) events29 were initiated
with recoil energies ranging from 1 eV to 1 keV, representa-
tive of particle irradiation in the low-earth orbit (LEO) space
environment.30 While the classical ReaxFF molecular dynam-
ics framework accurately captures nuclear collision cascades
and defect generation processes, it does not explicitly account
for electronic effects such as electron scattering, ionization,
or electronic stopping. These effects become increasingly im-
portant at significantly higher irradiation energies, whereas
the low-energy regime studied here remains predominantly
governed by nuclear stopping interactions. Therefore, the
PKA framework provides a physically relevant approximation
for evaluating radiation-induced structural damage in CsPbI3
under LEO conditions. A more detailed discussion of these
limitations and their implications is provided in the Supple-
mental Information.

It is worth clarifying the relationship between our PKA ap-
proach and an explicit ion bombardment simulation. In the
PKA recoil cascade methodology employed here, kinetic en-
ergy equivalent to that deposited by an incident particle is im-
parted to atoms within a hemispherical impact region. The
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resulting displacement cascade is propagated through the lat-
tice under the ReaxFF potential. This is the standard approach
used in the radiation damage MD literature.15 This approach
is physically appropriate because, for the energy range stud-
ied here (1 eV to 1 keV), “nuclear stopping” dominates. That
is, the incident particle transfers its energy to target nuclei
through elastic collisions rather than through electronic exci-
tation. It is this recoil energy that drives defect formation. The
PKA approach directly captures this nuclear stopping cascade
without requiring the incident particle to be explicitly propa-
gated through the cell. Alternate approaches are problematic,
as discussed in the Supplemental Information.

To simulate the impact of an energetic particle as will oc-
cur in space, a hemispherical region at the top surface was
selected as the impact region. Its center was aligned at the
midpoint of the x− and y-axes and at the highest z-coordinate
(i.e., the top of the box). Kinetic energy was imparted to atoms
within a radius of 5 Å of the impact region in order to simulate
the particle’s impact. Then the system was allowed to evolve
in the MD simulation for 10,000 additional time steps. Eight
different impact energies were considered: 1, 10, 25, 50, 75,
100, 500, and 1000 eV. In each case, we examined the system
for defect generation at each of the impact energy values we
investigated.

Post-simulation analyses included atomic displacement
tracking during equilibration and impact, radial distribution
function (RDF) analysis to evaluate bond length distributions,
and Steinhardt order parameter calculations to quantify struc-
tural disorder.15 Defect populations and species-specific en-
ergy absorption were also quantified in order to determine
dominant energy dissipation pathways. Needless to say, a
system of approximately 500,000 atoms followed for 10,000
timesteps, with per-atom positions, velocities, charges, and
energies recorded, generates an exceptionally large dataset.
Each simulation produced on the order of 50 GB of trajec-
tory data in its original ASCII LAMMPS dump format, corre-
sponding to several hundred GB across the full set of impact
energies studied. After conversion to compressed columnar
Parquet format, individual simulations were reduced to ap-
proximately 16 GB, yet the aggregate dataset remained in the
multi-hundred-GB range.

This data volume renders conventional in-memory pars-
ing workflows inefficient and motivates the incorporation of
a Structured Query Language (SQL)–based framework,31 de-
scribed in the next section, to efficiently interrogate the dy-
namics and outcomes of the impact and the subsequent re-
equilibration.

Trajectories were recorded as LAMMPS dump files at in-
tervals of 0.1–1.0 ps, storing atomic positions, velocities,
charges, and per-atom energies. This level of resolution was
selected to ensure fidelity in tracking fast atomic displace-
ments and subsequent defect recovery events.

B. Data post-processing pipeline

Most of the simulation analysis was carried out on the
SciServer platform32 at the Institute for Data-Intensive En-

gineering and Science (IDIES) at Johns Hopkins Univer-
sity. SciServer33 is a collaborative data science platform that
provides storage and computational environments tailored to
large and custom data sets, enabling server-side analysis and
sharing among collaborators. Data sets can also be published
through the platform by making them accessible to all SciS-
erver users. SciServer is open-source34 and is deployed at
multiple institutions beyond IDIES. The IDIES instance hosts
major data collections, including the Sloan Digital Sky Survey
(SDSS), the Johns Hopkins Turbulence Database (JHTDB),
the Poseidon ocean circulation simulations, and the Additive
Materials Benchmark project.

For this project, dedicated storage was allocated to the
collaborators, and the simulation outputs were uploaded in
their original format. Data processing and analysis were
performed using collaboratively developed Jupyter Python
notebooks,35,36 executed on the platform (dark blue nodes in
the workflow shown in Fig. 1).

To enable efficient analysis, the original LAMMPS dump
files were converted from the custom ASCII format to the
industry-standard Apache Parquet format.37 Owing to its
column-oriented layout and compression, Parquet reduces file
sizes from approximately 50 GB to 16 GB. On a typical SciS-
erver compute container, reading a full simulation required
about 20 minutes in the original format but only about 1.5
minutes using Parquet.38

Although Parquet files can be accessed using the pandas
library,39 our analysis primarily relies on DuckDB,40 which
supports direct SQL queries on Parquet data. SQL enables
declarative specification of data subsets, allowing DuckDB to
optimize query execution and reduce I/O by avoiding full file
scans. Joins and aggregate calculations are performed directly
within queries, minimizing the need to load large intermediate
data sets into memory.

DuckDB also supports user-defined Python functions and
operates without a dedicated database server, making it a
lightweight and flexible alternative to traditional relational
database systems supported by SciServer. While SQL is
a standard tool in astronomy—driven by resources such as
SDSS—it is less commonly used in materials science; there-
fore, all key SQL queries used in this work are provided in the
Supplemental Information.

DuckDB additionally provides a native storage format that
can be generated from Parquet. Its primary advantage is its
support for indexing, which can substantially accelerate query
execution. We use this format for tasks that benefit from in-
dexing, particularly the identification of octahedra that form
the fundamental structural units analyzed in this study.

C. Database definition

The Parquet tables contain columns for the atomic identi-
fier (id), time step (time), positions (xs, ys, zs), velocities
(vx, vy, vz), and atom type (type), where types 1, 2, and 3
correspond to A, B, and X atoms, respectively. In addition
to these primary tables, supplementary tables were derived to
capture statistics of individual atomic orbits. For each atom,
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FIG. 1. Workflow for energetic particle impact simulations and analysis in halide perovskites. Nodes are color-coded by category as follows:
green (System Preparation), dark red (Molecular Dynamics), light blue (LAMMPS Analysis), dark blue (Data Processing and Analysis), and
yellow (Codebase). Large-scale LAMMPS/ReaxFF molecular dynamics simulations generate atomic trajectories under a range of primary
knock-on atom (PKA) energies. Trajectory data are ingested into a structured SQL database, enabling reproducible analysis of defect formation,
octahedral tilts (θ ) and rotations (φ ), Steinhardt order parameters (Q4, Q6), and species mobility (MSD), as well as spatial defect mapping. All
analysis modules interface directly with SQL queries, allowing streamlined figure generation and transparent reproducibility through open-
source scripts and databases.

we computed time-averaged positions, variances along each
spatial direction, and the volume of the bounding box enclos-
ing the full orbit. These quantities facilitate identification of
atoms with large displacements and are stored for reuse. All
calculations account for periodic boundary conditions in the
x− and y− directions.

