In recent years, halide perovskites have garnered signif-
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Understanding the phase behavior of mixed-cation halide perovskites is critical for optimizing
their structural stability and optoelectronic performance. Here, we map the phase diagram of
MA;_,FA,Pbls using a machine-learned interatomic potential in molecular dynamics simulations.
We identify a morphotropic phase boundary (MPB) at approximately 27 % FA content, delineating
the transition between out-of-phase and in-phase octahedral tilt patterns. Phonon mode projec-
tions reveal that this transition coincides with a mode crossover composition, where the free energy
landscapes of the M and R phonon modes become nearly degenerate. This results in nanoscale
layered structures with alternating tilt patterns, suggesting minimal interface energy between com-
peting phases. Our results provide a systematic and consistent description of this important system,
complementing earlier partial and sometimes conflicting experimental assessments. Furthermore,
density functional theory calculations show that band edge fluctuations peak near the MPB, indi-
cating an enhancement of electron-phonon coupling and dynamic disorder effects. These findings
establish a direct link between phonon dynamics, phase behavior, and electronic structure, provid-
ing a further composition-driven pathway for tailoring the optoelectronic properties of perovskite
materials. By demonstrating that phonon overdamping serves as a hallmark of the MPB, our study
offers new insights into the design principles for stable, high-performance perovskite solar cells.
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icant attention for their exceptional photovoltaic proper-
ties. These materials exhibit long carrier lifetimes [1-3]
and high defect tolerance [4, 5], making them strong can-
didates for next-generation solar technologies. Their con-
version efficiencies have exceeded 25 % [6], rivaling those
of state-of-the-art solar cells. Moreover, their tunable
bandgap and compositional flexibility allow precise con-
trol over optoelectronic properties [7, 8], enabling further
enhancements in device performance.

Among the most promising halide perovskites are
MAPDI3 (methylammonium lead iodide) and FAPbDI3
(formamidinium lead iodide). MAPDbI3 has demonstrated
high efficiency and ease of fabrication [9, 10], making it
a benchmark material for perovskite solar cells. How-
ever, it suffers from limited thermal stability, undergoing
phase transitions at elevated temperatures that degrade
device performance [11]. In contrast, FAPbI3 exhibits
greater resistance to thermal decomposition [12, 13] and
has a slightly lower bandgap, making it an attractive
alternative. Nevertheless, its phase stability remains a
challenge, as it readily transitions into non-perovskite
phases at room temperature, limiting its photovoltaic po-
tential [14, 15].

Mixing MA and FA cations to create MA;_,FA, Pbl;
has emerged as a strategy to combine the desirable prop-
erties of both materials. By tuning the MA-to-FA ratio,
the structural stability, phase behavior, and electronic
properties of the material can be optimized, achieving a
balance between efficiency and stability [16]. This ap-
proach holds promise for developing perovskite materials
that are both high-performing and durable under real-
world conditions.

However, the introduction of mixed cations also

MA;_,FA,Pbl; system remains incompletely under-
stood. Experimentally probing these mixed phases has
proven challenging, and no general consensus has been
reached on their stability and transitions [17-21]. Yet,
understanding these phase relationships is crucial for ad-
vancing the design of stable, high-efficiency perovskite
solar cells.

Compositions rich in MAPbI3 exhibit three distinct
structural phases: a high-temperature cubic phase
(a’aa?), a tetragonal phase with out-of-phase octahe-
dral tilting (a%a’c™), and a low-temperature orthorhom-
bic phase (a”a~¢™). In contrast, FAPbIs-rich composi-
tions display two well-defined phases: a high-temperature
cubic phase (a’a’a’) and a tetragonal phase with in-
phase tilting (aa’cT). Additionally, a low-temperature
phase is observed, though its detailed structure remains
uncertain [22]. Here, the Glazer notation [23], given in
brackets, describes the tilt patterns of the Pblg octahe-

dra.

A key observation is that the tetragonal phases of
MAPDI3 and FAPbI3, which occur at room tempera-
ture, exhibit opposing tilt patterns (a®a’c™ vs. a®a’c™).
Given the full miscibility of FA and MA, this suggests the
presence of at least one morphotropic phase boundary
(MPB). MPBs are well known in oxide perovskites and a
key feature of many functional materials, particularly in
ferroelectrics such as PbZr,Ti; O3, where they lead to
enhanced piezoelectric and dielectric properties [24, 25].
While extensively studied in oxides, MPBs have received
little attention in the context of halide perovskites, where
their influence on phase behavior and optoelectronic
properties remains largely unexplored. Identifying and
characterizing this potential MPB could provide deeper
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FIG. 1.

