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Metal-halide perovskites exhibit excellent optoelectronic properties, making them suitable for various appli-
cations. In this work, we propose a novel approach, employing the message-passing neural networks (MPNNs),
to model the potential energy surface (PES) of metal-halide perovskites. The MPNN model can learn the PES
of perovskites with an error of less than 1 meV per atom, which is comparable to ab initio calculations. With
the accurate and fast prediction of the MPNN model, we perform large-scale molecular dynamics simulations
for CsPbBr; and Cs,AgBiBry, successfully identifying their temperature-dependent octahedron tilting patterns,
ion displacement, and structural phases that are crucial to obtaining their electronic structure correctly. We
also observe significant Ag migration and vacancy defects in Cs, AgBiBrg, which are further investigated using
ab initio calculations, offering insights into its ambient stability. This work provides a comprehensive understand-
ing of the structural phase transition in metal-halide perovskites, as well as information regarding ion migration.
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In recent years, metal-halide perovskites have gained much
attention due to their fascinating photovoltaic properties and
promising applications in solar cells and light emitting devices
[1-4]. For these applications, it is important to know their
stable phases at room temperature since different structural
phases have very different band gap that can strongly affect
their optical properties [5—7]. Moreover, it is also important to
understand the degradation pathway and ambient stability of
halide perovskites, which are usually related to ion migrations
[8=11]. Common ab initio calculation often has difficulties to
handle such requirements.

To obtain the temperature-dependent properties of per-
ovskites, such as their structural phases and other dynamic
properties, the effective Hamiltonian [12,13] and the core-
shell model [14-16] are two popular methods, which derive
the potential energy surface (PES) in a model-driven way by
splitting the total energy into multiple terms with dozens of
parameters, which are then fitted using ab initio calculations.
The parameter fitting procedure typically requires additional
human effort. Another two difficulties, including the strong
anharmonic PES of metal-halide perovskites [17-19] and the
small energy signature associated with octahedron tilting [20],
hinder the investigation of halide perovskites. As a matter of
fact, there are few investigations on the structural phase tran-
sitions of halide perovskites, except for the notable work on
CsPbl; [21]. The investigation of double halide perovskites, or
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more complex systems, is essentially nonexistent. This work
will address the paucity of numerical simulations on halide
perovskites through a data-driven machine-learning-based
approach.

The recent advancement of machine-learning potential
models [22-28] has provided new opportunities to construct
the PES for a given system and investigate its struc-
tural changes. A representative work is the investigation of
methylammoniumPbs using Gaussian approximation poten-
tial [29]. Here, we propose to use message-passing neural
networks (MPNNs) [30-33] to derive the highly anharmonic
PES of metal-halide perovskites. As neural network mod-
els, MPNNs can in principle approximate any function upon
proper data sets [34,35], where the parameters are optimized
automatically during the training process, eliminating the
need for human intervention. An MPNN model represents
the chemical structure as an indirect graph, in which nodes
(edges) correspond to atoms (interacting atom pairs). MPNN
also includes the message-passing scheme, playing a central
role in learning the interaction between atoms [36].

In this Letter, we present an MPNN-based molecular
dynamics (MD) approach and study two specific halide per-
ovskites, namely CsPbBr; and Cs,AgBiBr,. CsPbBrs is an
attractive candidate for photovoltaic devices due to its high
power conversion efficiency and long carrier lifetime [37,38],
while Cs;AgBiBrg is an environment-friendly double halide
perovskite compared to CsPbB3, as Pb cations are replaced
by alternating Ag and Bi cations with the rock-salt ordering
[39]. In this work, we will explore the octahedron tilting phase

