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ABSTRACT: B-site mixing is a common strategy for tuning properties of halide
perovskites. In the lead-free system MAGe,_,Sn,I;, it brings tilting and off-centering into
competition. Using large-scale molecular dynamics driven by a machine-learned
interatomic potential, we map the structural behavior across the full composition
range. MAGel; exhibits strong polar B-site off-centering that remains nearly constant up
to the cubic transition, together with methylammonium (MA) orientational order that
weakens progressively on heating. By contrast, MASnl; combines octahedral tilting with
weaker, predominantly antipolar off-centering. Ge-like behavior persists upon alloying
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and gives way to Sn-like behavior only beyond roughly 65% Sn. In the high-temperature

phases, the B-site cations remain locally off-centered but directionally disordered. On the Ge-rich side, the distorted inorganic
framework biases the soft MA orientational landscape toward a restricted set of preferred directions. This coupling shows how the
composition of the inorganic sublattice can tune molecular ordering in lead-free hybrid perovskites.

alide perovskites, including the prototypical MAPbI;,

have emerged as one of the most promising classes of
materials for photovoltaic applications, with lead-based perov-
skite solar cells now reaching power conversion efficiencies
exceeding 26%." Despite the remarkable progress, the toxicity
of lead remains a concern, motivating the exploration of
alternative B-site cations such as Sn** and Ge*".”"® Sn-based
compounds are currently the leading lead-free absorbers,”™*”
and partial substitution of Sn by Ge has been reported to
improve the oxidation resistance and device performance of
several Sn-based compositions and film architectures.””"’
Beyond this practical appeal, the substitution of Pb by the
lighter group-14 elements introduces qualitatively different
structural chemistry that is of fundamental interest in its own
right."*~"*

Mixing on the B-site is a well-established strategy for
continuously tuning the structural, electronic, and optical
properties of halide perovskites."”™'® Ge—Sn alloying is a
particularly interesting case, since the two end members favor
fundamentally different distortion mechanisms, which mixing
brings into competition. In MAGel;, the small ionic radius of
Ge’ and its stereochemically active lone pair drive a
pronounced polar off-centering of the B-site cation within
the octahedral cage.”'>'* MASnl,, by contrast, exhibits
cooperative octahedral tilting instabilities, as does its Pb
analog,w_21 although weaker, antipolar off-centering tenden-
cies of the Sn cation have been reported in the related
compound CsSnBr;.”>*® These distortions have direct
optoelectronic consequences: the photoluminescence intensity
of MAGel; is maximized at an intermediate degree of off-
centering, peaking under pressure at a bond-length distortion
of D ~ 0.2 compared with D = 0.32 at ambient conditions,”*
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and the structural transitions of MASnl; are accompanied by
pronounced changes in carrier lifetime and defect-related
recombination.”® The same lone-pair displacement makes the
CsGeX; (X = Cl, Br, I) perovskites ferroelectric,m’27 and
MAGel, is predicted to be comparably polar.”® The mixed
MAGe,_,Sn,I; system thus presents a setting in which polar
off-centering, antipolar tendencies, octahedral tilting, and the
molecular degrees of freedom coexist and compete. A previous
first-principles study examined the mechanical and optoelec-
tronic properties of selected MAGe,_,Sn,I; compositions in an
assumed orthorhombic structure,”” and samples spanning the
full composition range have been characterized experimentally
at room temperature by X-ray diffraction and optical
absorption, with the optical gap increasing from 1.3 eV at
the Sn end to 2.0 eV at the Ge end.’” The finite-temperature
structural phase behavior of this system has, however, not been
mapped. In particular, little is known about how the organic
MA sublattice responds to and interacts with the competing
inorganic distortions.