A central component of the analysis concerns the dispo-
sition of octahedral core structures, consisting of a type 2
(B) atom surrounded by six type 3 (X) atoms. Octahedra
were identified every fifth simulation snapshot and stored as
database tables for subsequent analysis. Identifying these

structures requires, for each type 2 atom, finding its six nearest
type 3 neighbors—a potentially expensive operation if imple-
mented naively.

To accelerate these neighbor searches, we assign each atom
a z-index identifying the grid cell it occupies in a 323 spatial
grid spanning the simulation domain. For a given type 2 atom,
candidate neighbors need only be searched within its own cell
and the 26 adjacent cells. An index on the z-index column en-
ables these queries to be executed efficiently, reducing overall
query time by orders of magnitude. The grid cells are indexed
using a Morton (z-order) space-filling curve, which provides
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an efficient one-dimensional mapping of three-dimensional
space.

D. Analysis Using DuckDB

A central methodological innovation of this work is the
development of a Structured Query Language (SQL)-based
framework for MD trajectory post-processing. While most
prior LAMMPS analyses rely on custom Python scripts or
in-memory array parsing, here, we introduce a relational
database architecture in which raw trajectory data are ingested
into SQL tables and queried directly using DuckDB. Each
simulation step is represented as a frame-specific entry, with
individual atoms stored as records indexed by unique identi-
fiers, species type, and temporal step. This design transforms
trajectory analysis into a series of declarative SQL queries, al-
lowing for efficient, reproducible, and scalable investigation
of the complex atomic-scale phenomena at play.

This design transforms trajectory analysis into a series of
declarative SQL queries, allowing the efficient retrieval of
defect topologies, lattice distortions, and atomic trajectories
through relational joins and indexed lookups. For instance,
octahedral tilt distributions can be extracted via neighbor
queries on Pb–X (X = halide) coordination polyhedra, while
defect diffusion pathways are reconstructed by joining dis-
placement data across sequential frames. Compared to con-
ventional parsing, the SQL-based workflow provides signif-
icant improvements in efficiency, reproducibility, and modu-
larity. Moreover, the approach naturally scales to the terabyte-
sized datasets generated in radiation-damage simulations.

Our approach was critical to perform the specific analyses
referenced in our workflow (Fig. 1). For instance, quantifying
species-specific damage (Fig. 2) was accomplished by joining
tables of atomic positions from before and after the impact
event. Atomic displacements were computed as the Euclidean
distance between pre-impact and post-impact coordinates fol-
lowing re-equilibration. Atoms were classified as “displaced”
if their net displacement exceeded 2.0 Å , approximately half
the Pb–I bond length and significantly larger than thermal vi-
brational amplitudes at 300 K.

A simple SQL query could then filter atoms exceeding this
threshold and group the results by species, allowing efficient
counting of displaced Cs, Pb, and I atoms at each impact en-
ergy.

Operationally, these displaced atoms serve as proxies for
point defect formation. In particular, large displacements
typically correspond to vacancy–interstitial (Frenkel) pairs,
wherein the original lattice site becomes vacant and the dis-
placed atom occupies a non-lattice position. To assess the
possibility of anti-site defects (i.e., a lattice site vacated by
one species and subsequently occupied by a different species),
we additionally examined the identities of nearest neighbor
species relative to the reference lattice. Such events were rare
within our displacement criterion and did not contribute sig-
nificantly to the defect populations reported in Fig. 2

Furthermore, our primary analysis of the octahedral net-
work distortions was conducted almost entirely within the

SQL environment. To quantify the out-of-plane tilting (θ )
and in-plane rotation (φ ) of the PbI6 octahedra, we executed
queries that first identified the six nearest iodine neighbors
for each lead atom (leveraging the indexed search described
in Sec. II-C) and then performed trigonometric calculations
on their coordinates directly within the query. This allowed
us to extract angular distributions and map the landscape of
structural disorder across hundreds of thousands of atoms and
thousands of time steps.

Finally, reconstructing the dynamics of defect diffusion and
self-healing was achieved by joining atomic data across se-
quential frames. By querying an atom’s trajectory over time,
we could analyze its displacement pathway and determine
whether it returned to a stable lattice site. Compared to con-
ventional parsing, SQL-based workflows provide significant
improvements in efficiency and modularity. It establishes a
quantitative and extensible framework for evaluating radia-
tion hardness, which we anticipate can be generalized for the
broader computational materials community.

E. Dissemination of Data and Code

The data that are produced and analyzed in this project are
publicly available on the SciServer platform.41 We store the
original data products from the simulation as well as all the
results produced by the post-processing pipeline. These data
sets can be accessed from within compute containers that have
all required libraries pre-installed.

All scripts, documentation, and schema definitions are also
available in a public github repository.42 By making the inges-
tion and analysis modules transparent, we provide the com-
munity with a reproducible, extensible, and high-throughput
paradigm for trajectory analysis. To the best of our knowl-
edge, this represents the first systematic use of SQL as a pri-
mary analytical back-end for post-processing LAMMPS tra-
jectories in materials research. We anticipate that the frame-
work we have provided can serve as a generalizable tool for
the broader computational materials community, enabling ef-
ficient exploration of irradiation effects, defect dynamics, and
structural transformations across a wide variety of systems.

This information will allow researchers to be able to adapt
the code base for diverse material systems or extend the anal-
ysis with minimal reconfiguration. Importantly, the workflow
is system-agnostic and not restricted to perovskites; any mate-
rial simulated in LAMMPS can be incorporated in this code
base, provided trajectory dumps are available.

III. RESULTS

We begin by quantifying which species are most labile
as a function of PKA energy (Fig. 2). We observed that
displaced iodine atoms dominate the defect population at
low–to–moderate energies and remain the earliest species to
respond to the impact. Above ∼300–500 eV, we observe a
marked rise in Cs displacements (consistent with its lighter
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mass and low A-site coordination). Pb atoms remain com-
paratively resilient across the impact energy range studied.
This motivated the tilt/rotation analysis centered on the PbI6
network that we undertook, and sets the stage for the impact
depth and recovery results described below.

The primary goal of this study is to connect atomic-scale
radiation damage events in CsPbI3 with the ensuing struc-
tural distortions of the PbX6 octahedral network (here, PbI6)
characteristic of MHP materials, where X represents a halide.
While conventional defect-counting approaches can provide a
first estimate of damage severity, they do not capture the con-
tinuous geometrical disorder introduced into the lattice. To
address this gap, we quantify angular distortions in the Pb–I
coordination environment using two complementary metrics:
(i) an out-of-plane angle, θ , which measures the degree of oc-
tahedral tilting away from a perfect 180◦, and (ii) an in-plane
angle, φ , which tracks the rotation of iodide positions in the
xy plane relative to the central Pb atom.