Machine-learned interatomic potential for MA;_,FA,Pbls. (a) Force parity plot, categorized by structure

type. The different structure sets have been offset along the x-axis for clarity. (b—d) NEB calculations along three rotational
paths, each corresponding to the rotation of a FA molecule around a different axis. (e¢) Energy differences between NEP model
predictions and DFT calculations, grouped by FA fraction and color-coded by crystal structure.

insights into the structural dynamics of mixed-cation per-
ovskites, clarify their impact on device performance, and
introduce a new route for tuning optoelectronic proper-
ties through compositional engineering.

In this study, we investigate the phase diagram of
MA;_,FA,Pbl; using a machine-learned interatomic po-
tential and molecular dynamics (MD) simulations to sys-
tematically map phase transitions and explore the under-
lying atomic-scale dynamics. Our results reveal the pres-
ence of a MPB at approximately 27 % FA, which sepa-
rates the a®a’c™ and a®a’ct phase regions. Notably, this
boundary remains nearly invariant with temperature, in-
dicating a robust compositional threshold between these
structural phases.

We further analyze the role of soft (tilt) modes asso-
ciated with these phases and find that they are heavily
overdamped. Despite this, their signatures persist well
into the high-temperature cubic phase (a’a’a®), where
remnants of these distortions remain detectable several
hundred kelvins above the cubic-tetragonal phase tran-
sition. At low temperatures, our simulations indicate a
single-phase region characterized by orthorhombic sym-
metry (a”a~c%), further defining the stability of differ-

ent structural regimes.

Finally, we demonstrate that the crossover in dynam-
ics at the MPB significantly influences electron-phonon
coupling, leading to a pronounced maximum in the fluc-
tuation of the valence band maximum (VBM) level. This
suggests that the particular soft phonon dynamics near
the MPB may amplify dynamic disorder effects that are
relevant to charge transport and optoelectronic perfor-
mance. Our findings provide key insights into the com-
plex phase behavior of mixed-cation perovskites and es-
tablish a framework for tuning their structural and elec-
tronic properties through composition engineering.

RESULTS AND DISCUSSION

A machine-learned interatomic potential for
MA1_,FA,Pbls

A computational study of the phase diagram of
MA;_,FA,Pbl; requires a model that is both accurate
and efficient. Such a model must capture subtle energy
differences between phases, account for the rotational dy-
namics of organic cations, and enable sampling of system
dynamics across relevant length and time scales. To meet
these requirements, we developed a machine-learned in-
teratomic potential using the NEP approach (see the
Methods section for details as well as Figs. S1, S2, and
S3 of the SI).

Our NEP model achieves high accuracy, with root

mean square errors of 3.9 meV atom™!, 82 meV A_l, and
134 MPa for energies, forces (Fig. 1a), and stresses, re-
spectively (also see Fig. S4 of the SI). The correspond-
ing correlation coefficients (R?) of 0.9997, 0.9896, and
0.9938 further demonstrate its precision. Additionally,
the model accurately reproduces the rotational energy
landscape of organic cations (Fig. 1b—d) and the energy
differences between structural phases (Fig. le), making it
well-suited for exploring phase behavior. Crucially, it is
also computationally efficient, achieving a speed of up to
14 x 105 atomsteps~! on an Nvidia Ampere GPUs (in-
cluding, e.g., the A100 and RTX3080 chips). With a time
step of 0.5fs, this corresponds to a simulation through-
put of 6.3nsd ™! for structures of 96 000 atoms, enabling
large-scale molecular dynamics simulations.
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FIG. 2. Phase diagram of MA;_,FA,Pbls from atomic-scale simulations. (a—c) Lattice parameters and activation

of M and R phonon modes during heating (solid lines) and cooling (dashed lines) of MAPbIs. Dashed vertical lines indicate
phase transitions. The tetragonal and orthorhombic phases observed during heating are illustrated by the Pblg octahedral tilt.
(d) Predicted phase diagram based on phonon mode activation, labeled using Glazer notation. On the MAPbDI3 side the lower
transition exhibits hysteresis due to its weak first-order character. The transition is therefore by a shaded area [26]. Regions

0.0_0

of the cubic (a”a’a”) phase are categorized as either overdamped or underdamped based on autocorrelation functions of the M
and R modes. Note that the vertical line between the two tetragonal phases is the center of the MPB, and the dashed vertical
lines is the mode crossover. (e—f) Lattice parameters and activation of M and R phonon modes during heating (solid lines) and
cooling (dashed lines) of FAPbI3, with tetragonal and orthorhombic phases illustrated as in MAPbDI3.