The MA molecule carries a permanent dipole moment, and
its orientational energy landscape is shaped by electrostatic,
hydrogen-bonding, steric, and lattice-mediated interactions
with the inorganic cage.”’ ~** In MAGel,, the strong (111) Ge
off-centering may therefore lift the near-degeneracy of several
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Figure 1. Atomistic structures of (a) MASnI; and (b) MAGel,, where the octahedral tilt angle (6) and the off-centering displacement (d) are
indicated by orange and blue arrows, respectively. (c) Lattice parameters and (d) angles between the cell vectors along the heating runs of the Ge,
the 50% mixed, and the Sn systems. The lattice parameters are computed as the lengths of the cell vectors of a supercell based on the conventional
cubsic cell, and the lattice angles correspond to the angles between the cell vectors. (e, f) Distributions of (e) the tilt angles (6) and (f) the off-
centering displacements (d), as indicated in panels a and b, along the heating run of the 50% mixed system. The vertical dashed lines indicate the

two phase transitions of the 50% mixed system.

local MA orientational minima and favor a restricted subset of
preferred crystallographic directions. This behavior would
contrast with MAPDI;, in which the MA cations dynamically
sample several symmetry-equivalent preferred orientations and
reorient on picosecond time scales at ambient conditions,**~**
and with MASnI; and MASnBr;, for which orientational
disorder persists to comparatively low temperatures.*’~* Such
polar molecular order would also be of interest for second-
order nonlinear optics, since MAGel; exhibits a strong, phase-
matchable second-harmonic-generation response.” The non-
linear optical response is present in other Ge halide
perovskites, both organic and inorganic, and has been shown
to correlate with organic-cation ordering, chemical substitu-
tion, and framework distortion.*”*™*® How the molecular
orientational landscape evolves with composition and temper-
ature, and whether molecular disorder feeds back on the
stability of the inorganic polar order, remain unknown.

Here, we study the structural phase behavior of MA-
Ge,_,Sn,I; across the full composition range using large-scale
molecular dynamics (MD) simulations enabled by a machine-
learned interatomic potential (MLIP).*~>' We find that the
two end members order in fundamentally different ways:
MAGel; develops strong long-range polar off-centering
accompanied by MA orientational order with a much more
gradual temperature dependence, whereas MASnl; combines
octahedral tilting with weaker, predominantly antipolar off-
centering. The Ge-like behavior proves remarkably persistent
upon alloying, dominating the phase diagram up to a crossover
at roughly 65% Sn. Above the respective ordering transitions,
the B-site cations of all compositions remain locally off-
centered while losing their directional order, entering a
dynamically disordered state that parallels the local off-
centering observed by pair-distribution-function analysis in
the cubic phases of Sn- and Pb-based perovskites.””*>>* Our
results show that the MA orientations follow the B-site off-
centering pattern across the full composition range and
establish B-site mixing as a handle on the interplay of off-
centering, tilting, and molecular order in this lead-free system.

We determined the ground-state structures of the end
members MAGel; and MASnI; using a random structure
search with the charge-aware neuroevolution potential
(qNEP), following the approach previously applied to hybrid
halide perovskites in refs41, 54. For the Ge system we find a
structure exhibiting off-centering along the (111) direction,

combined with an out-of-phase tilt along one axis, as has also
been found for CsGeBr;.”> For the Sn system we find a tilt
pattern resembling the previously predicted Pnma ground
state, namely a~a~c*,>® but with additional Sn off-centering
resulting in a lower symmetry. The Sn off-centering is
antiferroelectric (AFE), i.e., alternating between neighboring
B sites, along two directions, and ferroelectric (FE) along the
third direction, which coincides with the ¢* tilt axis. A closely
related pattern has been reported for CsSnBr;, where lone-pair-
driven displacements are noncollinear within the plane normal
to the unique octahedral tilt axis and ferroic along that axis,””
in direct correspondence with the AFE/AFE/FE decom-
position found here.

Because the optimal starting configuration for the mixed
compositions is not known a priori, we initialized every
composition from both end-member ground states and
compared the energies obtained along the corresponding
heating runs (Figure S6). The MAGel; ground state yields the
lower-energy starting point for Ge-rich compositions, whereas
above roughly 65% Sn the MASnI; ground state is preferred.
While this criterion is admittedly crude, it provides the best
available estimate of the appropriate starting structure for each
composition.