©2023 American Physical Society
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FIG. 1. The simulated temperature-dependent cubic-tetragonal-orthorhombic (C-T-O) phase transition of bulk 12 x 12 x 12 CsPbBr; (a)—
(d) and the cubic-tetragonal phase transition of bulk 6 x 6 x 6 Cs,AgBiBrg (e), (f). (a), (e) The lattice parameters of CsPbBrs and Cs, AgBiBr;
(b), (f) The octahedron tilt angles of CsPbBr; and Cs, AgBiBr, in in-phase (IP) mode and out-of-phase (OOP) mode; (c) The absolute average
displacement of Cs ions relative to the cubic state; (d) The Cs displacement projected in the x-z plane at 25 K, showing the antiferroeletrics of
orthorhombic phase for CsPbBr;. For sake of clarity, only a2 x 2 x 2 cell is drawn in (d), where the brown and blue arrows represent opposite
displacement of Cs ions in alternating x-z planes. The vertical dotted line indicates the estimated phase transition temperature.

transitions in the two compounds, and discuss the Ag migra-
tion observed in Cs;AgBiBry. By comparing the results to
experiments [40—43], we demonstrate the potential of MPNN's
in large-scale simulations of metal-halide perovskites. The
MPNN model acts as an energy calculator in MD simulation,
which takes the structural geometry and atomic numbers as
inputs, outputs energy, and derives force and stress tensor
by autodifferentiation [44] of the neural networks. A general
MPNN framework follows the process of graph representa-
tion, message embedding, message interaction and the final
property readout. The messages usually encode structural in-
formation, such as the relative distance between two atoms
and their atomic numbers. Additionally, the angular infor-
mation is added into the messages as they pass along the
neural network, which represents three-body interactions and
makes the model more sensitive to the spatial displacement of
atoms [45]. The computational time complexity of MPNNs
is O(N) within the locality assumption [26], which scales
linearly with the size of system and allows for fast prediction.
The MPNN we employ is the DimeNet++ [32,33], which
is adapted to periodic crystals with some modifications, and
the loss function is designed in a physics-informed way by
including physical inductive biases [46]. Further details on the
MPNN and the loss function are available in Supplemental
Material (SM) [47] Sec. L.

We perform a series of ab initio MD simulations
to generate samples before training MPNN models. The

density functional theory (DFT) -calculations are based
on the projector-augmented wave (PAW) [48,49] method,
implemented in the GPAW [50] and ASE [51]. Specifically,
the DFT calculations use a 2 x 2 x 2 supercell for CsPbBrj
and a1l x 1 x 1 unit cell for Cs, AgBiBr (both containing 40
atoms), the Perdew-Burke-Ernzerhof (PBE) [52] exchange-
correlation functional, plane waves with a cutoff energy of
900 eV, and a 3 x 3 x 3 k-point mesh. MD simulations are
carried out in the NPT (constant particle number, pressure,
and temperature) ensemble, using Nose-Hoover dynamics
[53,54] to control the temperature and pressure.

To investigate the octahedron tilting phase transition in
CsPbBr; and Cs, AgBiBrg, we start by training MPNN models
using the generated data sets. The accuracy of the trained
MPNN models is presented in SM [47] Sec. II. With the
well-trained MPNN model providing energy, force, and stress,
we then carry out NPT-MD simulations, where the external
pressure is set as zero, the time step is 2 fs, and the number
of simulation steps for each temperature is 50000 (100 ps)
for CsPbBr3; and 100 000 (200 ps) for Cs,AgBiBr, of which
the last quarter are used to average order parameters. The
simulation starts from a structure of 12 x 12 x 12 five-atom
cubic cells and a sufficiently high temperature, which grad-
ually decreases to near 0 K. We first show the simulated
phase transitions of CsPbBr; in Figs. 1(a)—1(d). For accurate
description, the phase transition is analyzed in two aspects,
i.e., structural distortions and octahedron tilting modes, which
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are, respectively, described by the lattice parameters of the
system and quantified by the R and M Brillouin points av-
erage that are characterized by different wave vectors g [55].
More precisely, the R-point average corresponds to the out-of-
phase (OOP) tilts with g = (27 /a)(1/2,1/2,1/2) and the
M-point averages correspond to in-phase (IP) tilts with g, =
(27 /a)(0,1/2,1/2), qy, = (27 /a)(1/2,0,1/2) and qy =
(2m/a)(1/2,1/2,0) around three axes, respectively, where a
is the pseudocubic unit cell constant. The tilting modes are de-
termined by considering each ABXj3 pseudocubic cell, where
the tilt angle is calculated using the three B-X bonds without
considering octahedron distortions. For convenience, the oc-
tahedron tilting modes are denoted by Glazer’s notation [56].