These angular metrics can be directly connected to estab-
lished descriptions of perovskite structural instabilities, such
as the Glazer tilt formalism.43,44 Recent work has also es-
tablished quantitative descriptors for analyzing these complex
structural dynamics and octahedral distortions in metal halide
perovskites45. As will be described in more detail below, our
analysis demonstrates that halide disorder, manifested as both
tilting (θ ) and rotational (φ ) disorder, is activated by primary
knock-on atom (PKA) events, and that the magnitude of the
disorder depends on the specific iodine site perturbed.

While our angular analysis focuses on the PbI6 octahe-
dra, our broader defect analysis framework comprehensively
tracks the displacement of all atomic species, including Cs
and Pb, providing a complete picture of the radiation-induced
disorder. Importantly, this approach reveals not only where
defects are created, but also how the surrounding lattice ac-
commodates them through angular distortions. By combin-
ing defect-counting with angular distribution analyses, we are
able to obtain a comprehensive picture of the local landscape
of the resulting structural damage. This framework will be
critical for assessing the extent to which dynamic self-healing
mechanisms can recover the crystalline order after irradiation.

The questions we ask in the following sub-sections cover
these questions:

1. Structural damage: What is the energy threshold for
widespread post-impact disorder? And to what extent
is that disorder repaired after 10 ps?

2. Identity of displaced particles: Which atom-type(s)
(Cs, the A-site cation, Pb, the B-site cation, and I
anions) are significantly displaced (i.e., moved from
their original octahedron, whether transiently or perma-
nently) at a given incident energy of the energetic par-
ticle)? And how many of each atom-type is affected by
the damage?

3. Extent of damage: How far does the damage extend
before annealing? And what are the extant mechanisms
by which the lattice accommodates the imparted en-
ergy?

FIG. 2. Percentage of point defects created as the energy of the im-
pact increases, shown for the different types of atoms in the system:
Iodine atoms are the most mobile at all energies. Cs atoms are sig-
nificantly affected after about 300 eV. Pb atoms are the most resilient
to the energy influx. They begin to show the influence of the energy
input after about 300 eV, after which the incidence of defective Pb
atoms rises quite quickly. The narrow colored areas are provided as
a guide to the eye.

4. Self-healing: To what extent do the lattices self-heal
after 10 ps and what defects remain?

A. Steinhardt Order Parameters

Steinhardt order parameters have been widely used to char-
acterize the local orientational order in atomic or molecular
systems.46 They are defined as follows:

ql(i) =

(
4π

2l +1

l

∑
m=−l

|qlm(i)|2
)1/2

(1)

where

qlm(i) =
1

N(i)

N(i)

∑
j=1

Ylm(ri j) (2)

Here, Ylm denotes spherical harmonics, N(i) is the number
of neighboring atoms of atom i, ri j is the vector connecting
atom i to its neighbor j, l is a non-negative integer that de-
termines the symmetry being probed, m takes integer values
from −l to l. Values of ql(i) serve as fingerprints of local
structural order. For the calculation, the first nearest-neighbor
shell is typically considered, and the cutoff radius may vary
depending on the lattice type.

We compute local bond-orientational order parameters qℓ
following Steinhardt et al., using ℓ = 4,6 to distinguish
perovskite-like order from disordered regions. We are inter-
ested in looking at the PbI6 octahedra and, to that end, we
calculated the radial distribution plot (Figure 3) for estimation
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FIG. 3. Pairwise radial distribution functions g(r) for Cs–Cs, Cs–Pb,
Cs–I, Pb–Pb, Pb–I, and I–I atomic pairs in CsPbI3, computed from
equilibrated molecular dynamics trajectories. The RDFs quantify
short- and medium-range structural order of the perovskite lattice via
the probability of finding a pair of atoms separated by a distance r rel-
ative to an ideal gas at the same density. Sharp first-neighbor peaks
for Pb–I and I–I pairs reflect the integrity of the corner-sharing PbI6
octahedral framework, while broader features at larger r indicate
longer-range lattice correlations. Cs-containing pair distributions ex-
hibit broader and lower-amplitude peaks, consistent with the more
weakly bound and spatially diffuse nature of the A-site cations. To-
gether, these RDFs establish a structural baseline for the crystalline
perovskite lattice against which radiation-induced disorder and post-
impact structural recovery are assessed in subsequent analyses.

of the cut-offs for the calculation of the order parameters. We
chose the first nearest neighbor shell as the cut-off distance in
order to calculate the Steinhardt order parameters. Neighbors
are defined within a 3.7 Å cut-off around each Pb atom. In
pristine CsPbI3, the Pb exhibits Steinhardt values q4 ≈ 0.76
& q6 ≈ 0.35. The effect of the impact reduces both q4 and q6
values within the cascade zone. The sharp first-neighbor Pb–I
peak in Figure 3, centered at ≈3.2 Å, serves as the pristine
bond length reference against which radiation-induced struc-
tural distortions are assessed throughout this work; broaden-
ing and asymmetry of this peak at higher impact energies
confirm that radiation damage predominantly drives bond-
angle and bond-length disorder within the octahedral frame-
work, while direct bond-breaking events occur at compara-
tively lower frequencies. Although less common, these bond-
breaking events may still contribute to defect formation and
electronic trap states that influence charge transport behavior.
This is consistent with the angular analyses presented in Sec-
tions III.C and III.D.20

Figure 2 quantifies the percentage of defects by atom-type
(Cs, Pb, I) across the energy range studied, whereas Fig. 4
presents the evolution of Steinhardt order parameters, provid-
ing a complementary measure of structural disorder.

To provide a quantitative characterization of local orienta-
tional disorder induced by a high energy collision, we com-
puted the Steinhardt bond orientational order parameters, q4
and q6, for Pb atoms using their surrounding I neighbors,
thereby probing distortions of the PbI6 octahedra. The analy-

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
q4

0.2

0.4

0.6

0.8

1.0

q6

thermalized
impact
perfect crystal

Thermalized mean
Impact mean

FIG. 4. Steinhardt order parameters q4 and q6 for Pb in the cen-
tral region surrounding the impact site following a 1000 eV primary
knock-on atom (PKA) event in CsPbI3. Values are shown for the
thermally equilibrated lattice prior to impact and for the post-impact
configuration. Faint scattered points correspond to instantaneous q4
and q6 values of individual atoms. Larger symbols denote the corre-
sponding ensemble-averaged values within the analyzed region. The
pre-impact distribution clusters near values characteristic of a crys-
talline perovskite environment, whereas post-impact data exhibit a
clear shift towards lower q4 and q6, accompanied by a substantial
broadening of the distributions. The average q6 value decreases from
its thermalized value by a few tenths, indicating a marked loss of lo-
cal orientational order consistent with radiation-induced lattice dis-
order near the impact zone. Deviation from the reference values for
a perfect lattice, shown for comparison, highlights that the structural
response is highly localized and reflects partial, rather than complete,
loss of crystalline order. This drift in Steinhardt parameters provides
a quantitative measure of the degree of local structural disruption in-
duced by high-energy particle impact.

sis was restricted to a localized region centered on the impact
site for the 1000 eV primary knock-on atom (PKA) event, al-
lowing the structural response of the most strongly perturbed
volume to be isolated from the largely undisturbed bulk lat-
tice.