First, we consider the phase transitions observed in the
heating runs for the end members and the 50% mixture
(Figure 1). For MAGel,, two clear transitions are observed in
the lattice parameters and the angles between the cell vectors
(Figure 1c,d), at 200 K and around 380 K. These correspond
to the system first losing its octahedral tilt (at 200 K) and
subsequently losing the long-range order of the B-site off-
centering displacements (at 380 K), as seen from the evolution
of the order parameters (Figure S3). For MASnl; we also
observe two transitions: a first one at 200 K, at which the long-
range order of the Sn off-centering breaks down and the tilt
pattern changes to a%a’”, followed closely by a second
transition at around 230 K, at which the remaining tilt vanishes
and the system adopts the high-symmetry cubic phase. The
50% mixture follows the same transition sequence as the Ge
end member, with transitions at 200 and 280 K. The
corresponding structural changes can be identified from the
distributions of the tilt angles and off-centering displacements
(Figure le,f): the tilting vanishes at 200 K, and the long-range
order of the off-centering is lost at 280 K.
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A key difference between the Ge and Sn end members lies in
the ordering of the B-site off-centering, with Ge exhibiting an
FE distortion. The distributions of the Cartesian components
of the displacements, pooled over all B-site atoms, are shown
for three temperatures in Figure 2. For Ge, all displacements
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Figure 2. Distributions of the Cartesian components of the off-
centering displacements d, pooled over all B-site atoms, for (a) Ge,
(b) the 50% mixture, and (c) Sn at 150, 230, and 420 K.

are aligned up to the transition to the cubic phase, giving rise
to a single peak at a finite displacement. Above the transition,
the distribution becomes a symmetric double Gaussian,
showing that local off-centering persists while its long-range
order is broken; direct visual inspection of the trajectories
confirms repeated switching between the possible (111} states,
a behavior we refer to as dynamically disordered off-centering
(DDO).

The 50% mixture shows very similar behavior, albeit with
slightly smaller displacements. For Sn, the low-temperature
distribution is asymmetric, reflecting the AFE/AFE/FE pattern
of the ground state: the two AFE components contribute
symmetrically about zero, while the FE component adds
weight on one side only. In the intermediate phase, the long-
range order is lost and the distribution becomes a symmetric
double Gaussian, i.e., the Sn sublattice likewise enters a DDO
state. At 420 K, the distribution appears unimodal and
centered around zero, although local off-centering remains
(Figure SS) and the distribution may equally well correspond
to two strongly overlapping symmetric contributions. In either
case, this indicates that the local off-centering in Sn becomes
increasingly dynamic with increasing temperature. Altogether,
this reflects the much stronger tendency toward off-centering
in Ge than in Sn.

Experimentally, MASnI; is reported to undergo two
transitions, at about 100 and 275 K.'”*° Our simulations
likewise yield two transitions but compress them into a

narrower window, at 200 and 230 K. We note that the reported
ambient-temperature structure, P4mm,* is polar rather than
tilted, so that the experimental sequence may differ in character
from the tilt-driven sequence found here.

The predicted structural parameters can be compared
directly with experiment. At 300 K, MAGel; is tilt-free and
ferroelectrically ordered in our simulations, corresponding to
an R3m-like structure, in agreement with the rhombohedral
structure reported experimentally at ambient conditions.® We
obtain a pseudocubic lattice parameter of 627 A and a
rhombohedral cell-angle deviation of 2.4°, close to the
experimental values of 6.18 A and 2.5°.° The Ge—I first
coordination shell is split into bond lengths of 2.73 A and 3.63
A, compared with experimental values of 2.77 A and 3.45 A,
respectively.””* This corresponds to an off-centering distortion
of D =043 (Figure SS), compared with D = 0.32 from
experiment.”* Overall, the simulations reproduce the exper-
imental symmetry, cell metric, and magnitude of the Ge off-
centering distortion reasonably well.

For MASnl;, the Sn—I first coordination shell at 360 K is
clearly split, with a bond-length separation of 0.63 A and an
off-centering distortion of 9 = 0.29 (Figure SS). This is
consistent with pair-distribution-function measurements at the
same temperature, which show a strongly distorted local Sn—I
environment associated with (111) Sn off-centering, with a
refined Sn displacement of approximately 0.22 A.>* In contrast,
applying the same analysis to MAPbI; shows no resolved
splitting of the Pb—I coordination shell, giving D = 0.0,
consistent with the very weak or absent local Pb off-centering
found experimentally.” Together with MAGel,, these results
reproduce the experimental trend from strong Ge off-
centering, through substantial Sn off-centering, to very weak
or absent off-centering in the Pb compound.