Figures 1(a) and 1(b) show the lattice parameters and
PbBr¢ octahedron tilting modes of CsPbBr3 as a function of
temperature, clearly revealing the existence of three phases.
Above 350 K, CsPbBr; adopts the Pm3m cubic phase, where
a = b = c that decreases with temperature,andoe = g =y =
90°. In addition, Fig. 1(b) indicates that no octahedron tilt
occurs in cubic phase, with the average tilting pattern being
a’a®a®. In the temperature range between 220 K and 350 K,
the lattice parameters indicate the P4/mbm tetragonal phase,
where the crystal stretches along the y axis, and only the IP
tilts around the y axis are present, leading to a a’b*a® tilting
pattern with the maximum tilting angles of 0.186 radians
(10.66°) at 220 K. Below 220 K, the angle between b and ¢
starts to shrink until it reaches 88.5° at the lowest temperature
25 K, and the tilts add OOP modes around the x and z axes
with a same angle of 0.130 radians (7.45°), indicating the
Pnma orthorhombic phase with an a~b"a™ tilting pattern.

The displacement of Cs ions is a crucial factor in the
tetragonal-orthorhombic transition and usually associated
with the polarization of the system [57]. Figure 1(c) shows
the average displacement of Cs ions through X and M points
analysis. The X point [qy = (27 /a)(0, 1/2, 0)] analysis in-
dicates that, below 220 K (the orthorhombic phase), the Cs
ions shifts equally on average along the x and z direction
(X, = X, > 0). Meanwhile, the M-points analysis reveals that
the displacement of Cs in the neighboring x-z planes is equal
but in opposite directions, resulting in a total displacement
of zero (M, = M, = 0). The displacement of Cs at 25K is
schematically shown in Fig. 1(d). Above 220 K, the average
displacement of Cs ions is zero in terms of both X and M
points. Hence, we confirm the antiferroelectric nature of the
low-temperature Pnma phase.

All things considered, Figs. 1(a)-1(d) reveal that CsPbBr3
undergoes cubic-tetragonal-orthorhombic (C-T-O) phase tran-
sitions as the temperature decreases, in good agreement with
reported experiments [41—43]. Particularly, the change of lat-
tice parameters closely resembles experimental results (Fig. 7
in Ref. [43]). However, the simulated phase transition tem-
peratures are lower than the experimental values, with 350 K
and 220 K for C-T and T-O transitions, respectively, com-
pared to 403 K and 361 K for the same transitions reported in
Ref. [42]. This discrepancy is a known issue that arises from
the choice of the exchange-correlation function, which poses
a challenge to DFT calculations [58,59].

We note that You er al. [60] recently investigated the
temperature dependence of CsPbBr3’s structural and thermal
properties using the bond-valence model [61,62]. A detailed
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FIG. 2. Domain walls formed by the coexistence of a~5h°b° and
a™bbP tilts for the bulk 6 x 6 x 6 Cs;AgBiBr at 25 K, viewed from
y direction for some x-z plane, where the blue and black arrows in-
dicate opposite tilting directions. The right panel shows the alternate
BiBrg (pink) and AgBr, (gray) octahedra (along three directions) in
the Cs, AgBiBr, network, with arrows showing tilting directions.