Before discussing the impact-induced changes, we first es-
tablish the physical interpretation of q4 and q6 in the context
of the perovskite octahedral framework. The q4 order parame-
ter is directly sensitive to four-fold rotational symmetry: for a
perfect, undistorted PbI6 octahedron with Oh point symmetry,
q4 attains its maximum value of ≈ 0.764, reflecting the ideal
arrangement of I–Pb–I bond angles at exactly 90◦ and 180◦.46

Any departure from this geometry, whether through I–Pb–I
bond angle distortion, octahedral tilting, or halide displace-
ment, reduces the local four-fold symmetry and decreases q4.
A decrease in q4 is therefore a direct, quantitative measure
of angular deviation from ideal octahedral coordination and
serves as a sensitive indicator of radiation-induced distortion
of the PbI6 framework.

The q6 order parameter captures orientational correlations
projected onto l = 6 spherical harmonics, which are sensi-
tive to lower-symmetry structural arrangements. For an ideal
undistorted octahedron, q6 ≈ 0.354. When octahedra undergo
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collective tilting or in-plane rotation, as occurs in the Glazer
tilt systems that characterize structural phase transitions in
perovskites,43,44 the distribution of halide positions around
each Pb center develops angular character that projects pref-
erentially onto l = 6 harmonics, causing q6 to increase above
its ideal octahedral value. An increase in q6 following impact
therefore does not indicate enhanced crystallinity; rather, it
signals the activation of collective tilt and rotation modes of
the PbI6 network. This interpretation is consistent with recent
work by Liang et al.,45 who demonstrated that q6 serves as
a sensitive descriptor of dynamic octahedral tilting in metal
halide perovskites, and with the direct angular analysis of tilt
(θ ) and rotation (φ ) distributions presented in subsequent sec-
tions of this manuscript. Taken together, the coupled decrease
in q4 and increase in q6 thus constitute a coherent, symmetry-
grounded signature of radiation-induced octahedral distortion:
the former quantifies the loss of ideal bond-angle geometry
within individual octahedra, while the latter reflects the onset
of collective tilting and rotational disorder across the network.

In the thermally equilibrated lattice prior to impact, average
values of q4 and q6 are 0.63 and 0.35, respectively, compared
to reference values of 0.76 (q4) and 0.35 (q6) for an ideal,
undistorted octahedral environment. The reduction in q4 rela-
tive to the perfect structure reflects finite temperature angular
fluctuations and an intrinsic lattice “softness” inherent to the
perovskite framework. Following the 1000 eV impact, the av-
erage value of q4 decreases further to 0.59, corresponding to
an additional reduction of approximately 6.3% relative to the
thermalized state and a total reduction of about 22.8% rela-
tive to the perfect lattice. This decrease directly indicates en-
hanced angular distortion of the PbI6 octahedra, with I–Pb–I
bond angles deviating increasingly from their ideal values,
which should be 180°.

In contrast, q6 increases from 0.35 in the thermalized con-
figuration to 0.39 after impact, representing an increase of
approximately 11.4% relative to the thermalized state. This
increase does not signify enhanced crystallinity, but rather re-
flects a redistribution of orientational correlations associated
with collective distortions of the octahedral network, such as
tilting and rotation of PbI6 units. The substantial broadening
of q4 and q6 distributions at the atomic level, evident from
the scattered per-atom values, further highlights the heteroge-
neous nature of post-impact local environments.

Taken together, the coupled decrease in q4 and concomitant
increase in q6 demonstrates that the 1000 eV impact induces
strong, localized orientational disorder while preserving a de-
gree of short-range structural coherence. These results indi-
cate that radiation damage in CsPbI3 is dominated by distor-
tions of the octahedral framework rather than complete loss of
local coordination, providing a quantitative structural basis for
the defect-tolerance and partial recovery behavior discussed in
subsequent sections.

Figures 5 and 6 illustrate the spatial distribution of struc-
tural defects identified after irradiation events at different
PKA energies. Defects are registered at the centers of octahe-
dra within which at least one iodine atom has been displaced
relative to the pristine lattice. We chose the iodine atom as the
minimum marker for structural disorder because they are the

most labile of the atoms in the system, not unexpectedly.
At high energy (1,000 eV, Fig. 5), the cascade extends

deeply into the simulation cell, generating a broad region of
amorphization. In contrast, at low energy (1 eV, Fig. 6), defect
creation is shallow and localized near the impact site, with the
majority of the bulk lattice remaining crystalline.

These projections clearly demonstrate and quantify the
depth-dependence of impact damage. Using the Pb-Pb
nearest-neighbor distance of 6.3 Å from the radial distribution
function (Figure 3) as a structural ruler, we can gauge the true
extent of these cascades. The deep damage zone at 1000 eV
(Figure 5) extends approximately 150 Å into the bulk, corre-
sponding to a penetration depth of roughly 24 unit cells. In
contrast, the 1 eV impact (Figure 6) is confined to the im-
mediate surface layer, affecting only the first 1-2 octahedral
layers. This scaling confirms that high-energy impacts do not
merely perturb the surface but drive structural disorder deep
into the crystallographic bulk. In particular, the xy, xz, and
yz views confirm that higher-energy PKA events produce not
only a higher density of disrupted octahedra but also deeper
penetration of the cascade front into the bulk. This spatial
mapping provides a high-level “big picture” of the damage
profile, which we then connect to local geometrical distortions
using the angular analyses below.

B. Octahedral spinning

To move beyond simply counting the number of point de-
fects and, instead, directly interrogate the dynamical response
of the octahedral framework, we analyzed the cumulative ro-
tational activity of PbI6 octahedra following impact events
across a wide range of incident energies (Fig. 8). This analy-
sis captures collective lattice dynamics by tracking changes in
the angular indices of iodide sites surrounding each Pb center,
thereby providing a spatially resolved measure of octahedral
rotation and reorientation induced by the collision cascade.

At low impact energies (1–10 eV), rotational activity re-
mains weak and highly localized near the surface, indicat-
ing that the lattice accommodates the imparted energy pri-
marily through small-amplitude angular fluctuations. As the
impact energy increases (≥100 eV), pronounced rotational
activity emerges at the impact site and propagates progres-
sively deeper into the bulk. At the highest energies studied
(500–1000 eV), extended regions of intense octahedral rota-
tion are observed, forming a contiguous subsurface zone of
dynamic angular disorder. The depth and lateral spread of
this rotational activity closely mirror the penetration depth of
the collision cascade inferred from defect density maps (Fig.
5), demonstrating that angular reorientation of the octahedral
network is an intrinsic component of radiation damage propa-
gation.