Lastly, we carry out order-parameter analysis, as described
above, systematically across the composition range to map out
the full phase diagram of the mixed system (Figure 3). The
diagram reveals a crossover between Ge-like and Sn-like
behavior at around 65% Sn. On the Ge-rich side, the transition
temperature to the cubic phase decreases almost linearly from
380 K to around 230 K with increasing Sn content. Near the
crossover, compositions just above 65% Sn pass through a Ge-
like FE intermediate phase upon heating rather than the Sn-
like a%°~ phase. We note that the transitions in this
composition and temperature region are difficult to determine
precisely (Figure S7—Figure S17). Uncertainties stemming
from the underlying density-functional theory (DFT) reference
data, finite MLIP accuracy, and finite-rate and hysteresis effects
mean that the transition temperatures and phase boundaries
should be regarded as qualitative and interpreted in the context
of the present model and simulation protocol. The crossover
composition of roughly 65% Sn is likewise approximate, being
resolved only to within the discrete set of compositions
sampled here. Moreover, the phase diagram describes the
structural behavior of the sampled disordered alloys and does
not account for possible chemical ordering, miscibility, or
competing phases beyond those considered here. What is clear,
however, is the competition between the FE off-centering on
the Ge-rich side and the AFE tendencies and octahedral tilting
on the Sn-rich side, which gives rise to the rich phase behavior
of this mixed system.

The B-site off-centering is accompanied by pronounced
orientational ordering of the organic sublattice, particularly in
the Ge-rich compositions. The MA™ cation carries a formal
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Figure 3. Predicted phase diagram of MAGe, SnI;. Markers
indicate points at which phase transitions are observed in the heating
runs, and the lines serve as guides to the eye. Dashed lines correspond
to regions of high uncertainty, where, for example, the exact phase was
difficult to determine from the order parameters. The phases are
labeled according to their off-centering order and octahedral tilt
pattern.

charge of +1 e that is distributed asymmetrically between its
two ends, with the ammonium group (NH,) holding the larger
share. The molecule therefore carries a dipole moment
directed from the methyl toward the ammonium group, i.e,
along ryc. The relationship and strong correlation between the
molecular orientations and the B-site displacement directions
can be visualized directly in the structural snapshots from the
MD simulations (Figure 4). For Ge (Figure 4a), the MA

Fo y ok

Tr ., 2
ZLX

@C ON OH @Ge @sn Ol

Figure 4. MD snapshots at 150 K for (a) MAGel; and (b) MASnI,.
Structures are rendered with ovito,”’ with the Ge/Sn bonds to
neighboring iodine atoms shown. The blue arrows for the B-site
indicate the off-centering displacements (relative to the neighboring
iodine atoms), and the red arrows indicate the ry vectors, pointing in
the direction of the MA dipole.

cations clearly tend to point along the (110) directions nearest
to the (111) Ge displacement direction, demonstrating a
strong correlation between these two dipoles. For Sn (Figure
4b), the situation is more complex, since the Sn atoms partly
adopt AFE distortions with alternating displacement direc-

tions, and the MA orientations follow the same alternating
pattern.

The alignment of the B-site off-centering and the MA bond-
vector orientation can be further quantified by considering the
full distributions of the directions of d and ry¢ (Figure S). The
directions are represented by the spherical angles ¢ and y,
where ¢ denotes the azimuthal angle in the xy plane and y the
polar angle measured from the z axis. At 150 K, all Ge atoms
are off-centered along the same direction, corresponding to
one of the eight (111) directions, and the MA cations adopt
only two preferred orientations, both of (110) type and lying
close to the off-centering direction. This strong alignment
persists to elevated temperatures. At 230 K, in the tilt-free
intermediate phase, the MA cations explore a wider range of
orientations and a third (110)-type orientation becomes
populated, while the alignment with the Ge off-centering
direction is retained. This can be rationalized geometrically: for
off-centering along, e.g., [111], the three directions [110],
[101], and [011] all lie close to the off-centering axis, and the
appearance of the third orientation is consistent with these
directions becoming equivalent once the octahedral tilt is lost.
Upon the transition into the cubic phase, the Ge displacements
enter the DDO state, remaining locally off-centered while
losing their long-range directional order, and consequently the
MA cations lose their preferred orientations at the same
transition. The distinct thermal evolution of the B-site and MA
global ordering is shown in Figure S3. In MAGel;, the MA
orientational order weakens progressively on heating, con-
sistent with thermally activated reorientation, whereas the Ge
polar order remains robust until sharply dropping to zero at
the cubic transition. The alignment reflects collective lattice
ordering, with no notable additional nearest-neighbor angular
correlation (Figure S4). The B-site and MA correlation is
therefore not local in nature, but instead reflects the long-range
order of the structure as a whole.