Phase diagram from mode projection

Initially, we explored the phases of the boundary com-
positions by performing heating and cooling MD simu-
lations over a temperature range of 1 K to 400 K. From
the resulting atomic trajectories, the displacements of io-
dine atoms were extracted and projected onto the R and
M phonon modes of the cubic structure. This provided
mode amplitudes, which were used to identify the tilt
patterns and assign structural phases as a function of
composition and temperature.

For MAPbDI3, phase transitions were identified based
on abrupt changes in phonon mode activation, which cor-
related with variations in lattice parameters (Fig. 2a—c).
At high temperatures, above approximately 385K, the
mode activation averages to zero consistent with a cubic
a’a%a? structure. Between 385 K and 225 K, the R, mode
was activated during both heating and cooling, indicat-
ing a tetragonal a®a’c™ structure. Below this tempera-
ture, heating and cooling trajectories diverged. During
heating, the system adopted the orthorhombic a~a~c*t
structure, the generally accepted low-temperature phase
of MAPbDI; [27]. However, during cooling, the transi-
tion into the orthorhombic a~a~c¢™ phase did not oc-
cur, consistent with a first-order phase transition with

a large energy barrier [26]. While sufficient thermal en-
ergy allowed the system to overcome this barrier dur-
ing heating, on the time scale of the MD simulations,
it remained trapped in a metastable state upon cooling.
Thus, the observed transition temperature serves as an
upper bound.

In contrast, FAPDbI3 exhibited nearly identical behav-
ior during heating and cooling(Fig. 2e—g), mainly due to
our choice of starting structure when heating. This start-
ing structure was chosen as the orthorhombic a~a~c¢™
structure[22], which is the same structure recovered on
cooling. Three distinct structural phases were identi-
fied(Fig. 2e—g): the cubic (a’a’a’) phase, where no spe-
cific phonon mode activation was observed; the tetrag-
onal (a®a’c™) phase, characterized by M, mode activa-
tion; and the orthorhombic (a~a~c') phase, where R,
Ry, and M, modes were all active.

By extending this procedure across the full composi-
tion range of MA;_,FA, Pbls, a phase diagram was con-
structed (Fig. 2d). Across all compositions, cubic-to-
tetragonal transitions occurred consistently during both
heating and cooling, with structural changes follow-
ing either the a®a’a® — aa%¢~ or a%a®a® — a%alct
pathways. Additionally, two tetragonal-to-orthorhombic

transitions were identified: one between aa’c” and
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FIG. 3. Comparison of simulated phase boundaries
to experimental results. Data points are represented by
markers, with their shapes indicating the crystal structures
involved in the phase transitions. Markers outlined in black
correspond to measurements with a limited data basis. The
results from Weber et al. [17] predict a cubic-tetragonal
boundary that aligns well with the findings of Francisco-Lépez
et al. [18], who in addition to this identify several transitions
at lower temperatures. Zheng et al. [19] propose a tetragonal-
orthorhombic boundary throughout the intermediate temper-
ature range (note that these data are for nanostructures).
Mohanty et al. [20] report phase boundaries similar to those
in other studies but classify the intermediate phase as “large-
cell cubic”.

a~a~ct, and another between a’a’ct and a“a~¢*. The
transition from aa®ct to a~a~"ct was observed in both
heating and cooling simulations. However, the transi-
tion from aa’c™ to a~a~ ¢t did not occur during cool-
ing, indicating suppression, consistent with its first-order
nature. Since this transition was only sampled during
heating, the resulting transition temperature represents
an upper bound. As a consequence, the precise tempera-
ture at which the orthorhombic phase becomes energet-
ically favorable in this model remains uncertain. This
uncertainty is indicated by the gray shaded region in the
MAPDI;-rich limit of the phase diagram (Fig. 2d). The
lower bound of this region is guided by a previous free en-
ergy study of MAPDI3, which identified the orthorhombic
phase as the most stable structure below 90 K [26].

Comparison with experiment

To validate our predicted phase diagram, we compare
the observed phase transitions with experimental studies
compiled by Simenas et al. [21] (Fig. 3). This comparison
allows us to assess the extent to which our simulations

capture experimentally observed trends and resolve dis-
crepancies in reported phase behavior.

The high-temperature cubic-tetragonal phase bound-
ary aligns well with experimental observations, deviating
primarily by a nearly constant offset across the entire
composition range [17, 18, 28]. For MAPbI3, the cu-
bic, tetragonal, and orthorhombic phases identified here
are consistent with previously reported structures. For
FAPbI3, the phase diagram confirms the known cubic
and tetragonal phases while suggesting that the low-
temperature phase adopts an orthorhombic a~a~ ¢t sym-
metry reached on cooling.