Importantly, these cumulative rotation maps reveal that
radiation-induced disorder in metal halide perovskites is not
limited to atomic displacements or coordination defects. In-
stead, a significant fraction of the deposited energy is ab-
sorbed through collective rotational excitations of the PbI6
framework, which persist over thousands of timesteps follow-
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FIG. 5. Spatial distribution of structural defects in the perovskite lattice following a simulated impact event at 1 keV . (a) Schematic of the
simulation cell showing its full extent (0–301.21 Å) and the location of the impact site at the top center of the z-axis; this panel serves as
a geometric orientation guide for the heat maps shown in panels (b)–(d). (b)–(d) Two-dimensional heat maps showing the defect density
projected onto the x-y, x-z, and y-z planes of the simulation cell, respectively. The data correspond to a snapshot taken at 20,000 f s from a
simulation initiated by a 1 keV Primary Knock-on Atom (PKA) event. A structural defect is registered at the center of any octahedron where
the identity of at least one corner atom has changed relative to the initial perfect crystal structure. The color intensity scale represents the
number of identified defect centers per spatial bin; the simulation box is divided into 32×32 bins, with each bin represented by one pixel. The
figure clearly portrays the extent of structural damage and the localized regions of amorphization resulting from the 1 keV impact.

FIG. 6. Spatial distribution of structural defects in the perovskite lattice following a simulated impact event at 1 eV . (a) Schematic of the
simulation cell showing its full extent (0–301.21 Å) and the location of the impact site at the top center of the z-axis; this panel serves as
a geometric orientation guide for the heat maps shown in panels (b)–(d). (b)–(d) Two-dimensional heat maps showing the defect density
projected onto the x-y, x-z, and y-z planes of the simulation cell, respectively. The data correspond to a snapshot taken at 20,000 f s from a
simulation initiated by a 1 eV Primary Knock-on Atom (PKA) event. the same defect registration and binning conventions apply as in Figure 5.
At 1 eV, defects remain localized within ∼2 nm of the surface with minimal penetration into the bulk, in stark contrast to the extended cascade
produced by the 1000 eV impact shown in Figure 5. The majority of the lattice retains its crystalline order across all three projections.

ing impact. The spatial coherence of these rotational patterns
suggests that octahedral tilting and rotation serve as an effi-
cient channel for redistributing kinetic energy away from the
primary impact site, consistent with the intrinsic lattice soft-
ness of perovskite materials.

Motivated by the pronounced rotational activity observed
in these maps, we quantified how this dynamically perturbed
region manifests itself in terms of local orientational order.
Specifically, we evaluated the Steinhardt bond orientational
order parameters q4 and q6 for Pb atoms within the rotation-
ally active zone identified in Fig. 4. This targeted analysis
allows a direct connection to be drawn between spatially re-
solved octahedral dynamics and quantitative measures of lo-
cal structural order. As discussed in the previous section, the
observed drift in q4 and q6 values reflects the cumulative ef-
fect of sustained octahedral rotation and tilting, rather than
complete loss of coordination, reinforcing the picture that ra-
diation damage in these systems is dominated by heteroge-
neous angular disorder within an otherwise connected octahe-
dral network.

C. Octahedral Tilt Disorder: θ Angle Distributions

Figure 9 presents the distribution of θ angles for octahe-
dra altered by the impact, defined as those octahedra in which
at least one iodine atom is different from the six original io-
dine atoms that initially formed the octahedron. In the undis-
torted perovskite lattice, Pb–I–Pb linkages within the Pb-
centered octahedra are expected to remain close to linearity,
with θ ≈ 180◦ for apical iodides and θ ≈ 90◦ for equatorial
linkages. See Fig S.2 for a schematic diagram of an octahe-
dral. Radiation-induced displacements broaden these distribu-
tions substantially, with distinct differences observed across
the six iodide indices (cindex 1–6). In particular, distortions
are more pronounced at apical sites (cindex 1 and 6), indicat-
ing a higher susceptibility of axial bonds to knock-on events.
This broadening directly reflects the increase in octahedral tilt
disorder following impact.

Table I summarizes the statistics we observed for the tilt
angle, θ , across the impact energies studied. At 1 eV, the me-
dian θ remains close to its ideal value, averaging at 178◦ with
a narrow spread of ±5◦. In contrast, at 1,000 eV, the distribu-

Page 9 of 18 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
7/

20
26

 5
:5

9:
14

 A
M

. 
 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
DOI: 10.1039/D6TA01465H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta01465h


10

tion broadens considerably, ranging between 120–180◦, with
a median near 150◦. Apical iodides (index 1 and 6) exhibit up
to 40◦ larger deviations than equatorial sites.

TABLE I. Statistical measures of θ distributions for octahedra that
were changed as a result of different PKA energies.
Energy (eV) Median θ (◦) Range (◦) Std. Dev. (◦) Most affected sites
1 178 170–180 3 None significant
10 170 150–180 8 Equatorial
100 170 150–180 8 Equatorial
200 170 150–180 8 Equatorial
500 160 130–180 15 Apical (1,6)
1000 150 120–180 18 Apical (1,6)

D. Octahedral Rotational Disorder: φ Angle Distributions

Complementary insight is obtained from a study of the rota-
tional, φ , angle distributions shown in Figure 10. Here, φ de-
notes the azimuthal orientation of Pb–I bonds in the xy plane,
and thus encodes the rotational modes of the PbI6 octahedra.
In the pristine lattice, iodine atoms adopt well-defined ori-
entations consistent with the high-symmetry cubic perovskite
phase. Under irradiation, however, the φ distributions broaden
and shift, signaling in-plane torsions and rotations of the oc-
tahedra. Together with the θ distributions, these results high-
light that radiation damage is not limited to point-defect cre-
ation but also drives collective and concerted tilts and rota-
tions of the octahedral framework.

Table II provides quantitative measures of φ . At 1 eV, φ is
narrowly distributed around 0◦ and 90◦, whereas at 1,000 eV
the spread reaches ±100◦, reflecting significant torsional ro-
tations.

TABLE II. Statistical measures of φ distributions for octahedra that
were changed as a result of different PKA energies.

Energy (eV) Median φ (◦) Range (◦) Std. Dev. (◦)
1 0/90 ±10 5
10 15/95 ±25 12
500 30/110 ±60 28
1000 45/120 ±100 40

E. Connecting Spatial and Angular Metrics

By combining defect density maps with angular distribution
analyses, we can obtain a more holistic picture of the radiation
damage process. Spatial projections (Figs. 5–6) quantify the
extent and depth of the cascade, while the θ and φ distribu-
tions (Figs. 9–10) reveal the local geometric response of the
lattice to these impacts.

At 1000 eV, θ broadens by nearly 60◦ and φ by ∼100◦,
whereas, at 1 eV, the broadening remains below 10◦ for both
metrics. This quantitative link demonstrates that cascade pen-
etration depth (Figs. 5–6) directly correlates with the magni-
tude of the angular disorder.