comparison between our work and theirs can be found in
Sec. III of the SM [47]. We also note that one experiment [63]
reports a possible Cmcem phase in CsPbBr3, which, according
to the tilting pattern of Cmcm phase [55,64], was not observed
in our simulation. While CsPbBr3 contains the toxic element
lead, Cs;AgBiBry is a benign alternative to CsPbBrs with
favorable band gap [65]. Figures 1(e) and 1(f) present the
simulated phase transition of Cs;AgBiBry. Above 70 K, the
system is in a tiltless a®aa® cubic state, around 70 K, the
C-T phase transition occurs, and below 70 K Cs,;AgBiBr,
remains in an a~b°A° tilting tetragonal phase, with the tilting
angle reaching 0.118 radians (6.76°) at 10 K. The simulated
phase transition temperature is close to the experimental val-
ues of 122 K [40]. We note that the double potential well
of Cs;AgBiBrg relating to tilts is as shallow as 0.5 meV
per atom [see Fig. S3(b)], which requires a significant ac-
curacy from the MPNN model to capture. We investigate
the displacement of Cs in Cs;AgBiBry in a similar manner
to CsPbBrs, and find no average Cs displacement, result-
ing in the /4/m tetragonal phase, which corresponds to the
14 /mcm tetragonal phase of single-halide perovskites [39]. In
general, the phase transitions produced by the MPNN-based
MD approach agree well with experiments, even for the com-
plex double perovskite Cs;AgBiBry with small tilting energy
signature.

Interestingly, during the simulation of Cs,AgBiBry, we
sometimes observe domains resulting from the coexistence
of a=b°° and aTb°1° tilts around the x axis, as shown in
Fig. 2, in which the two red dotted boxes indicate where the
atb’1O tilts occur. We find that the emerging domains and
domain walls are a metastable state. For instance, domains
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FIG. 3. The time evolution of octahedron tilting of some selected octahedron for bulk 12 x 12 x 12 CsPbBrj;, through MPNN-based MD
simulations, at temperatures 25 K (orthorhombic, a~b*a~), 240 K (tetragonal, a’b*a®) and 400 K (cubic, a®a’a®). Only the last quarter of the
simulation time (from 75 to 100 ps) is used to show the octahedron tilting evolution. The black solid lines correspond to the time average for
every 1 ps, and the black dotted lines correspond to the whole time average.

appear when we reduce the number of simulation steps from
100 000 to 50 000 for each temperature during the annealing
process and remain like that at the lowest temperature, which
is likely caused by the insufficient relaxation at higher tem-
peratures close to the phase transition. Having determined
the structural phase transitions of CsPbBr3 and Cs,AgBiBry,
we further discuss their dynamic behaviors. Figure 3 monitors
the time evolution of octahedron tilting in CsPbBr3 as the MD
simulation proceeds at different temperatures. At 25 K, the
tilting fluctuates mildly around its equilibrium position, with
minimal fluctuations (<0.05 radians) due to small thermal
motion. While at elevated temperatures 240 K and 400 K,
the octahedron tilting exhibits much larger fluctuations of
up to 0.2 radians due to strong thermal excitation, which
overcome the energy barriers and enable the octahedra to
hop dynamically between various energy minima on the PES.
More precisely, at a high temperature, the system displays
dynamic disorder and hops among variants of a~a~ c™ tilting
configurations [66], and there exist certain low-energy paths
for such hops [67], which consequently leads to the a®h*a°
tilting in the tetragonal phase (240 K) and the tiltless a’a®a°
cubic phase (400 K) on a long-time average.