Furthermore, our observations of the transition be-
tween two tetragonal symmetries, i.e., the presence
of a MPB, are supported by experimental findings.
Francisco-Lépez et al. [18] observed a transition between
two tetragonal symmetries at FA fractions 20 % to 30 %
(see dashed blue line in Fig. 3). This agrees well with
our placement of the MPB at the FA fraction 27 %. Mo-
hanty et al. [20] also identified a transition in this region,
but instead of transitioning between two tetragonal struc-
tures they assigned a transition between a tetragonal and
a “large-cell cubic” structure.

The intermediate composition range of
MA; ,FA,Pbls below the cubic phase region has
been challenging to probe experimentally. In this
region, our simulations indicate the presence of
tetragonal and orthorhombic structures. Based on
temperature-dependent photoluminescence measure-
ments on nanostructures, Zheng et al. [19] reported
tetragonal-to-orthorhombic transitions at FA concentra-
tions of 20 % to 80 %, consistent with the trends observed
in this study. However, conflicting experimental findings
exist for this region. The results from Francisco-Lépez et
al. [18] using photoluminescence and Raman scattering
suggest that there are no orthorhombic structures above
40 % FA fraction, instead assigning this region a possibly
tetragonal symmetry and adding that there is disorder
present. Note, however, that these assignments are not
based on crystallographic analysis. Furthermore, an
additional study using X-ray diffraction from Mohanty
et al. [20] indicates a “large-cubic symmetry” for large
parts of this intermediate region. These discrepancies
highlight the challenges in experimentally resolving the
phase behavior of mixed-cation perovskites, further em-
phasizing the role of atomistic simulations in providing
complementary insights.

We note, however, that the results from Francisco-
Lopez et al. could be interpreted as supporting our find-
ings. Their Raman scattering results indicate clear phase
transitions between tetragonal and orthorhombic phases
for FA fractions 0% to 30% at temperatures between
approximately 130K to 210K (indicated by the blue in-
verted triangles in Fig. 3). However, the measurement at
FA fraction 40 %, which suggests a similar transition near
40K, is less conclusive (indicated with a black outline in
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Dynamics at the morphotropic phase boundary. (a) Mode activation as a function of FA doping at 250 K,

illustrating the smooth transition between dominant phonon modes at the MPB. Structural schematics depict different regions,
where each square represents a unit cell and is color-coded based on the frozen-in phonon mode: blue for R mode and orange
for M mode. For low FA doping, the R mode is dominant throughout the system, while for high FA doping, the M mode
prevails. At the MPB, both modes are active and arrange into layered structures. (b) Mode activation in MAg 73FAg.27Pbls
from a large-scale simulation of 1.3 million atoms cooled to 260 K. Twinning behavior is observed, forming two distinct regions:
one dominated by modes along the z-direction and the other along the y-direction, indicated by arrows. Within each region,
alternating layers of M and R modes emerge, consistent with the layered structures identified in smaller simulations near the

MPB.

the Fig. 3). A similar ambiguity exists for transitions on
the FA-rich side of the phase diagram. Here, photolu-
minescence peak energy shifts have been interpreted as
a transition from tetragonal symmetry to a phase de-
scribed as disordered and possibly tetragonal between
roughly 130K to 200K for FA fractions of 80 % to 100 %
(blue triangles in Fig. 3). Transitions are also assigned
for 60 % and 70 % FA. These are however not as clear,
which is explained by the transition being continuous
(marked with black outlines in Fig. 3). Excluding this
less conclusive Raman and photoluminescence data, we
find a tetragonal-orthorhombic phase boundary for FA
fractions of 0 % to 30 % (130K to 210 K) and a transition
to a phase indexed as tetragonal for 80 % to 100 % (130 K
to 200K). However, the assignment of this tetragonal
symmetry on the FA-rich side was tentative [17, 29, 30],
and their neutron diffraction patterns did not allow for a
complete classification of the unit cell symmetry. Given
this, along with recent evidence suggesting that the low-
temperature phase of FAPbI; is orthorhombic [22], it is
reasonable to reconsider the classification of this FA-rich
region as orthorhombic. This is also in line with the anal-
ysis of Zheng et al., which connects the two sides of the
phase diagram through a tetragonal-orthorhombic phase
boundary. So, if one takes into account the uncertainty
associated with data points obtained by Francisco-Lépez
et al., it results in a phase diagram consistent with our
simulations.

Character of the morphotropic phase boundary

The phase diagram suggests a transition driven purely
by compositional change —a MPB— between the a®a’c~
and aa®ct structures, corresponding to the vertical
boundary between these phases (Fig. 2). Such a tran-
sition is inevitable in the phase diagram of this alloy, as
the distinct phases of the boundary compositions cannot
be combined without forming at least one MPB.