A direct connection can be drawn between the angular
disorder observed in our simulations and the classical clas-
sification of tilt systems by Glazer.43 In Glazer’s scheme,
static octahedral tilts are described by combinations of ro-
tations about the pseudo-cubic axes, leading to well-defined
symmetry-lowering distortions, such as a−a−a− (rhombohe-
dral) or a0a0c− (tetragonal). In contrast, the radiation-induced
distortions captured in our θ and φ distributions represent a
dynamically broadened analog of these tilted systems. For in-
stance, the broad spread of θ angles around the apical sites
(cindex 1 and 6, Fig. 9) resembles local activation of out-of-
phase a− tilts about the c− axis, whereas the in-plane torsions
observed in the φ distributions (Fig. 10) mimic the onset of
rotations akin to a0a0c− modes. Unlike equilibrium tilt transi-
tions, however, our results demonstrate that such tilt-like dis-
tortions can be nucleated transiently by high-energy particle
impacts, with their magnitude and spatial extent scaling with
PKA energy (Figs. 5–6). This correspondence highlights the
fact that radiation damage drives perovskites into dynamically
fluctuating tilt configurations comparable to those that define
their thermodynamic polymorphs, thereby providing a struc-
tural framework for interpreting disorder within the language
of Glazer tilt notation.

A compelling link can be established between our simu-
lation results and the classical Glazer classification of octa-
hedral tilt systems.43 In Glazer’s foundational work, specific
notations (such as a0a0c−) are used to describe the static, co-
operative rotations that define stable perovskite phases. In
contrast, our findings reveal that high-energy particle impacts
can transiently nucleate similar distortions in a dynamic, non-
equilibrium fashion. For instance, the pronounced angular
spread at apical sites (Fig. 9) is effectively a localized, dy-
namic activation of out-of-phase tilts. This correspondence is
significant because it allows us to interpret the complex, fluc-
tuating disorder created by radiation damage using the robust
and well-understood language of Glazer tilts. It suggests that
the structural pathways for radiation damage and for thermo-
dynamic phase transitions are fundamentally linked.

A useful point of comparison comes from experi-
mental measurements of octahedral distortions in CsPbI3
nanocrystals.24 Matuhina et al. systematically tuned the reac-
tion temperature of CsPbI3 nanocrystals and reported that the
most phase-stable samples (NCs synthesized at 150 °C) ex-
hibited the lowest octahedral distortion, with refined Pb–I–Pb
bond angles clustering around ~160° in the cubic perovskite
phase. This experimentally measured angular range aligns
closely with the distributions obtained in our simulations, We
observe a significant density of rotations near 155–165°. The
agreement suggests that the types of shallow, thermally acces-
sible, tilts governing phase stability in nanocrystals are similar
in magnitude to the small, spatially extended distortions in-
duced in our slab geometry by low-energy irradiation. In other
words, our MD results reproduce the same characteristic oc-
tahedral bending that experimental studies have identified as
being intrinsic to CsPbI3’s structural softness and phase be-
havior. This provides additional confidence that the angular
disorder captured in our trajectories is physically realistic and
consistent with known experimental benchmarks.
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FIG. 7. Distribution of Pb–I–Pb bond angles in CsPbI3 following
energetic particle impact at 1000 eV. The histogram shows the fre-
quency of all Pb–I–Pb angles extracted from the MD trajectory at a
chosen timestep, capturing both apical and equatorial linkages across
the full lattice. In a pristine cubic perovskite phase, Pb–I–Pb an-
gles should be exactly 180 °, reflecting the linear connectivity of the
undistorted octahedral network. Following impact and thermal fluc-
tuations, the distribution broadens significantly, with a pronounced
population extending from 155° to 165°, indicating the onset of sub-
stantial octahedral tilting and bond-bending as the lattice accommo-
dates the local temperature and localized energy deposition.

Figure 9 presents distributions of the octahedral tilt angle
θ for PbI6 octahedra that are structurally altered following ir-
radiation. In a pristine cubic perovskite lattice, θ values are
sharply clustered around well-defined angles corresponding
to ideal octahedral geometry: θ ≈ 180° for apical Pb–I bonds
and θ ≈ 90° for equatorial bonds (see Fig. S2 for a schematic
definition of θ ).

Following irradiation, these sharp angular peaks broaden
substantially; however, the resulting distributions are not ran-
dom. Instead, θ values remain strongly clustered around
physically meaningful angles, indicating that the octahedra
preferentially occupy metastable, tilted configurations rather
than undergoing complete angular disorder. At low impact
energies (1–10 eV), the θ distributions remain narrowly cen-
tered near their ideal values, with median deviations of less
than ~10°.

At higher energies (≥500 eV), the distributions broaden
asymmetrically, particularly for the apical iodide sites (c-
index 1 and 6), where θ values span approximately 120–180°,
with clear maxima near 150–160°. These angles correspond to
pronounced but continuous octahedral tilting, rather than bond
breaking or amorphization. Equatorial sites (c-index 2–5) ex-
hibit comparatively smaller deviations, remaining clustered
near ~90° with moderate broadening.

The persistence of clustering around these characteristic an-
gles demonstrates that radiation damage predominantly drives
the lattice into distorted, yet topologically intact, octahedral
configurations. This behavior highlights octahedral tilting
as a primary structural accommodation mechanism by which
CsPbI3 absorbs and redistributes the imparted kinetic energy
while preserving short-range connectivity.

F. Dynamics of Lattice Recovery

Finally, to quantify the overall ability of the lattice to self-
heal following the collision cascade, we tracked the trajecto-
ries of all displaced atoms to determine if they returned to sta-
ble lattice sites. Figure 11 presents the recovery statistics for
each species, defined as the fraction of displaced atoms return-
ing to within 2 Å of a crystallographically equivalent site. We
observe a strong species-dependence in this healing process:
While the heavier cations (Cs and Pb) exhibit limited recov-
ery (dropping to 4.5% and 8.7% respectively at 1000 eV),
the iodide sublattice demonstrates a remarkable capacity for
self-repair. Even with a 1000 eV impact, approximately 32%
of all displaced iodine atoms recover to lattice sites within
10 ps. This suggests that the radiation tolerance of CsPbI3
is driven by the high mobility of the halide network, which
can efficiently annihilate vacancies and restore order even af-
ter high-energy perturbations.

These structural recovery statistics have direct implications
for optoelectronic performance. The dominance of halide
Frenkel pairs, with negligible anti-site formation (<1.5% for
all species), is electronically favorable: First principles calcu-
lations have established that halide vacancies and interstitials
in lead halide perovskites are electronically shallow, residing
near the band edges rather than deep within the gap,13 and are
therefore unlikely to act as deep non-radiative recombination
centers.9 The octahedral tilting we observe does, in principle,
affect the band structure, since deviations of Pb–I–Pb bond
angles from 180◦ reduce s-p orbital overlap and widen the
band gap.19 However, at low impact energies (1–10 eV), the
tilt deviations remain within ∼10◦ of the ideal value and, even
at 1000 eV, the cascade zone constitutes a small fraction of the
total device volume under realistic irradiation fluences. Struc-
tural recovery is a necessary but not sufficient condition for
full functional recovery; the primary bottleneck is the limited
self-healing of the Cs and Pb sublattices (<9% at 1000 eV),
since unrecovered cation vacancies are more likely than halide
Frenkel pairs to produce electronically active defect states.
Experimental studies of perovskite solar cells under proton
irradiation confirm partial but incomplete efficiency recovery
at high fluences, consistent with this structural picture.47,48

Future work combining these trajectories with calculations of
defect electronic structure would provide a direct quantitative
link between the recovery fractions reported here and device-
level performance metrics.