The 50% mixture shows the same qualitative trend as the Ge
system, but the distributions of both the MA orientations and
the B-site displacements are more diffuse. This indicates that
the preferred orientations are less strongly favored and that a
larger degree of dynamic disorder is present in the mixed
system. For Sn, the picture is qualitatively different: the AFE
pattern of the B-site displacements gives rise to two distinct
displacement orientations at 150 K. This is accompanied by a
bimodal distribution of the MA bond vectors, whose maxima
largely coincide with the two Sn displacement directions,
showing that the MA orientations align with the long-range B-
site displacement pattern. With increasing temperature, these
narrow distributions broaden and become diffuse, and the
system eventually becomes dynamically disordered with
respect to both the molecular orientations and the off-
centering.

Taken together, our results support a picture in which B-site
off-centering reshapes the MA orientational landscape. In Ge-
rich compositions, the strong polar (111) distortion favors a
restricted set of MA orientations whose molecular dipoles align
with the inorganic polar distortion, in contrast to the broader
and dynamically disordered MA orientational landscape in
tetragonal MAPbDI;.>>*”*" Sn-rich compositions show a
qualitatively different molecular ordering associated with the
partially antipolar B-site displacement pattern. B-site mixing
can therefore provide a tunable handle for selecting preferred
molecular orientations and coupled polar or antipolar ordering
patterns in hybrid halide perovskites.
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Figure S. Distributions of the directions of the MA bond vectors (ryc, red) and the B-site off-centering displacements (d, blue) in (a) Ge, (b) the
50% mixture, and (c) Sn, shown as a function of the spherical angles ¢ and y at 150, 230, and 420 K. The distributions are averaged over several
snapshots corresponding to roughly +10 K. Blue maxima mark the directions of the B-site displacements and red maxima the directions of the MA
bond vectors, so that adjacent blue and red maxima indicate alignment of the two. Each map covers the full sphere of directions; the eight blue
maxima at 420 K thus correspond to the eight (111) directions of the dynamically disordered off-centering. Selected crystallographic directions are
indicated in panel a, and the same mapping applies to all panels. The polar angle is plotted as cos y rather than y, so that equal areas on the map
correspond to equal solid angles and an isotropic distribution of orientations appears uniform. Note that the color scales differ between
temperatures in order to most clearly show the underlying distributions; in addition, the Sn panels in ¢ use different color scales at 150 and 230 K

than those in panels a and b.

Combining a MLIP with large-scale MD simulations, we
have mapped the structural phase behavior of the mixed hybrid
halide perovskite MAGe,_,Sn I; across the full composition
range. The phase diagram is governed by the competition
between FE off-centering on the Ge-rich side and AFE off-
centering tendencies combined with octahedral tilting on the
Sn-rich side, with the crossover between the two regimes
located at roughly 65% Sn. In the high-temperature phases, the
off-centering enters a DDO state, in which the B-site cations
remain locally displaced without long-range directional order.
We further find correlated long-range ordering of the MA
orientations and the B-site displacement patterns, although
their thermal evolution differs markedly. On the Ge-rich side,
the MA orientational order weakens progressively on heating
while the long-range Ge displacement order remains robust
until the cubic transition, consistent with a soft multiminimum
molecular landscape in which the ordered inorganic framework
favors orientations aligned with the polar distortion. The
qualitatively different molecular ordering in Sn-rich composi-
tions shows that B-site mixing can tune the MA orientational
landscape and the resulting polar or antipolar ordering
patterns. Whether increasing molecular disorder contributes
to the abrupt loss of Ge long-range order remains an open
question.