To investigate the MPB, we calculated and normalized
the activation of the phonon modes along the primary
tilt axis at 250 K (Fig. 4a). For compositions with FA
doping significantly above or below the MPB, the system
exhibited a strong preference for either the M, or R,
modes, consistent with the expected a’a®ct and aa’c™
crystal structures. However, in the intermediate region, a
smooth transition between the two modes was observed.
The midpoint of this transition, corresponding to an FA
doping of 27 %, defines the center of the MPB.

The phonon mode projections provided detailed in-
sights into the structural characteristics at the MPB.
Analysis of the transition pathway between M, and R, -
dominated regions revealed the formation of alternat-
ing layers of either tilt pattern (Fig. 4a). These layers,
aligned along the primary tilt axis, were nearly exclu-
sively populated by either M, or R, modes, explaining
the observed smooth transition. At the center of the
MPB, an equal number of layers populated by M, and R,
was present, marking the compositional crossover point.
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Phonon dispersion and overdamping. (a) Phonon dispersion of MAPbI3 in the cubic phase. The displacement

patterns corresponding to the imaginary modes at the M and R points (indicated by negative frequencies) are illustrated, with
arrows representing the displacement of iodine atoms. In the M, mode, octahedral layers tilt uniformly in the same direction,
whereas in the R. mode, adjacent layers tilt alternately in opposite directions (dark and light gray arrows). (b) The ACF of
the R mode for MAg 4FAo6Pbls at 340K, 430 K and 490 K, illustrating the transition from under to overdamped dynamics

with decreasing temperature.

As discussed in the next section, the emergence of these
layers at the MPB is a consequence of the nearly degen-
erate free energy landscape for M and R modes when
transitioning from the cubic to the tetragonal phase. Be-
low the transition temperature, these modes freeze in,
resulting in a layered distribution proportional to their
likelihood at the transition.

Since the well-defined layered structures observed at
the MPB could be influenced by the limited size of
smaller simulations, we conducted large-scale simulations
using a system of 1.3 million atoms. These systems were
initialized in the cubic phase and cooled to temperatures
where the MPB emerges. For MAg 73FAg.27Pbls, two
distinct regions formed, stacked along the (011) direc-
tion, each exhibiting layered M and R mode activation
(Fig. 4b). These regions were distinguished by a 90° ro-
tation, with the modes within each domain aligned along
alternating directions.

The domains exhibited a characteristic width of ap-
proximately 20 nm, although this was likely influenced by
the finite size of the simulation box, as the maximum sys-
tem length along the (011) direction was roughly 40 nm.

The layered structures and domain formations at the
MPB point toward a structurally soft regime where the
energy landscape between competing phases is shallow.
Unlike classical ferroelectric perovskites, where ferroelec-
tric, ferroelastic, and even ferromagnetic properties are
maximized at the MPB [31], the present system does not
exhibit intrinsic ferroelectricity. Instead, the presence of
MPB-associated soft lattice dynamics may play a key role
in optoelectronic properties as discussed further below,
particularly through their influence on dynamic disorder
and electron-phonon coupling.

The formation of 90° domain walls along the (011) di-
rection, a feature previously observed in perovskites with
ferroelastic and ferroelectric character [32, 33|, may sug-
gest an intrinsic structural response to local stresses or
instabilities. However, rather than long-range polariza-
tion, these domains likely reflect the ability of the system
to accommodate structural frustration through dynami-
cally fluctuating tilt patterns.

This complex domain morphology and the presence
of internally modulated structural distortions further
explain why experimental determination of the crystal
structure of MA;_,FA,Pbl3 has been particularly chal-
lenging. Regions with different orientations, coupled
with internal layers of frozen or fluctuating tilt modes, in-
troduce a level of disorder that complicates conventional
diffraction-based classification.

Phonon mode dynamics

The dynamics of phonons play a fundamental role in
determining the optoelectronic properties of halide per-
ovskites. In particular, the extent of phonon damp-
ing —whether a mode is underdamped or overdamped—
directly influences electron-phonon coupling and charge
carrier behavior [34]. Since the electron-phonon coupling
matrix element scales inversely with the square root of
the phonon frequency, soft phonon modes can signifi-
cantly enhance electron-phonon interactions. Thus, re-
gions of the phase diagram where phonons soften, such
as near phase boundaries and the MPB, are expected to
exhibit strong dynamic disorder effects that influence the
electronic structure.



To further investigate this, the boundaries between un-
derdamped and overdamped phonon behavior were ana-
lyzed across the composition range. This allows for the
identification of regions where phonon damping transi-
tions occur, providing insight into where dynamic fluctu-
ations are most likely to affect optoelectronic properties.