IV. CONCLUSIONS

The combination of MD results analyzed using SQL pro-
vided a highly detailed and quantitative picture of the effect
that an energetic particle imparts to a perfectly crystalline
CsPbI3 lattice. Together, these two techniques constitute a
powerful tool that could be broadly applied to applications far
from the one studied here.

From a qualitative standpoint, our results covering the
effects of 1 to 1000 eV impacts showed that high-energy
events generate broad angular disorder across multiple in-
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Octahedral C-Index Changes Across Energies

FIG. 8. Cumulative octahedral spin activity in CsPbI3 under the influence of an energetic particle impact. Cumulative maps show the magnitude
and spatial distribution of octahedral rotational dynamics as a function of impact energy (1–1000 eV). The quantity plotted here corresponds
to the cumulative change in iodine atom site angular indices (c-index) for each PbI6 octahedron, summed every 50 timesteps after impact and
binned into a 32×32 grid. The resulting “heat maps” represent the cumulative rotational activity (or “spin”) of the octahedra, revealing where
and how strongly the lattice undergoes dynamic angular reorientation. As the impact energy increases, intense rotational activity emerges near
the surface where the energetic particle strikes, with progressively deeper penetration into the bulk region. The spatial extent of this rotation
correlates directly with the cascade depth observed in defect density maps (see Fig. 5). Note that color scales are independently normalized for
each energy to highlight spatial variation rather than absolute magnitude. The analysis demonstrates that radiation-induced lattice dynamics
involve not only atomic displacements but also collective rotational excitations of the octahedral network, with stronger and more spatially
extended spin activity at higher energies.

dices, whereas low-energy events yield more localized and
recoverable distortions. We showed that the halide atoms
were most easily displaced from their original lattice sites. It
took considerably more impact energy (above 300-500 eV)
to displace the central Cs atoms, with Pb atoms generally re-
sistant to displacement. Quantitative analysis of atomic dis-
placements reveals a high degree of self-healing, particularly
within the halide sublattice. As shown in Figure 11, the recov-

ery mechanism is strongly species-dependent. At the highest
impact energy of 1000 eV, while heavier Cs and Pb cations
exhibit limited recovery (4.5% and 8.7% respectively), the io-
dine anions show a pronounced capacity for self-repair, with
approximately 32% of all displaced atoms returning to crys-
tallographically equivalent sites. Notably, despite the ener-
getic disorder, our analysis of the relaxed configurations re-
veals negligible anti-site formation (<1.5% for all species),
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FIG. 9. Distribution of octahedral tilt angles (θ ) for PbI6 octahedra in
CsPbI3 that are structurally altered following a 1000 eV irradiation
event. An octahedron is classified as “changed” if at least one io-
dine atom differs from its original coordination in the pristine lattice.
Panels correspond to individual iodide sites (c-index 1–6), where c-
index 1 and 6 denote apical iodides and c-index 2–5 correspond to
equatorial iodides. In the ideal cubic perovskite structure, θ values
cluster near 180° for apical bonds and 90° for equatorial bonds (see
Fig. S2 for a schematic illustration). Following irradiation, the θ

distributions broaden but remain clustered around these character-
istic angles, indicating preferential occupation of metastable tilted
configurations rather than complete angular disorder. Apical sites
exhibit the largest deviations, with θ values extending toward ~150°
at high impact energies, reflecting enhanced susceptibility of axial
bonds to radiation-induced tilting.

indicating that the lattice preserves its chemical order even
under extreme localized heating. This preference for vacancy-
interstitial repair over cation/anion mixing is a critical feature
of the material’s radiation tolerance.This indicates that the
’soft’ perovskite lattice accommodates highly energetic col-
lision cascades primarily through the high mobility and sub-
sequent re-incorporation of halide ions, effectively healing a
significant fraction of the vacancy-interstitial pairs generated
during the initial impact.

We observed that the perovskite lattice was able to respond
to (and mitigate) the impact of the energy into the lattice by
tilting and rotating the halide atoms in the PbI6 octahedra, a
phenomenon that we have not seen discussed previously. We
were able to directly connect the macroscopic depth of impact
with the extent of tilting and rotating. We were able to as-
sess not only the number of defects created but also the struc-
tural pathways through which CsPbI3 perovskites accommo-
date and largely self-heal radiation-induced damage. Octa-
hedral tilting and rotating (spinning) is thus a very effective
way for the “soft” lattice to accommodate the additional en-
ergy without permanent amorphization, at least for the energy
range studied here (1 eV to 1000 eV).

The role of lattice softness in enabling this radiation tol-
erance becomes clear when CsPbI3 is contrasted with con-
ventional rigid semiconductors using the extensive MD radi-
ation damage literature. In crystalline Si, the threshold dis-
placement energy Ed , defined as the minimum PKA energy
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FIG. 10. Distribution of in-plane bond angles (φ ) for changed octa-
hedra in CsPbI3 following irradiation. The φ angle is defined as the
projection of the Pb–I bonds in the xy plane relative to the central Pb
atom, capturing the rotational orientation of the six surrounding io-
dine atoms. Panels correspond to different iodine sites (c-index 1–6,
with c-index 1 and 6 denoting apical iodides and c-index 2–5 corre-
sponding to the equatorial plane). In the pristine perovskite lattice,
these angles adopt well-defined orientations associated with the high-
symmetry octahedral framework. Deviations and broadening of the
φ distributions indicate in-plane rotations and torsional distortions
of the PbI6 octahedra caused by radiation-induced iodine displace-
ments. These φ distributions thus provide a quantitative measure of
octahedral rotational modes, complementing the θ angle analysis of
out-of-plane tilts, and together reveal the extent of tilt and rotational
disorder introduced during radiation damage events.

required to produce a stable Frenkel pair, lies in the range of
13–21 eV depending on crystallographic direction.15 In ad-
dition, sub-keV cascades produce rapid amorphization of the
cascade core through irreversible covalent bond breaking.29