The dynamic distribution of octahedron tilting is not
limited to CsPbBrj;. Recent studies suggest that, in perovskites
such as CsSnl; [67] and CaMnOj3 [68], the octahedron tilting
pattern of tetragonal (a’a’c*) and cubic phases (a’a’a’)
is a time average resulting from the dynamic disorder of
octahedron tilts [69], with the system hopping among different
but symmetry-equivalent local minima of the PES. Here, with
long-time MD simulations, we directly show that the phase
transition of perovskites, involving octahedron tilting, is
not purely displacive [70], but also exhibits order-disorder
characteristics. During the simulation of Cs, AgBiBrg, we sur-
prisingly observe Frenkel defects [71,72] as Ag ions migrate
out of their surrounding Br octahedra to interstitial sites, leav-
ing behind Ag vacancies. To obtain more information about

Ag migration, an NPT-MD simulation is performed at ambient
temperature (300 K) and zero pressure. The resulting average
configuration, as shown in Fig. 4, indicates that Ag ions tend
to diffuse to the adjacent sites where normally only Cs is
surrounded by Br, resulting in about 90% of Ag out of the

D p
| .

FIG. 4. The average configuration for the NPT-MD simulation of
bulk 6 x 6 x 6 Cs;AgBiBr, at 300 K, viewed from the x direction,
where Cs, Ag, Bi, and Br atoms are in green, gray, pink, and brown
color, respectively, and the black octahedra are BiBrg octahedra. The
inset shows the energy changes from initial state (IS) to transition
state (TS), and to final state (FS), caused by Ag migration in bulk
1 x 1 x 1 Cs,AgBiBrg, and only the Ag-Br bonds are drawn.
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original AgBr, octahedron at the end of a 0.4 ns simulation. It
has been suggested that the dual-ion-migration of Br and Ag
contributes to the degradation of Csy;AgBiBry and lowers its
long-term operational stability [73]. In addition, the degree
of compositional Ag-Bi disorder can cause defect states and
band gap narrowing in Cs,AgBiBrg [74]. However, it is
remarkable that Cs,AgBiBr, retains its double perovskite
network with well-ordered Cs, Bi and Br ions, despite
significant Ag migration, which indicates that Ag-Bi disorder
may not induce significant structural changes in terms of
octahedron tilting.

To understand the reason for Ag migration, we conduct
DFT calculations by shifting some Ag ion to its neighbor in-
terstitial, in which the linear and quadratic synchronous transit
methods [75,76] and the conjugate gradient method [77] are
used to locate the transition state, with the Cs;AgBiBry tilt-
ing in the aa’c™ pattern. The DFT results are illustrated as
the inset in Fig. 4 where the bold black arrows indicate the
shifts of the selected Ag ion, revealing that Ag can diffuse
easily and favorably to the neighboring interstitial with a small
energy barrier of 0.146 eV and negative reaction energy of
—0.236 eV. Our results are consistent with previous research
based on experiments [73] and DFT calculations [78-80],
considering the fact that Ag vacancy defects are quite stable
even in Ag-rich compounds, due to their low formation ener-
gies [80].

The significance of observing Ag diffusion is twofold: (i)
It raises questions about the integrity of Cs;AgBiBrg as a

perovskite; (ii) It implies that the MPNN model can handle
the kinetics of ion migration via direct MD simulations. The
MD simulation for ion migration provides insights into the
stability of halide perovskites, which are important for their
applications as solar cells under ambient conditions. We note
that the quantitative results of Ag diffusion in our simulation
should be taken with a grain of salt, because the present
MPNN model is not specifically trained to treat Ag migration,
which can result in special chemical environments that are not
well represented by the training data set.

In summary, we have introduced a MPNN-based MD ap-
proach to efficiently investigate the temperature-dependent
static and dynamic properties of halide perovskites. Tests on
CsPbBr; and Cs;AgBiBr, show that this approach can be
applied to single-halide perovskites, as well as more complex
double halide perovskites. We correctly obtain their phase
transition sequences and octahedron tilting patterns, reveal the
dynamic nature of octahedron tilting in CsPbBr3, and observe
interesting domain walls in Cs;AgBiBrg, also shedding light
on the ion migration in Cs,AgBiBry. This study represents
a significant advance in the numerical simulation of metal-
halide perovskites and will contribute to the development of
more stable and efficient solar cells.
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