A phonon mode is underdamped when its oscillatory
behavior persists over multiple cycles before decaying,
meaning the system retains a well-defined vibrational
coherence. In contrast, a phonon mode is overdamped
when its oscillations are suppressed, and the mode de-
cays before completing a full cycle. This transition oc-
curs when the damping rate exceeds the vibrational fre-
quency, effectively transforming the phonon into a non-
propagating relaxation mode.

In perovskites, phonon modes can become overdamped
near structural phase transitions, where the potential
energy surface flattens and vibrational modes soften.
This has been observed in related materials such as
CsPbBrs, where overdamped phonons persist well above
phase transition temperatures, leading to enhanced dy-
namic disorder and influencing charge transport prop-
erties [35, 36]. Given that soft phonon modes enhance
electron-phonon coupling, mapping overdamped and un-
derdamped regions provides direct insight into where
electronic properties —such as band structure renormal-
ization, charge transport, and recombination rates— are
most strongly affected by lattice dynamics.

To determine whether a phonon mode was under-
damped or overdamped, its ACF was calculated, and
the decay characteristics were extracted. A damped har-
monic oscillator fit was applied to obtain the decay time
and oscillation frequency, allowing classification of each
mode. The ACF fits for the R mode of MAg 4FAq ¢Pbls
can be seen for three different temperatures in Fig. 5.
This illustrates how the oscillation vanishes when de-
creasing temperature, indicating a transition of the ACF
from being an underdamped to overdamped oscillator.
Extending this analysis across the entire composition
range allowed for the identification of the boundaries
between underdamped and overdamped regions in the
phase diagram (Fig. 2d).

Three distinct dynamic regions emerged. At high tem-
peratures, both M and R modes were underdamped, re-
taining vibrational coherence. At lower temperatures,
both modes became fully overdamped, losing coherence
due to strong phonon damping. An intermediate region
was identified where only the M mode was overdamped,
revealing an asymmetry in how phonon dynamics evolve
with composition and temperature. Notably, there exists
a specific composition at which the transition from un-
derdamped to overdamped dynamics occurs at the same
temperature. At this composition, the free energy land-
scapes of the M and R modes become nearly degenerate,
allowing the system to dynamically fluctuate between in-
phase and out-of-phase octahedral tilting. This compo-

— ous | T : T T VBM T T |
% . : CBM
s : - == MPB composition
8 005 | ] Mode crossover -
© I
>3 1
[ I
© 004 [ I .
kel I
© 1
3 I
S 003 | : R
N 1

I

1 1 1 1 1 1 1

0 20 40 60 80 100
FA fraction (%)

FIG. 6. Effective electron-phonon coupling strength.
Standard deviations of the VBM and CBM levels as a function
of FA composition at 330 K. The variation of the band edges
becomes maximal in the range from 20 to 40 % FA and thus
in the vicinity of the MPB.

sition of mode crossover coincides with the MPB, sug-
gesting that the onset of phonon overdamping may serve
as a hallmark of the MPB. Indeed, as shown above, the
structure at the MPB exhibits a mixture of layers with M
and R tilting at very short periodicity (Fig. 4), indicating
that the interface energy between these tilting patterns
becomes vanishingly small.

The identification of overdamped and underdamped
phonon regions has direct consequences for electronic
transport and optical properties. Since the electron-
phonon coupling matrix element scales inversely with the
square root of the phonon frequency, soft phonons can
enhance electron-phonon interactions. One can therefore
expect regions where phonons become overdamped to of-
ten coincide with enhanced charge carrier interactions
with lattice vibrations, leading to strong phonon anhar-
monicity and dynamic disorder. These effects can sig-
nificantly impact band structure, carrier scattering, and
defect tolerance. As halide perovskites are frequently
used in solar cells and optoelectronic devices operating
well above room temperature, understanding phonon dy-
namics at elevated temperatures is crucial for predicting
device performance and stability. By mapping phonon
damping transitions, this analysis provides a framework
for anticipating temperature and composition-dependent
changes in optoelectronic behavior, guiding future exper-
iments and theoretical studies.

Electronic structure

To investigate the impact of octahedral and cation dy-
namics on the electronic structure, we performed DFT
calculations on representative snapshots from NEP-MD
simulations at 330 K. To quantify the effective strength
of electron-phonon coupling under these conditions —
i.e., in metastable (dynamically stabilized) structures at



finite temperature— we computed the standard devia-
tion of the VBM and CBM energies across the sampled
structures as a function of FA content (Fig. 6).