Self-healing in Si on the picosecond timescale is negligible,
because covalent bond reconstruction carries a high activa-
tion barrier that cannot be overcome by thermal fluctuations
at 300 K. The behavior of CsPbI3 under identical PKA en-
ergy conditions stands in stark contrast on each of these met-
rics. The effective displacement threshold for iodine is sub-
stantially lower, consistent with the high ionic mobility and
low halide Frenkel pair formation energies characteristic of
soft ionic lattices.13 Rather than amorphizing, the lattice dissi-
pates cascade energy through collective octahedral tilting and
rotation, preserving short-range connectivity across the entire
1–1000 eV energy range studied. And ≈32% of displaced
halide atoms recover to lattice sites within 10 ps, a recov-
ery fraction that is essentially zero in covalent semiconduc-
tors on the same timescale. These contrasting characteristics
demonstrate that the radiation tolerance of CsPbI3 is not in-
cidental but is a direct and quantifiable consequence of the
soft, ionic character of the perovskite lattice, which provides
low-barrier energy dissipation channels unavailable in rigid
covalent semiconductors.9,16

From a quantitative standpoint, our simulation framework
has provided a multi-faceted and granular picture of the ra-
diation damage process in CsPbI3. The analysis progresses
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FIG. 11. Lattice recovery statistics as a function of primary knock-on energy for Cs, Pb, and I sublattices. Bars show the total number of atoms
displaced by more than 3 Å(gray) as well as the subset that subsequently return to within 2 Åof a lattice site of their original species (“same-
site” recovery; colored bars). Percentage values indicate the fraction of displaced atoms that recover to a crystallographically equivalent site
of the same atomic type. While Cs and Pb exhibit limited and non-monotonic recovery fractions with increasing energy, I atoms show a
pronounced increase in both the absolute number and fraction of recovered atoms at higher energies, reaching ~32% recovery at 1000 eV.
Displacement is defined as atomic motion >3 Åfrom the initial position. Recovery is defined as relocation within 2 Åof a lattice site occupied
by the same species.

from defect identification to the specific structural distortions
that accommodate the impact energy. Steinhardt order param-
eters are utilized to differentiate the pristine crystalline lat-
tice from disordered regions, allowing for the precise iden-
tification and tracking of defect structures generated during
the impact cascade. This method quantifies the loss of lo-
cal bond-orientational order and pinpoints the atoms displaced
from their lattice sites.

Our analysis shows that iodine atom displacements are the
primary initial manifestation of damage. The sequence and
energetic threshold for these displacements are key findings.
At low impact energies (e.g., 1-10 eV), the damage is mini-
mal and highly localized, with defects penetrating only ~2 nm
from the surface and the vast majority of the lattice retaining
its crystalline order (as seen in Fig. 6). In stark contrast, high-
energy impacts (e.g., 500-1000 eV) initiate a deep damage
cascade, creating widespread disorder(as seen in Fig. 5).

The nature of this disorder is quantitatively captured by an-
alyzing the octahedral tilt and rotation.

For octahedra classified as being “changed” as a result of
the impact, the distribution of the θ tilt angle shows sig-
nificant deviations from the pristine state (Fig. 9). While
the undistorted lattice exhibits sharp angular peaks, the post-
impact distributions broaden considerably, indicating substan-
tial out-of-plane tilting. However, the results cluster around
specific, defined angles, suggesting that even within the dis-
ordered cascade, the octahedra adopt preferred, metastable
tilt configurations rather than a fully amorphous arrangement.
This provides a quantitative structural metric for the extent of
radiation-induced tilt disorder. Complementing the tilt anal-
ysis, the distributions of the in-plane rotational angle, φ , also

exhibit significant broadening (Fig. 10). This captures the tor-
sional distortions of the PbI6 octahedra. The cumulative effect
of these rotations, or “spin,” is visualized in Figure 8, which
demonstrates a direct correlation between impact energy and
the spatial extent of collective rotational activity. At 1000 eV,
intense rotational dynamics penetrate deep into the bulk, mir-
roring the depth of the defect cascade itself.

These simulation results show a strong correspondence
with experimental findings in CsPbI3 nanocrystals24, where
octahedral distortions are similarly identified as a critical fac-
tor in determining phase stability and electronic properties18.
Furthermore, the mechanisms of energy dissipation and the
potential for self-healing through localized, recoverable dis-
tortions align well with our previous work on low-energy de-
fect pathways in CsPbBr3.14 Finally, it is important to ac-
knowledge that this highly detailed, atomistic-level quanti-
tative analysis was made possible by the robust capabilities
of the ReaxFF reactive force field.28 Its ability to accurately
model the complex bond-breaking and reformation processes
during the energetic cascade was crucial for capturing the nu-
anced structural pathways through which this soft perovskite
lattice dissipates energy.

From a practical standpoint, this work offers several con-
crete guideposts for experimentalists working on perovskite
space photovoltaics. The sublattice-resolved recovery frac-
tions reported here as a function of PKA energy provide a
quantitative prediction of which irradiation energy regimes
and which atomic species are most likely to produce per-
manent structural degradation, directly informing the design
of accelerated aging protocols and the interpretation of post-
irradiation structural characterization. The correspondence
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between radiation-induced angular distortions and classical
Glazer tilt systems provides a framework for interpreting dif-
fuse X-ray scattering and pair distribution function (PDF)
measurements on irradiated perovskite films, since the tilt sig-
natures identified here are, in principle, detectable by these
techniques. Finally, the dominance of halide Frenkel pairs
over cation anti-sites and amorphous regions as the primary
radiation damage product suggests that experimental probes
sensitive to halide vacancy populations, such as thermally
stimulated current measurements, time-resolved photolumi-
nescence, and impedance spectroscopy, are the most informa-
tive tools for tracking radiation damage accumulation and re-
covery in this class of material.13,47 Extension of this compu-
tational framework to other perovskite compositions, includ-
ing mixed-cation and 2D perovskite systems, will require the
development of validated reactive or machine-learned inter-
atomic potentials for those compositions, which we identify
as a key priority for future work in this area.23
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All molecular dynamics trajectories, processed datasets, and analysis scripts supporting the 
findings of this study are publicly available. 

The complete post-processing and analysis framework, including SQL ingestion scripts, 
DuckDB query workflows, figure-generation notebooks, and full database schema definitions, is 
available in a public GitHub repository at: 

https://github.com/pclancy-lab/perovskites_space 

The raw LAMMPS dump files (ASCII format) and compressed Apache Parquet files used for 
SQL-based analysis are publicly hosted via the SciServer platform and can be accessed at: 

https://www.sciserver.org/datasets/materials/perovskites/ 

The dataset includes: 

●​ Full trajectory data for all primary knock-on atom (PKA) energies investigated (1–1000 
eV) 

●​ Converted columnar Parquet files used for database ingestion 
●​ Derived relational tables containing octahedral indices, displacement statistics, and 

defect metrics 

All data are provided in formats compatible with the open-source workflow described in the 
manuscript, enabling full reproducibility of defect counting, octahedral tilt (θ) and rotation (φ) 
analyses, spatial defect mapping and recovery stats.  

The workflow is system-agnostic and can be directly adapted to other LAMMPS-generated 
trajectories. 

 

Page 18 of 18Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
7/

20
26

 5
:5

9:
14

 A
M

. 
 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
DOI: 10.1039/D6TA01465H

https://github.com/pclancy-lab/perovskites_space
https://www.sciserver.org/datasets/materials/perovskites/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta01465h