B METHODS
DFT

DFT calculations were carried out using the all-electron
electronic-structure code FrHI-AMs.”® We employed the
’SCANSO hybrid functional,””®" which admixes 50% ‘exact
exchange, together with the intermediate default basis set.”® No
additional dispersion correction was applied. This functional
has been shown to be accurate for phase transitions in Ge
perovskites.””>> The fraction of exact exchange sets the energy
difference between the off-centered R3m and cubic structures,
and, most importantly, among PBE, ’SCAN, r’SCAN?2S, and

r*SCANSO it is the 50% admixture that yields phase-transition
temperatures in agreement with experirnent.”’55

Scalar relativistic effects were treated using the atomic
zeroth-order regular approximation (atomic ZORA). The
electronic self-consistency cycle was converged to an
electron-density threshold of 107¢ e/a,>.

Brillouin-zone integrations were performed using automati-
cally generated k-point meshes based on a k-point density
parameter of 5.6, corresponding to an approximate reciprocal-
space sampling of 0.18/A.

qNEP Construction and Training

We constructed a gNEP*”°"** using the Gpump package
(version 4.8).°*°* In this framework, each atomic partial
charge is predicted by a neural network from the local
descriptor vector, and electrostatic interactions are evaluated
using gNEP mode 1, which includes real-space, reciprocal-
space, and self-energy contributions. We additionally included
the screened nuclear repulsion potential of Ziegler, Biersack,
and Littmark® as a short-range baseline, as implemented in
GpuMD. The training set was built in an iterative way: starting
from an initial set of structures, we repeatedly added snapshots
drawn from MD simulations spanning a range of supercell sizes
(up to 200 atoms) and temperatures, together with newly
identified low-energy structures, and retrained the model at
each iteration. The initial candidate set combined reported
MAGel, and MASnI, structures,”"’ calculated Materials
Project structures mp-995236, mp-995238, and mp-—
1094059,° and MAPbI;-derived prototypes in which Pb was
replaced by Ge or Sn. The final potential was trained on 668
structures. The training (test) root-mean-square errors are 4.33
meV/atom (7.67 meV/atom) for energies, 126 meV/A (188
meV/A) for forces, 19.9 meV/atom (18.5 meV/atom) for
virials, and 0.0716 e (0.0596 e) for Born effective charges. The
corresponding parity plots are shown in Figure SI.
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Molecular Dynamics

All structure handling and the interface to GPUMD were
managed through ASE®” and CaLore.”® Production MD
simulations were performed with Gpump®>** using a time step
of 0.5 fs and supercells containing 49 152 atoms. In all mixed
supercells, Ge and Sn were assigned randomly to the B-site
sublattice, and the resulting occupational configuration
remained fixed throughout each MD trajectory.

All simulations were Jun in the NPT ensemble using
stochastic cell rescaling,” as implemented in Grump. Phase
transitions are observed through heating runs, which are
ramped in temperature continuously from 0 to 450 K over 20
ns, see Figure S2 for convergence testing.

We characterized the local and global structure across
composition and temperature through three quantities, which
serve as order parameters for identifying the structural phases
of the system (see Figure 1a,b). Local octahedral tilt angles, 67,
for B-site atom i 1n direction @ were computed following the
procedure of Ref.”” The orientation of each MA cation was
tracked through its C—N bond vector, ryc = ry — rc. The B-
site off-centering was quantified by the displacement

138
g Z i
i=1 (1)
where rp is the position of the Ge or Sn atom and the second
term is the geometric center of the surrounding octahedron,
defined by its six neighboring iodine atoms. A related
distortion parameter that measures the B-site off-centering is
the off-centering distortion O introduced in ref 24, defined as

3
Z:Ia+b (2)

where a, and b, are the short and long B—I bond lengths along
the three trans I-B—I axes of the BI; octahedron. Unlike d, D
is dimensionless and directly accessible from diffraction, which
enables a comparison with experimental values.

Octahedral tilting and (111) off-centering transform under
different irreducible representations and cannot hybridize
directly, although they compete energetically.'”'* We therefore
track them as separate order parameters. Here, the labels FE
and AFE describe ferroic and antiferroic spatial patterns of B-
site off-centering, respectively. The phases and transitions were
identified using these order parameters from heating runs
across the composition range, together with the Iattice
parameters. Additionally, these order parameters, which are
local in nature, were also used to get a better understanding of
the local structure of the systems.

B ASSOCIATED CONTENT
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The qNEP model and reference DFT data generated in this
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