In general, band edge fluctuations are more pro-
nounced in mixed compositions than in pure phases, with
the largest variations in the VBM and CBM occurring
around 20 % and 40 % FA, respectively. These enhanced
fluctuations suggest an increased potential for carrier lo-
calization, as variations in the electronic structure can
create local energy minima that trap charges. Notably,
this non-monotonic behavior of electron-phonon coupling
emerges in the cubic phase near the mode crossover com-
position and, consequently, the MPB (Fig. 2d). Since
these two phenomena are intrinsically linked, as discussed
above, this suggests that systems exhibiting MPBs are
also likely to show enhanced electron-phonon coupling—
providing a structural mechanism for tuning optoelec-
tronic properties.

CONCLUSIONS

In this study, we systematically mapped the phase di-
agram of MA;_,FA,Pbl3 using machine-learned inter-
atomic potentials and MD simulations. Our results re-
veal the presence of a MPB at approximately 27 % FA
content, marking the transition between out-of-phase and
in-phase octahedral tilt patterns. This MPB remains
nearly invariant with temperature, highlighting its com-
positional stability and structural significance.

Phonon mode analysis demonstrated that M and R
phonon modes exhibit distinct overdamping behavior,
with a mode crossover composition aligning with the
MPB. This transition is accompanied by the formation
of nanoscale layered structures with alternating tilt pat-
terns, indicative of vanishingly small interface energies
between competing structural motifs. These findings pro-
vide a structural explanation for the phase coexistence
observed in this region.

Furthermore, our results offer a systematic and consis-
tent description of the phase behavior of MA;_,FA,Pbls,
helping to reconcile previous partial and sometimes con-
flicting experimental assessments of this system. By pro-
viding a detailed, atomistic-level understanding of struc-
tural transitions and phonon dynamics, our work com-
plements experimental efforts that have faced challenges
in fully resolving the phase relationships of mixed-cation
perovskites.

We also explored the implications for electron-phonon
interactions, finding that band edge fluctuations peak
near the MPB, suggesting an enhancement of dynamic
disorder and charge carrier localization. These results
establish a direct link between phonon dynamics, phase
behavior, and electronic structure, introducing MPBs as
a structural tuning mechanism for optoelectronic proper-
ties.

By demonstrating that phonon overdamping serves as
a hallmark of the MPB, our study provides new in-
sights into composition-driven strategies for tuning the
stability and performance of perovskite materials. This
framework contributes to the rational design of high-
performance perovskite solar cells, where fine-tuning
structural dynamics can play a key role in optimizing
optoelectronic properties.

METHODS

Machine-learned interatomic potential

We constructed a machine-learned interatomic po-
tential based on the fourth-generation NEP framework
[37, 38] using the iterative procedure described in Ref. 39
utilizing the GPUMD [37] and CALORINE packages [40].
The training set was initially composed of both systemat-
ically and randomly strained and scaled structures, based
on ideal structures (see the Zenodo record for a database
of all structures used). An initial model was trained on
all available data.

The dataset was then augmented with structures from
several iterations of active learning. To this end, we addi-
tionally trained an ensemble of five models by randomly
splitting the available data into training and validation
sets. The ensemble was used to estimate the model er-
ror. MD simulations were then carried out at a range
of temperatures and pressures considering compositions
over the entire concentration range. The ensemble was
used to select structures with a high uncertainty, quan-
tified by the standard deviations of energies and forces
over the ensemble. Subsequently we computed energies,
forces, and stresses via DFT for these configurations and
included them when training the next-generation NEP
model. In total the training set comprised 986 struc-
tures, corresponding to a total of 179018 atoms. Struc-
tures were generated and manipulated using the ASE [41]
and HIPHIVE packages [42].

For the NEP model radial and angular cutoffs were set
to 8 A and 4 A, respectively, and angular descriptors in-
cluded both three and four-body components. The neu-
ral network architecture consisted of 30 descriptor nodes
in the input layer (5 radial, 25 angular) and one hid-
den layer with 30 fully connected neurons. The final
model was trained using the separable neuroevolution
strategy [43] for 10° generations, after which the loss,
based on the root-mean-squared errors, was deemed con-
verged (Fig. S1; also see Figs. S2 and S3 of the SI). The
model performance is illustrated in Fig. 1 and Fig. S4.



Density functional theory calculations

The NEP model was fitted using forces, energies, and
virials obtained from DFT calculations, employing the
SCAN+1rVV10 exchange-correlation functional [44] as
implemented in the Vienna ab-initio simulation pack-
age [45, 46] using projector-augmented wave [47, 48] se-
tups with a plane wave energy cutoff of 520eV. The
Brillouin zone was sampled with automatically gener-
ated I'-centered k-point grids with a maximum spacing

of 0.15A7".

Molecular dynamics simulations

Structures were constructed from a 96-atom cell, cor-
responding to a 2 X 2 X 2 primitive cubic unit cell, com-
prising 24 iodine atoms, 8 lead atoms, and 12 MA or
FA molecules. The initial unit cell symmetry, defined
by iodine displacements, was set to cubic (a’a’a) for
cooling simulations and orthorhombic (a~a™¢™) for heat-
ing simulations. To obtain the desired system size, the
structure was replicated along its axes. Random molec-
ular substitutions were performed to achieve the target
MAPbDI3:FAPDI; ratio, ensuring no spatial correlation in
the MA /FA distribution.

MD simulations were carried out using the GPUMD
package with a time step of 0.5fs. The simulations em-
ployed the NPT ensemble via a Langevin thermostat and
a stochastic cell rescaling barostat [49]. To construct
the phase diagram, heating and cooling simulations were
conducted between 1K and 400K at rates ranging from
7Kns™! to 15 Kns™ 1.

To assess finite-size effects, we monitored the lattice
parameters of pure MAPbI3 and FAPbI; as a function
of supercell size. These convergence tests showed that
supercells with at least 12000 atoms were sufficient to
obtain reliable results. for phase diagram construction
we therefore used supercells ranging from 12 000 to 96 000
atoms.

To examine the impact of octahedral and cation dy-
namics on the electronic structure, we performed MD
simulations using the NEP model in a 768-atom supercell
at 330K with a fixed cell shape and volume. This tem-
perature was chosen because, the tetragoanl-cubic phase
boundary occurs at slightly higher temperatures than ob-
served experimentally. We investigated MA/FA mixing
ratios with FA fractions of 0%, 11 %, 20 %, 31 %, 41 %,
50 %, 61 %, 70 %, 81 %, and 100%. From each MD tra-
jectory, we selected 20 snapshots and computed the elec-
tronic structure using DFT, sampling k-space only at the
I" point while maintaining consistency with training runs.
We then extracted the positions of the VBM and CBM
to quantify their fluctuation magnitudes.

Phonon mode projection

To classify the local crystal structure along a MD tra-
jectory, we employed local phonon mode projection to
quantify atomic displacements relative to the ideal cu-
bic perovskite structure. The analysis focused on the M
and R phonon modes, which correspond to the tilting
of Pblg octahedra in the 96-atom unit cell. These modes
are three-fold degenerate, denoted as M, /. and Ry,
depending on the tilt axis (see Fig. 5 for an illustration of
M, and R.). To quantify mode activation, the displace-
ment of each iodine atom from the ideal cubic structure,
u, was projected onto the M and R mode eigenvectors,
em/R, yielding Qy/r = u - eyyr- The resulting phonon
mode activation was normalized by dividing Qv r by the
number of iodine atoms per unit cell. This normalization
ensures that the activation represents the average iodine
displacement along the phonon mode.
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Fig. S1: Training of machine-learned interatomic potential. Evolution of (a) the total loss function £
(blue) and the £4 (green) and L5 norms (orange) of the parameter vector as well as (b) the root mean square
errors (RMSEs) of the energies L, (red), forces £¢ (blue), and virials £, (green). The total loss function is given
by L= MLi+ XLo+ AeLe + Af L + MLy, where \; are hyperparameters of the optimization procedure.
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Fig. S2: Evolution of weights during training. Evolution of the absolute values of the weights waJ

of the edges connecting the descriptor layer to the hidden layer of the neural network in the neuroevolution
potential (NEP) model. The figure illustrates the effect of the £; and Ly regularization terms in the NEP loss
function (Figure S1), which enforce sparsity of the solution (Figure S3). By preventing accidental activation of
features that were underrepresented during training during production runs this contributes to model stability
and reliability.
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Fig. S3: Distribution of weights after training. Distribution of the absolute values of the neural network
weights waJ (left), b&o) (center), and wftl) at the end of training. See Ref. 1 for the definition of these weights.
The figure illustrates the effect of the £; and Lo regularization terms in the NEP loss function (Figure S1),
which enforce sparsity of the solution. The dashed vertical line in the left most column shows the separation
between weights that are contributing (to the right of the vertical line) and that can be removed with negligible
effect on the model scores (to the left of the vertical line). These weights can in principle be pruned and inactive
edges and nodes can be pruned from the neural network, although this has not been done here.
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Fig. S4: Parity plots for machine-learned interatomic potential. Parity plots for (a) energy, (b) forces,
(c) virials, and (d) stresses for the machine-learned interatomic potential of the NEP form constructed in this
work. The insets indicate the RMSEs and coefficients of correlation (R?).
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